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Gold Nanorod-Functionalised Surfaces for Bacterial Elimination

Utilising Localised Surface Plasmon Resonance Generated Heat to Prevent Implant-
Associated Infections
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Chalmers University of Technology

Abstract

Medical implant-associated infections are a major problem in today’s healthcare. A
big issue is microbial contamination of the implant during surgery, since it often is
the start of implant-associated infections. Control of the hospitalisation environment
and use of antibiotics have been a key target to minimise the risk of infection during
implant surgeries. However, a possible alternative way to inhibit microbial adhesion
and growth of bacteria on the implant is to modify the chemistry or the topology of
the implant surface. Therefore, to be able to prevent implant-associated infections,
the development of new materials is important. A procedure for making use of
gold nanorod-functionalised surfaces that are irradiated with near-infrared (NIR)
light to photothermally eliminate bacteria in contact with the surfaces has been
developed and evaluated in this thesis. The gold nanorod-functionalised surfaces
were produced by electrostatic surface assembly of gold nanorods on glass surfaces,
and the used gold nanorods were synthesised through a seed-mediated synthesis.

Two types of in vitro studies were conducted to evaluate the antimicrobial activity
of the gold nanorod-functionalised glass surfaces irradiated with NIR light at 808
nm. From both of the in vitro studies the results indicated that a surface with gold
nanorods irradiated with NIR light can photothermally eliminate bacteria in contact
with the surface. One study contained exposure of the surfaces in a laboratory
room to collect microbial contamination on the surfaces, to mimic the exposure of
an implant during a surgical procedure. This study also showed that a surface with
gold nanorods attracts more particles with bacteria compared to a glass surface,
likely due to the electrostatic charge of the gold nanorods. The other in vitro study
used Staphylococcus aureus cultured and partly dried on the surfaces. Approximately
22 % more dead bacteria were detected on the surfaces irradiated with NIR light
compared to the control surfaces.

The concept of utilising gold nanorod-functionalised surfaces in combination with
NIR light to help fight and prevent implant-associated infections showed promise
for future work. It would further be interesting to find an optimum of antimicrobial
activity by varying the gold nanorod surface coverage and the power of the NIR
laser. Furthermore it would be interesting to expose surfaces in operating rooms for
implants, to evaluate the elimination of the microbial contamination occurring in a
clinical environment.

Keywords: Gold nanorods, implant-associated infections, localised surface plasmon
resonance, antimicrobial surfaces.
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1

Introduction

There is a need for development of ways to replace antibiotics due to increasing
occurrence of antimicrobial resistance in the world. Medical implant-associated
infections are a major problem since there often is need for long antibiotic treatments
and operations for exchange of the implant [1]. Tackling antimicrobial resistance is
an ethical obligation. Without preventive action and development of replacements,
infections that have been treatable over the past century will condemn to infections
with high risk of fatal outcome. Development of new approaches to be able to
prevent implant-associated infections are therefore important.

Microbial contamination on an implant from the surgical procedure is often the
start of implant-associated infections [2]. Biofilm formation starts with bacterial
adhesion to the surface, followed by microcolony formation and biofilm maturation
with detachment of bacterial cell [3]. Bacteria in biofilm have higher resistance to
the immune system of the infected host and to antibiotics [1]. This higher resistance
is the reason why implant-associated infections are very hard to treat.

Gold nanorods of certain aspect ratios exhibit localised surface plasmon resonance
(LSPR) upon irradiation with near-infrared (NIR) light, which generates heat that
can kill bacteria [4]. The gold nanorods can be synthesised to have their plasmon
resonance frequency in the NIR light region, making the nanorods suitable for clinical
applications since aqueous tissue absorbs relatively little light in the NIR window
between 700 and 1200 nm [5].

A material with gold nanorods on the surface may in the future be a good material
to use for medical implants. A glass surface with gold nanorods has previously
been shown to photothermally eliminate bacteria growing on the surface [4]. It is
further interesting to see how the surrounding environment and the microorganisms
in the air that deposits on the surface affect the surface and its efficiency to kill
bacteria. Thereby it is of interest to mimic the exposure an implant would have
during a surgical procedure. This is also of high clinical relevance for the aimed
future application of gold nanorods as a surface material on implants.
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1.1 Aim

The aim of this thesis is to investigate the antimicrobial activity of gold nanorod-
functionalised glass surfaces with prior contamination from exposure and after cul-
turing of bacteria on the surfaces. This thesis work will provide knowledge on how
well the surfaces can eliminate microbial contamination, which will be useful for ma-
terial development and for future implementation of the material. From a societal
aspect, this project could help the development of products that make an impact to
create better life quality for humans and fight antimicrobial resistance.

1.2 Limitations

There are several ways to produce gold nanorods. However, only one method will be
used in this project. The gold nanorods will be produced through wet-chemical and
seed-mediated growth synthesis. The synthesis utilises hexadecyltrimethylammo-
nium bromide (CTAB) as a capping agent on the nanoparticles. Other types of cap-
ping agents used for stabilising nanoparticles will not be applied. Only rod-shaped
gold nanoparticles will be evaluated in the project. The nanorod-functionalised sur-
faces that will be evaluated in the project will only include glass substrates. Glass
substrates functionalised with gold nanorods have previously been used to show
photothermal elimination of bacteria upon irradiation with near-infrared light [4]
and is therefore used.

The evaluation on how well gold nanorod-functionalised surfaces can eliminate mi-
crobial contamination will only be estimated with two in vitro studies. One study
will be performed to evaluate how well gold nanorod-functionalised surfaces can
eliminate microbiological contamination from prior exposure in laboratory rooms.
The other study will evaluate how well gold nanorod-functionalised surfaces can
eliminate bacteria cultured on the surfaces. No implantation and in vivo studies
will be carried out. Staphylococcus aureus (S. aureus) will be the only bacterial
species used for culturing on the surfaces in the microbiological studies. S. aureus is
used since it is one of the most frequently detected pathogens connected to implant-
associated infections [3]. The main evaluation methods to evaluate the antimicrobial
activity will be colony-forming unit (CFU) and live-dead staining with fluorescence
microscopy. Species identification of the airborne bacteria from the exposure to lab-
oratory room environment will not be done since it is beyond the scope and aim of
this project.
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Theory

This chapter includes theoretical background on implant-associated infections, an-
timicrobial resistance, airborne pathogens, colony-forming unit, and gold nanorods.

2.1 Implant-Associated Infections and Antimicro-
bial Resistance

Medical devices such as implants have been used broadly in most fields of medicine.
The risk with usage of them are worth considering, particularly when they are im-
planted inside the body [6]. A big issue is microbial contamination of the implant,
surgical wounds during surgery or during the time of hospitalisation. Microbial con-
tamination on the implant from the surgical procedure is often the start of implant-
associated infections [2]. The microbial contamination impacts both the patient
health and costs related to fight the infection. Microorganisms take advantage of
the weakened immune response at the implant surface—tissue interface [1]. When a
foreign material is inserted at the surgical site, the critical amount of microorganisms
needed to induce an infection is much lower. Microorganisms, such as bacteria, that
can form a biofilm on the surface have higher resistance to the body’s defense and
against antibiotic treatments [1]. Compared to planktonic bacteria may bacteria in
a biofilm be 500-5000 times more tolerant to antimicrobial treatments [3]. Mecha-
nisms such as poor antibiotic penetration due to biofilm matrix barrier contribute
to biofilm resistance to antimicrobials. The biofilm is also more resistant to the
immune system due to that bacterial protecting exopolysaccharides are produced
and shelter the bacteria [6]. Biofilm formation starts with bacterial adhesion to the
surface, followed by microcolony formation and biofilm maturation with detachment
of bacterial cell [3].

Infected implants usually require surgical removal combined with long-term antibi-
otic treatment [3]. Solely prolonged treatment with high doses of antibiotics are
usually not enough to put an end to implant infections. Antibiotics have been the
main alternative to fight infections in general. However, antibiotic resistant strains,
for example Methicillin-resistant Staphylococcus aureus (MRSA) that often are re-
sponsible for infections originating in hospitals, are of great concern [6]. Methods
used to reduce the microbial contamination include surgical gowns, laminar air flow,
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ultraviolet light and limiting room traffic. Solutions with technical ventilation like
laminar air flow, are important. However, ventilation systems do not guarantee clean
air due to factors like organisation of the work and staff behavior [7]. Control of
the environment, contamination from personnel and use of antibiotics have been key
strategies to minimise the risk of infection during implant surgeries. A promising
alternative way to inhibit microbial adhesion and growth is to modify the chemistry
or the topology of the implant surface [1].

2.1.1 Airborne Pathogens That Cause Implant-Associated
Infections

Microorganisms causing implant-associated infections are transported on particles in
the air and enter surgical sites. The primary source of airborne microorganisms are
from people, door openings and room traffic in the operating room [8]. People are
emitting dead skin, body vapours, skin oils and microorganisms. The average person
sheds 1000 million skin cells per day and approximately 10 % of the skin cells carries
microorganisms [9]. The size of airborne particles has impact on their tendency to
settle on surfaces. Particles with a size smaller than 5 pm tend to be suspended
in the air, while particles larger than 100 pm settle quickly [10]. Depending on the
source of the particle, it may carry a variable amount of bacteria. Bacteria have a
typical length of 0.2 to 5 pm [10]. They adhere to particles, often those of larger
size, and form aggregates.

Pathogens that are causing infections on implants most frequently are detected as
Staphylococcus aureus (S. aureus) and Staphylococcus epidermidis (S. epidermidis)
[3]. Both S. aureus and S. epidermidis are Gram-positive bacteria [11] and they
exhibit several mechanisms of attachment and biofilm formation [2]. Both pathogens
can be found on human skin. S. epidermidis is a common flora on human skin [12]
and about 30% of the human population is colonised with S. aureus [13]. Between
the two pathogens are implant-associated infections caused by S. aureus more severe.
S. epidermidis, on the other hand, has better access as an opportunistic pathogen
since it occurs much more frequently on human skin [11].

2.1.2 Colony-Forming Unit

Colony-forming unit (CFU) is a measurement of how many viable bacteria there are
in a sample. It is achieved by counting the amount of colonies that have grown on
an agar plate. CFU is often used to determine concentrations of bacteria. This is
done by diluting a sample and spreading 50-100 mL of each dilution onto agar plates
[14]. Following incubation colonies are counted and bacterial concentration in the
original sample can be estimated. When counting it is not certain if the colony arises
from one cell or a cell group and results expressed in CFU reflect this uncertainty.

4
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2.2 Gold Nanorods

Unique geometry dependent electronic, chemical and tunable optical properties dis-
tinguish nanoscale gold to other nanoparticles [15]. Gold nanorods have gotten at-
tention in research due to their tunable plasmonic properties and compatibility for
diverse applications. Some application areas of gold nanorods are solar harvesting,
sensing, surface-enhanced spectroscopy, and photothermal therapy [16]. The inter-
esting properties of gold nanorods arise from the phenomena of localised surface
plasmon resonance (LSPR). Control over the nanorods aspect ratio (length/width)
allows for tuning of the plasmon resonances over a visible to near-infrared (NIR)
spectral span [17].

2.2.1 Seed-Mediated Synthesis of Gold Nanorods

Seed-mediated growth of monodisperse colloidal particles is one of the most common
methods for synthesis of nanoparticles. This type of synthesis method dates back
to the 1920s [18]. There are several approaches to produce gold nanorods other
than seed-mediated growth methods, both bottom up and top down procedures.
For example, some other bottom up approaches are electrochemical synthesis and
ultraviolet photochemical reduction of gold salts [5]. Top down approaches used
for production of gold nanorods are lithographic fabrication and template assessed
synthesis.

Seed-mediated synthesis of gold nanorods is a popular method due to its relative
simplicity and use of inexpensive materials [18]. It gives high quality and a high yield
of nanorods. The seed-mediated synthesis is also preferred since it is easy to influence
the shape and size of the nanorods by changing parameters, such as concentration, in
the synthesis protocol. The first step of the synthesis is creating a seed solution where
nucleation of small gold nanospheres happens. This seed solution often consists of
gold(III) chloride trihydrate (HAuCly - 3H,0), sodium borhydride (NaBH,), and
hexadecyltrimethylammonium bromide (CHj3(CH,),5N(Br)(CHs)s) also referred to
as CTAB. The small gold nanospheres produced in the seed solution are then added
to a growth solution were the nanoparticles grow into rod-shapes. The growth
solution usually consists of CTAB, HAuCly, hydrochloric acid (HCI), silver nitrate
(AgNO3), and L-ascorbic acid.

The gold goes through three different oxidation states during the seed-mediated
synthesis. The precursor is Au(IIT) from HAuCly. NaBHy is used as a strong reducing
agent for the production of the gold seeds, reducing Au(III) to Au(0). L-ascorbic
acid is a weak reducing agent and is used in the growth solution to reduce Au(III) to
Au(I). A weak reduction agent is needed to ensure that the final reduction step only
takes place on the existing nuclei in the solution. L-ascorbic acid can reduce gold to
Au(0) if metal nanoparticles that catalyse the reaction are present [19]. Therefore,
in the addition of the seed solution to the growth solution the seeds are catalysing
the final reduction, inducing deposition of Au(I) on the seed surface only [16]. The
concentration of the weak reducing agent L-ascorbic acid influences the aspect ratio

5
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(length/width) of the gold nanorods. A lower concentration will increase the aspect
ratio [16].

The capping agent used to stabilise the particles in the synthesis is often CTAB.
CTAB is known to form rod-shaped micelles at certain concentrations and have a
carbon tail that is long enough to stabilise the nanorods but still short enough to
have solubility close to room temperature [16]. The chemical structure of CTAB is
presented in Figure 2.1. The particles are stabilised from aggregating when they are
capped with CTAB and they have a net positive surface charge due to the cationic
ammonium head group of CTAB. The seed-mediated synthesis of gold nanorods
requires both thermodynamic and kinetic control. A ligand exchange occurs for
HAuCl, when CTAB is used. The bromide counterions of the surfactant CTAB will
replace the chloride in HAuCl, due to the complexation strength of Au(III). The
change of ligands and ion pair formation of HAuBr, with the quaternary ammonium
surfactant monomers (CTA™) will create a variation in the redox potentials that
influence the growth kinetics [16]. It is therefore important that the ligand exchange
is completed before the gold nanorod growth starts.

Br

Figure 2.1: Chemical structure of hexadecyltrimethylammonium bromide (CTAB)

Exactly what the Ag" ions from silver nitrate (AgNO,) does in the growth solution
of the synthesis is not yet known. However, the presence of the ions is essential.
The presence of silver steers the selectivity for reduction on the nanorod tips and
stabilises the lateral facets [16]. Thereby will the concentration of AgNOj3 affect the
aspect ratio of the gold nanorods. Other species, CTA" cation and bromide, also
influence the structure and shape directing of the growing nanorods. The species
are believed to bind to distinct crystal facets which then influences the deposition
rate of gold on the facets. For gold and other noble metals with face centered cubic
(fce) structures are the low-index {111} and {100} facets more thermodynamically
stable compared to high-index facets [17]. The low-index facets is therefor favored
during nanocrystal growth. However, the surface energies of the different facets
can be changed by the interaction of ions and surfactants creating nanocrystals
with different geometries enclosed by high-index facets. Gold nanorods synthesised
from a seed-mediated method with the presence of CTAB and AgNOj are reported
by Carbo-Argibay et al. [20] to have high-index surface facets such as {250} and
{520}. High-index crystalline facets are also reported by Katz-Boon et al. [21] and
predicted by density functional theory calculations by Almora-Barrios et al. [22].

6
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2.2.2 Electrostatic Self Assembly of Gold Nanorods on Glass
Substrates

Immobilising gold nanorods on glass substrates can be done with electrostatic self
assembly. Gold nanorods synthesised from a seed-mediated method will have a sur-
face charge due to the used capping agent. Often is hexadecyltrimethylammonium
bromide (CTAB) used as the capping agent in the synthesis protocol [16]. CTAB
forms a bilayer on the surface of the gold nanorods and the positive head group of
CTAB gives the gold nanorods a positive surface charge. An illustration of electro-
static assembly of gold nanorods on a negatively charged glass surface is presented
in Figure 2.2.

Figure 2.2: Illustration of electrostatic assembly of gold nanorods on a negatively
charged glass surface

The surface of the glass substrates can be made negatively charged from chemical
etching with nitric acid (HNOs). Nitric acid cleans the glass surfaces and leaves
them negatively charged due to leaching of ions from within the surface. Aluminum,
calcium and sodium are effectively reduced from the glass surface with usage of nitric
acid [23]. A drawback with utilising electrostatic assembly is that it may destabilise
due to ionic strength if the surface is immersed in a solution.

2.2.3 Localised Surface Plasmon Resonance Frequency of
Gold Nanorods

Localised surface plasmon resonance (LSPR) is a collective electron oscillation oc-
curring in metallic nanoparticles that are excited by light. Plasmons can be stated as
negatively charged electron clouds that are coherently displaced from their equilib-
rium positions around a lattice of positive ions [24]. Plasmon oscillation distributed
over the total volume of a particle occurs when the particle is of nano-size and smaller
than the photon wavelength. The plasmons in the nanoparticle are then referred
to as localised surface plasmons (LSP). To be able to excite the LSP the incident
light needs to have a frequency in resonance with the oscillation. With exposure to
an electromagnetic wave of a relevant frequency, the metal nanoparticle conduction
band electrons will sustain a collective coherent oscillation that is in resonance with
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the frequency of the incident light [19]. Hence, localised surface plasmon resonance
will occur.

Metal nanoparticles, such as gold nanorods, have strong absorption of incident light
at specific frequencies due to the LSPR phenomena, which can be seen in an absorp-
tion spectrum. This is the reason for the strong color that colloidal metal nanopar-
ticle solutions exhibit [19]. The strong absorption of incident light, the maximum
of light extinction (sum of absorption and scattering), is occurring at the LSPR
frequency. Gold nanospheres in an aqueous solution have a strong and broad LSPR
absorption band at roughly 520 nm [5]. Gold nanorods split their LSPR into two
distinct absorption bands, a transverse and a longitudinal band [15]. The trans-
verse and longitudinal band corresponds to the short and the long axis of the rod
respectively. The absorption bands of gold nanorods are illustrated in the Figure
2.3.

1,00 T
0,75 7

0,50

Absorbance

0,25

400 450 500 |550 6Goo 650 7oo 750 8oo 850 Qo0 950 1000

Wavelength (nm)

Figure 2.3: Transverse and longitudinal absorption bands illustrated in localised
surface plasmon resonance spectrum of gold nanorods

The transverse absorption band of gold nanorods occurs in the visible region similar
to gold nanospheres and is not very sensitive to the dimensions of the rods [19]. The
longitudinal band can be tuned through the visible to near-infrared (NIR) region
and the spectral position depends on the aspect ratio (length/width) of the rods [5].
The longitudinal surface plasmon resonance is hence controllable in the visible or
NIR region, where an increase in aspect ratio causes a red-shift of the LSPR [25].
The surrounding medium also affects the surface plasmon resonance wavelength, an
increase in refractive index leads to a red-shift of the wavelength [19].

As previously mentioned, when gold nanorods are irradiated with the light of their
LSPR frequency, excitation of the conduction band electrons will occur, leading to
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coherent oscillation of the electrons. However, once the excited conduction band
electrons decay to the ground state their energy is released as heat to the surround-
ings. It therefore results in heating when gold nanorods are illuminated at their
LSPR wavelength [5]. Due to this gold nanorods are attractive for application in
the field of photothermal therapy, such as cancer treatment. Clinical applications
are suitable for gold nanorods with LSPR in the NIR region since aqueous tissue
barley absorbs light in the NIR window between approximately 700 and 1200 nm

[5].

2.2.4 Toxicity of Gold Nanorods

It is of high importance to understand nanomaterial toxicity and the influence of size
and shape when researching nanomaterials for biological applications. Not much is
known considering long-term effects of nanomaterials on human health and environ-
mental impact. Nanoparticles in aqueous solution often have a surface charge that
through electrostatic repulsion stabilises them from aggregating. Biological media
with electrolytes and high ionic strength can make the nanoparticles aggregate via
electrostatic screening [26]. Once the nanoparticles aggregate their ability to interact
with and enter cells can be changed.

Gold has a high electron density and is in bulk, one of the most chemically inert
metals [5]. One possible risk with gold nanorods are distribution into organs in-
cluding the central nervous system. Gold nanorods in the size range of 10-100 nm
are more slowly taken up by cells compared to nanospheres in the same range [27],
and gold nanoparticles bigger than 5 nm can be assumed to be chemically inert just
like gold in its bulk form [28]. Even if gold nanorods in many cases are bigger than
5 nm the ligands attached to the surface of the nanorods may affect the toxicity.
Therefore, the toxicity of the chemicals used in the synthesis is also needed to be
assessed.

There are studies showing that gold nanoparticles themselves might not cause tox-
icity, but precursors from the synthesis may [29]. The capping agent hexade-
cyltrimethylammonium bromide (CTAB) used in the synthesis is highly toxic. CTAB
molecules in solution and on the surface of the gold nanorods are identified as cy-
totoxic [30]. A problem left to solve is how to control the toxicity of CTAB in the
preparation of the gold nanorods. CTAB can damage mitochondria and kill cells
by entering them both with or without being attached on gold nanorods [30]. The
toxicity can be reduced by purification of the nanorods, and by surface functionalisa-
tion of the gold nanorods to reduce the toxicity of residual CTAB. Different surface
modifiers have been tested, however more efforts are needed to find a more simple,
inexpensive and sustainable nontoxic modifier that also is worthier for clinical use
[30]. It also is further interesting to evaluate the toxicity of the gold nanorods once
they are immobilised on a surface.
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Methodology

The methodology includes synthesis, purification, characterisation of gold nanorods,
and gold nanorod surface assembly on glass substrates. The methodology also in-
cludes photothermal heating and characterisation of the material surfaces, tests for
microbial exposure and evaluation with microbiological studies.

3.1 Materials

Milli-Q® (18.2 MQcm, Millipore) water was used during the experiments of the
project. The chemicals used for the gold nanorod synthesis were hexadecyltrimethy-
lammonium bromide (>98 %, Sigma-Aldrich), gold(III) chloride trihydrate (>99.9
% trace metals basis, Sigma-Aldrich), sodium borohydride (99 % ReagentPlus® ,
Sigma-Aldrich), hydrochloric acid (>37 %, Sigma-Aldrich), silver nitrate (>99.9999
% trace metals basis, Sigma-Aldrich) and L-ascorbic acid (reagent grade, crys-
talline, Sigma-Aldrich). For preparation of gold nanorod-functionalised surfaces
nitric acid (65-67 %, Sigma-Aldrich), ethanol (95.5 % analytical grade, Solveco) and
ethanol (99.5 % analytical grade, Solveco) were used. Glassware and magnet stir
bars used during the gold nanorod synthesis and preparation of the gold nanorod-
functionalised surfaces were cleaned with a basic piranha solution. The basic piranha
solution was prepared with Milli-Q water, ammonia solution (32 %, Merck) and hy-
drogen peroxide solution (>30 %, Fisher Scientific) in a 4:1:1 ratio. The cleaning
was done by heating the basic piranha solution to 80 °C for at least 20 minutes and
followed by thorough rinsing of the equipment with Milli-Q) water.

For the microbiological studies trypticase soy agar (T'SA) plates, brain heart infusion
(BHI) agar plates, and Staphylococcus aureus (strain CCUG 10778) were used. The
laser diode used for photothermal heating and in vitro studies was a KS8OSDA5SCN-
55.00W from BWT BEIJING with output wavelength 808 nm 4+ 3 nm.

3.2 Synthesis and Purification of Gold Nanorods

The synthesis of gold nanorods follows a procedure modified from a method de-
scribed in the supporting information of the article by Scarabelli et al. [16]. The
modifications made in the synthesis method were changes in concentrations for the
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stock solutions of silver nitrate (AgNO3) and L-ascorbic acid dispersed in Milli-Q)
water. These changes were applied in order to tune the aspect ratio of the gold
nanorods, and thus also the localised surface plasmon resonance (LSPR) frequency.
Since it is of interest to evaluate the bacterial elimination of the surfaces with bac-
terial contamination from air, the photothermal heating needed to occur in air. For
the evaluation of the antimicrobial activity of the gold nanorod-functionalised sur-
faces, the surfaces were irradiated with near-infrared light at 808 nm. Therefore,
the gold nanorods needed to be tuned, in order to have a LSPR frequency in air
that is in the spectral region of the laser.

3.2.1 Synthesis of Gold Nanorods

The synthesis started with the preparation of a seed solution. The synthesis of
the seed solution was performed in a water bath at 30 °C. A volume of 25 pL
of gold(III) chloride trihydrate (HAuCly - 3H,O, 50 mM) was added to 4.7 mL
hexadecyltrimethylammonium bromide (CTAB, 0.1 M) and the mixture was slowly
stirred for 5 minutes. 300 pL of a newly prepared sodium borohydride solution
(NaBH,4, 10 mM) was then added under strong stirring at 1400 rpm. Then after
approximately 20 seconds was the mixture mildly stirred at 400 rpm. The light
brown seed solution was kept mildly stirred and in a water bath at 30 °C until use.

The growth of single crystal nanorods was preformed in a water bath at 30 °C. A
volume of 190 pL of hydrochloric acid (HCI, 1 M) and 100 pL of HAuCl, solution
(50 mM) was added to 10 mL of CTAB (0.1 M), and the mixture was gently stirred
for 5 minutes. Afterwards, 120 pL of silver nitrate solution (AgNOs, 11 mM) was
added to the mixture, and it was then gently shaken for a few seconds. 100 pL L-
ascorbic acid solution (90 mM) was added and the mixture was thoroughly shaken
and turned colorless from a previously yellow color. Finally, 24 uL of the seed
solution was added to the mixture and it was strongly shaken by hand. The growth
solution was then left undisturbed at 30 °C for 2 hours. This synthesis procedure of
gold nanorods was scaled up 6 times the original volumes.

3.2.2 Purification of Gold Nanorods

Centrifugation was used to purify the synthesised gold nanorods. The gold nanorod
dispersion was centrifuged at 1800 xg at 28 °C for 45 minutes. Afterwards the
supernatant was removed and the precipitate, the gold nanorods, was re-dispersed
in Milli-Q water. The centrifugation and re-dispersion was preformed totally three
times. After the last centrifugation the gold nanorods were re-dispersed in Milli-Q
water again and stored in 4-5 °C protected from sunlight.

3.3 Surface Assembly of Gold Nanorods

Two sizes of glass substrates, large and small, was used for the gold nanorod surface
assembly. The large substrates were microscope slides from Epredia cut in half to
a size of 38 - 26 mm. The small substrates were round with a diameter of 13 mm
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from VWR®. All glass substrates were cleaned with ethanol 95% followed by Milli-
Q water and dried with nitrogen gas. The substrates were then left in nitric acid
65-67 % for approximately 20-24 h and then rinsed with Milli-Q water. 1.5 mL of a
0.2 nM gold nanorod dispersion in Milli-Q were added on the large glass substrate
surfaces. The large substrates were placed in a petri dish inside a desiccator cabinet
with approximately 85-95 % relative humidity for 4 h. The small glass substrates
were immersed in 500 pL of 0.2 nM gold nanorod dispersion for 4 h. The gold
nanorod dispersion was then stepwise exchanged into Milli-Q water and finally the
nanorod-functionalised surfaces were drenched in ethanol 99.5 % and then air dried.

The concentration of the gold nanorod dispersion used for the gold nanorod surface
assembly was calculated from absorbance values obtained from UV-Vis-NIR spec-
trum. These calculations were compared to theoretical concentration calculations.
Example calculations, based on absorbance values and theoretical calculations, are
presented in Appendix Al and AII

3.4 Photothermal Heating of Gold Nanorods Im-
mobilised on Glass

The photothermal heating of the gold nanorod-functionalised glass surfaces was
measured by irradiating the surfaces with a near-infrared (NIR) laser at 808 nm
and measuring the temperature before and after the irradiation with an infrared
thermometer gun. The laser was used both at 10 W and 15 W. The large substrates
were used for the measurements. A programmable xy-plotter robot was used for even
irradiation of the whole surface. The xy-plotter was programmed in the Universal
Gceode Sender to irradiate the whole surface by moving at a speed of 90 mm/min.
As a reference, bare glass surfaces were also irradiated and the temperature change
was measured. Three replicates of each type of surface were used for 10 W. However,
six replicates of each type of surface were analysed for 15 W.

3.5 In Vitro Studies of Photothermal Elimination

Two in vitro studies were performed to evaluate how well gold nanorod-functionalised
surfaces can eliminate microbiological contamination. One in wvitro studie exposed
surfaces in laboratory rooms and the other utilised growth of Staphylococcus aureus
(S. aureus) on the surfaces.

3.5.1 Microbial Contamination From Surface Exposure in
Laboratory Room

The large sized substrates were used for the exposure experiments. Samples of

gold nanorod-functionalised surfaces and bare glass substrates were exposed in the

laboratory room environment for 5 days. The surfaces were placed in a large petri
dish open to the surroundings on a lab bench. Before exposure the bare glass
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substrates were cleaned with ethanol 95 %, followed by Milli-Q water and then
drenched in ethanol 99.5 % and dried. A NIR laser (808 nm) was used at 10 W and
15 W, in the same way described in Section 3.4. Four different groups were used for
this microbiological study with at least three replicates of each group.

1. Gold nanorod-functionalised glass irradiated with NIR light (AuNR-Glass +
NIR)

2. Gold nanorod-functionalised glass (AuNR-Glass)
3. Glass irradiated with NIR light (Glass + NIR)
4. Glass (Glass)

Both the irradiated surface samples and the non-irradiated samples were placed
with the exposed side of the surface against trypticase soy agar (TSA) or brain
heart infusion (BHI) agar plates. The surfaces were gently pressed against the agar
plates and then left undisturbed. After 10 minutes the surfaces were removed and
the agar plates were incubated at 37 °C. Colony-forming unit (CFU) was then used
as an evaluation method and CFU counting was done after 24 and 48 h.

3.5.2 Bacteria Cultured on Gold Nanorod-Functionalised
Glass

Microbiological studies with growth of Staphylococcus aureus (S. aureus) on gold
nanorod-functionalised glass surfaces was conducted to evaluate the antimicrobial
activity of the surfaces achieved upon irradiation with NIR light. The small sized
gold nanorod-functionalised glass substrates were used for this experiment. Three
different groups were applied to this microbiological study with triplicates of each

group.
1. Gold nanorod-functionalised glass (AuNR-Glass)

2. Gold nanorod-functionalised glass irradiated with NIR light (AuNR-Glass +
NIR)

3. Gold nanorod-functionalised glass with LSPR frequency at 742 nm in air ir-
radiated with NIR light (AuNR-Glass™? + NIR)

The substrates called AuNR-Glass™? were produced during previous work within
the research group. These substrates were made following the same method as in
Section 3.2 and surface assembly as in Section 3.3. However, the synthesis of the
gold nanorods differed, producing nanorods with a different aspect ratio. Therefore,
the substrates have gold nanorods with different dimensions compared to the gold
nanorods synthesised for this project. The gold nanorods on the AuNR-Glass™? s
faces were produced to have a localised surface plasmon resonance (LSPR) frequency

ur-
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close to 808 nm when irradiated in water, and they have an LSPR frequency at ap-
proximately 742 nm when irradiated in air on a glass surface. More characteristics
of the AuNR-Glass™? substrates are presented in Appendix AIIL.

S. aureus (CCUG 10778) were cultured on brain heart infusion agar at 37 °C for
approximately 16 h. One colony was then dispersed into 4 mL of tryptic soy broth
(TBS) and incubated at 37 °C for 3 h until a mid-log phase of OD 0.6 was achieved.
The bacterial suspension was then diluted with phosphate-buffered saline (PBS)
with glucose to a concentration of 1.2 - 10¥ CFU/mL. The final bacterial suspension
contained 12 % TSB and 88 % PBS with glucose.

All surface substrates used for the experiment were sterilised by immersion in 70
% EtOH for 15 min, rinsed with sterile water and placed in a 24-well plate. The
prepared bacterial suspension was added to the wells and the substrates were in-
cubated at 37 °C. After 2.5 h, the substrates were rinsed four times in PBS with
glucose and placed on microscope slides to dry. After approximately 5 minutes of
drying the substrates from group 2 and 3 were irradiated with NIR light (808 nm) at
15 W for 5 seconds. All substrates were then stained with 10 pL of LIVE/DEAD™
BacLight™ (ThermoFisher Scientific). The samples were then studied with a fluo-
rescence microscope.

3.6 Analytical Techniques and Characterisation

Analytical techniques such as UV-Vis-NIR spectroscopy, scanning electron microscopy
(SEM) and fluorescence microscopy were used for characterisation and evaluation.
This section presents the techniques and the grounds for usage of them.

3.6.1 UV-Vis-NIR Spectroscopy

Spectroscopy with light in the ultraviolet, visible and near-infrared region of the
electromagnetic spectrum is called UV-Vis-NIR spectroscopy. The wavelength range
for each region are approximately 180-380 nm, 380-700 nm and 700-2500 nm for UV,
visible and NIR light respectively. By sending monochromatic photons through a
specimen, measuring the transmitted light and comparing it to a reference cuvette,
a spectrophotometer plots the absorbance as a function of wavelength [31]. The
absorbance is related to the concentration of the specimen which is described by
Beer-Lamberts law in Equation 3.1,

A:log(Ifo) =exCxl (3.1)

where A is the absorbance, [ is the path length, C is the concentration, € is the
molar extinction coefficient, I is the intensity measured through a reference cuvette
and [ is the intensity of the light transmitted thought the specimen [31].
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Characterisation with UV-Vis-NIR spectroscopy of the synthesised gold nanorods
dispersed in Milli-Q water and of the gold nanorod-functionalised glass surfaces was
carried out to obtain the LSPR spectra of the samples. The instrument used for UV-
Vis-NIR measurements of gold nanorods dispersed in Milli-QQ water was a Thermo
Scientific™ Multiskan™ GO spectrophotometer with a wavelength range from 200
nm to 1000 nm. For UV-Vis-NIR measurements of gold nanorod-functionalised glass
surfaces in air an Agilent 8453 UV-visible Spectroscopy System with a wavelength
range from 190 nm to 1100 nm was used.

The concentration of gold nanorods dispersed in Milli-Q water was derived from
the absorbance spectra. The absorbance at 400 nm has an equal contribution from
gold nanoparticles with the same volume, since the main absorbance contribution is
related to interband transitions in gold [16]. An absorbance value of 1.2 at 400 nm
corresponds to a concentration of 0.5 mM of Au(0). This allows the concentration
of Au(0) to be calculated by Equation 3.2,

[Au(0)] = fifgo %0.5 %1073 (3.2)

where Ay is the absorbance at 400 nm [16]. The calculations of the concentration of
the gold nanorod dispersion obtained from the absorbance in UV-Vis-NIR spectrum
was compared to theoretical concentration calculations. Example calculations, based
on absorbance values and theoretical calculations, are presented in Appendix Al and

ATL

3.6.2 Scanning Electron Microscopy

Morphological, chemical and structural information from the surface of a speci-
men, at high resolution, can be attained by usage of a scanning electron microscope
(SEM). SEM uses electromagnetic lenses to focus and scan an electron beam over
the surface [31]. Condenser and objective lenses are used to demagnifying the cur-
rent crossover of the electron gun to produce a small electron probe at the specimen
surface. The electron source, electron gun, can be thermionic, field-emission or
Schottky source. The electron beam’s interaction with the surface generates energy
emissions, such as secondary and backscattered electrons, that then are detected
by various detectors and the signals are converted into an image [31]. The image
resolution can be achieved down to nanometer scale.

Secondary electron imaging provides topographical contrast. The secondary elec-
trons are a result of inelastic interactions between the electron beam and the sample,
and they originate from the surface region of the specimen sample. Backscattered
electron imaging provides information on the composition of the specimen due to
high sensitivity to differences in atomic number [31]. Backscattered electrons come
from deeper regions of the sample and are reflected after elastic interactions between
the sample and the electron beam.
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SEM was used together with image analysis of SEM micrographs to obtain the
dimensions and the surface coverage of the synthesised gold nanorods. The SEM
used was Zeiss Ultra 55 with a field emission gun. The image analysis program used
was Fiji (ImageJ, National Institute of Health, USA) and the gold nanorods were
approximated as rectangles in the image analysis.

3.6.3 Fluorescence Microscopy

Fluorescence microscopy is an imaging technique often used to observe the locali-
sation of molecules within cells. The technique uses the excitation of fluorophores
in a specimen and subsequent detection of the fluorescence signal to generate an
image. The analysed specimen is illuminated with usually blue or ultraviolet light
and then analysed through a barrier filter [32]. The fluorophores in the specimen
absorb light and then emit light of a longer wavelength. The filter is sorting out
the exciting light without blocking the emitted fluorescence, making it possible to
visualise the fluorescent objects in the specimen [33]. The specimen used for fluo-
rescence microscopy needs to contain fluorophores, either being autofluorescence or
stained with fluorescent probes.

Fluorescence microscopy was used together with the image analysis program Fiji
(ImageJ, National Institute of Health, USA) to evaluate the amount of eliminated
bacteria after irradiation with NIR light in the in vitro studies with growth of Staphy-
lococcus aureus on the surfaces. The microscope used was an Axio Imager Z2m
microscope (Zeiss) equipped with an HBO-lamp for fluorescence imaging. The sam-
ples were stained with LIVE/DEAD™ BacLight™ (ThermoFisher Scientific), that
contains both a green- and red-fluorescent nucleic acid stain. The green-fluorescent
stain penetrates all cells and the red-fluorescent stain only penetrates cells with
damaged membranes (dead cells).
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Results and Discussion

Results achieved are presented and discussed in this chapter. Characterisation of the
gold nanorods are presented for gold nanorods in aqueous dispersion and immobilised
on glass surfaces. Following this, results from the two in vitro studies are presented
and discussed.

4.1 Characterisation of Gold Nanorods

This section will present results from the characterisation of the gold nanorods syn-
thesised from the seed-mediated method. The LSPR spectra will be shown for both
gold nanorods in aqueous dispersion and the gold nanorod-functionalised surfaces.
This will be followed by a presentation of dimensions of gold nanorods, surface
coverage and photothermal heating of gold nanorod-functionalised glass surfaces.

4.1.1 Localised Surface Plasmon Resonance Spectra of Gold
Nanorods in Aqueous Dispersion and Immobilised on

Glass

The gold nanorods dispersed in Milli-QQ water showed a LSPR spectrum with a
transverse absorption band at 505-525 nm and a longitudinal band at 850-890 nm,
with a peak at 870 nm. Measured in the air, the gold nanorod-functionalised surfaces
exhibited a LSPR spectrum with a transverse absorption band at 515-535 nm and
a longitudinal band at 775-815 nm, with a peak at 795 nm. An example spectra
is presented in Figure 4.1. The spectral data is normalised for both gold nanorod-
functionalised glass (AuNR-Glass) and gold nanorods in Milli-Q water (AuNR). A
shift occurs of approximately 75 nm when the gold nanorods are measured in air
immobilised on glass compared to free in water. This is due to change of refractive
index. The spectral output (808 nm) of the NIR laser used in this project is in the
range of the longitudinal absorption band of the gold nanorod-functionalised glass
surfaces (775-815 nm). Hence, the gold nanorod-functionalised glass surfaces should
generate heat when illuminated by the NIR laser in the air.
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Figure 4.1: Localised surface plasmon resonance spectra of gold nanorod-
functionalised glass measured in air (AuNR-Glass) and gold nanorods dispersed
in Milli-Q water (AuNR)

4.1.2 Dimensions of Gold Nanorods

Length, width and aspect ratio of the gold nanorods are presented in Table 4.1. The
mean values of the gold nanorods’ length, width and aspect ratio are 68 nm, 18 nm
and 3.9 respectively. For the image analysis determining the nanorods’ dimensions,
a total of 5045 nanorods were analysed.

Table 4.1: Length, width and aspect ratio of gold nanorods with standard deviation

Length (nm) Width (nm) Aspect ratio (Length/Width)
68.32 + 9.49 18.21 £4.21 3.93 £ 0.97

4.1.3 Surface Coverage of Gold Nanorods Immobilised on
Glass

Two sizes of glass substrates, large and small, were used in the project to produce the
gold nanorod-functionalised surfaces. An even coverage of gold nanorods was shown
using scanning electron microscopy (SEM) to evaluate the functionalised surfaces.
The gold nanorods were randomly orientated and did not form any larger aggregates.
However, some gold nanospheres were present. Representative SEM micrographs in
Figure 4.2 show gold nanorods on glass substrates with a 50 000x magnification.
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Figure 4.2: Scanning electron microscopy micrographs of gold nanorod-
functionalised glass at 50 000x magnification, shown for both large (a) and small
(b) substrates

The surface coverage of the gold nanorods was determined by image analysis of SEM
micrographs and is presented in Table 4.2. The average surface coverage was 11 %
which corresponds to 88 nanorods/pm? for the large glass surfaces. The average
surface coverage for the small glass surfaces was 13 % which corresponds to 107
nanorods/pm?. In total 45 different SEM micrographs were used for the analysis of
both the large and the small glass surfaces.

Table 4.2: Average surface coverage with standard deviation for both large and
small surfaces

Average Surface Coverage
% nanorods/pm?

Large 109+ 14 88.4 + 10.9

Small 13.3 £ 1.2 106.7 + 9.8

Surface

There was a significant difference in surface coverage for the large and the small
surfaces on a 95 % significance level, despite the samples being prepared in an
equivalent way. The difference in surface coverage is probably due to that the glass
substrates are produced by different manufacturers and therefore have differences in
chemical composition.
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4.1.4 Photothermal Heating of Gold Nanorods Immobilised
on Glass

The photothermal heating of gold nanorod-functionalised glass surfaces was eval-
uated by measuring the temperature increase when the surfaces were irradiated
with NIR light with two different powers, 10 W and 15 W. Both gold nanorod-
functionalised glass (AuNR-Glass) and bare glass (Glass) was used for the evalu-
ation. The average temperature increase is presented in Table 4.3. For the glass
surfaces the average temperature increase was 1 °C and 1.5 °C for 10 W and 15
W respectively. The nanorod-functionalised glass showed a temperature increase of
10.4 °C for 10 W and 15.8 °C for 15 W. The average temperature increase was sig-
nificantly different for Glass compared to AuNR-Glass on a 95 % significance level.
The gold nanorods increased the temperature of the surrounding air with 9-14 °C
compared to the control, and the temperature increase was higher for higher power
of the laser. The temperature increase measured for the gold nanorod-functionalised
surfaces shows the photothermal heating achieved due to LSPR. The variations in
the temperature increase are likely caused by delay between irradiating the surface
and measuring the temperature.

Table 4.3: Average temperature increase with standard deviation for gold nanorod-

functionalised glass (AuNR-Glass) and bare glass (Glass) after irradiation with near-
infrared light at 10 W and 15 W

AT (°C)
Surface 10W 15W
Glass 1.0£03 15+04

AuNR-Glass 104 £ 1.3 158 £2.9

4.2 In Vitro Studies of Photothermal Elimination

Results from the in vitro studies of this project are presented in this section. First,
the results from the study on exposed gold nanorod-functionalised glass surfaces
in laboratory rooms are presented and discussed. This is followed by the results
from the study performed with Staphylococcus aureus (S. aureus) cultured on gold
nanorod-functionalised glass surfaces.

4.2.1 Microbial Contamination From Surface Exposure in
Laboratory Room

Two different trials were made for surfaces exposed in a laboratory room for 5 days.
The first trial used irradiation with NIR light at 10 W, and the second trial used NIR
light at 15 W. Both trials used an irradiation speed of 90 mm/min and included four
groups, consisting of two types of surfaces and two types of treatments. Each group
had at least three replicates. The surfaces tested were gold nanorod-functionalised
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glass (AuNR-Glass) and bare glass (Glass). The treatment was either irradiation
with NIR light (+ NIR) or no irradiation. The AuNR-Glass surfaces had an average
surface coverage of 11 % corresponding to 88 nanorods/pm?. Colony-forming unit
(CFU) was counted for each replicate after both 24 and 48 hours. Example pictures
of agar plates with colonies are presented in Appendix BI in Figure B1

The statistical significance of the results was evaluated using paired samples t-test as
well as a 22 factorial design. The paired samples t-test compared population means
of the groups Glass and AuNR-Glass, Glass and Glass + NIR, and AuNR-Glass and
AuNR-Glass + NIR. The 22 factorial design studied the effect of each factor, surface
type (Glass or AuNR-Glass) and treatment (no-NIR or NIR), on the response (CFU),
as well as the effects of interactions between factors on the response. Example of
statistical calculations with the 22 factorial design is presented in Appendix BIII.

4.2.1.1 Results Using Near-Infrared Light Irradiation at 10 W

The average number of CFU with standard deviation counted after 24 and 48 h for
the trial using NIR light at 10 W is presented in Table 4.4 below. The number of
CFU counted for each replicate is presented in Appendix BI in Table B1.

Table 4.4: The average number of colony-forming unit with standard deviation for
bare glass surfaces (Glass) and gold nanorod-functionalised glass surfaces (AuNR-
Glass), either non-irradiated or irradiated with 10 W at 808 nm (+ NIR)

Surface CFU
24 h 48 h
Glass 47+ 15 7.0%26
AuNR-Glass 50430 12.7+59
Glass + NIR 43+15 63=x1.5

AuNR-Glass + NIR 7.7+32 9.7+3.1

P-values of the t-tests are presented for this trial in Appendix BII in Table B3.
The paired t-test showed no significant difference between the groups. Using the
22 factorial design to evaluate the data gave more insight. The analysis of variance
(ANOVA) tables for for both CFU counted after 24 h and 48 h are presented in
Appendix BIV in Table B7 and BS.

The 22 factorial design showed that there were no significant factors (surface type,
treatment and interaction) after 24 h at a 90 % significance level. However, after 48
h the type of surface (Glass or AuNR-Glass) was significant at a 90 % significance
level. At this level a surface with gold nanorods was more likely to exhibit a higher
CFU compared to a bare glass surface, independent of treatment (no-NIR or NIR).
The reason why a surface with gold nanorods showed more CFU can be due to that
airborne particles and bacterial cell surfaces have a net negative surface charge [34]
and are therefore attracted to the positively charged nanorods on the surface.

23



4. Results and Discussion

The combination of gold nanorods and NIR light did not show any antimicrobial
activity in this trial. One possible explanation could be that the power of the laser
was too low or the irradiation time too short. Bacteria travel in the air on particles
and once these particles land on the surface the bacteria may not be in direct contact
with the gold nanorods. The heat from the gold nanorods must then conduct though
the particles to reach the bacteria, which could be another explanation as to why
no antimicrobial activity was detected.

4.2.1.2 Results Using Near-Infrared Light Irradiation at 15 W

Since no significant antimicrobial activity was observed for the interaction of gold
nanorods and NIR light in the first trial, the power of the NIR laser was increased
with 50 % for the second trial. To further increase the reliability of the results, 6
replicates were used. The average number of CFU with standard deviation counted
after 24 and 48 h for the trial using NIR light at 15 W is presented in Table 4.5
below. The number of CFU counted for each replicate is presented in Appendix BI
in Table B2.

Table 4.5: The average number of colony-forming unit with standard deviation for
bare glass surfaces (Glass) and gold nanorod-functionalised glass surfaces (AuNR-
Glass), either non-irradiated or irradiated with 15 W at 808 nm (+ NIR)

Surface CFU
24 h 48 h
Glass 78 +34 924+ 3.3
AuNR-Glass 13.0 £ 83 16.2 + 9.0
Glass + NIR 120+ 71 153+£74

AuNR-Glass + NIR 88 £3.0 11.5 £ 3.2

P-values of the t-tests for this trial are presented in Appendix BII in Table B4. There
was no significant difference among population means between the groups at a 95
% significance level. The same was true for a 90 % significance level for all groups,
except for Glass compared to Glass + NIR with CFU counted after 48 h. The mean
value was higher for the Glass + NIR surfaces compared to the Glass surfaces,
meaning that a bare glass surface irradiated with NIR light would show more CFU
compared to a non-irradiated glass surface. The temperature was mildly increased
when the glass surfaces were irradiated with NIR light. This temperature increase
may have made the climate more favourable for the bacteria, so a higher amount of
bacteria survived during the trial procedure, compared to the non-irradiated glass
surfaces.

The p-value for the comparison of Glass and AuNR-Glass for CFU counted after 48
h was 0.1020. This almost indicate a significant difference among population means
for a 90 % significance level. The mean value was higher for the AuNR-Glass surfaces
compared to the Glass surfaces, meaning that a non-irradiated glass surface with
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4. Results and Discussion

gold nanorods would show more CFU compared to a non-irradiated glass surface.
A similar correlation was shown in the 22 factorial design made for the trial using
NIR light at 10 W with CFU counted after 48 h presented in Section 4.2.1.1. This
correlation was probably mainly due to electrostatic attraction between the gold
nanorods and the airborne microbes.

Analysis of variance (ANOVA) tables for both CFU counted after 24 h and 48 h,
from the 22 factorial design, are presented in Appendix BIV in Table B9 and B10.
The 2?2 factorial design showed that there were no significant factors (surface type,
treatment and interaction) after 24 h at a 95 % significance level. However, after 48
h the interaction groups, Glass and AuNR-Glass + NIR, had a significantly lower
number of CFU compared to the other groups at a 95 % significance level. Meaning
that both the Glass surfaces and the AuNR-Glass + NIR surfaces are more likely to
show fewer CFU compared to the other groups. The t-tests also indicated a lower
CFU for the Glass surfaces compared to the Glass + NIR surfaces and AuNR-Glass.
From the results of the t-test, the combination of NIR light and gold nanorods is
expected to increase the CFU if the surface type and treatment are independent from
each other. The combination has however been shown in the 22 factorial design to
be significant, the AuNR~Glass + NIR surface group demonstrates a decreased CFU
and that the surface type and treatment are dependent. This means that surfaces
with gold nanorods treated with NIR light exhibit a reduction in CFU and that an
antimicrobial activity was achieved. The Glass surfaces also demonstrated a decrease
of CFU. This decrease is probably due to a lower probability for bacteria to deposit
on the surfaces compared to a surface with gold nanorods, due to the previously
discussed electrostatic attraction of particles and bacteria to gold nanorods.

Only a certain surface coverage and a certain power of the NIR light were evaluated
in the project. There might be a combination of surface coverage and power that
shows a more efficient antimicrobial activity. Therefore, it would be interesting for
future work to find an optimum of antimicrobial activity by varying the surface cov-
erage and power of the laser, especially towards higher values. Furthermore it would
be interesting to expose the gold nanorod-functionalised surfaces in operating rooms
for implants, to evaluate the elimination of the microbial contamination occurring
in a clinical environment.

4.2.2 Bacteria Cultured on Gold Nanorod-Functionalised
Glass

Two types of the small gold nanorod-functionalised glass surfaces were used in the in
vitro study with culturing of Staphylococcus aureus to evaluate the antimicrobial ac-
tivity of the surfaces upon NIR irradiation. Gold nanorod-functionalised glass with
a LSPR frequency in air at 795 nm (AuNR-Glass) and gold nanorod-functionalised
glass with a LSPR frequency in air at 742 nm (AuNR-Glass™?) were used in this
study. The average surface coverage for the AuNR-Glass and the AuNR-Glass™?
surfaces were 107 nanorods/pm? and 104 nanorods/pm? respectively. More charac-
teristics for the AuNR-Glass™? surfaces are presented in Appendix AIIIL.
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4. Results and Discussion

Three different surface groups were analysed in the study. AuNR-Glass, AuNR-
Glass irradiated with NIR light at 15 W for 5 seconds (AuNR-Glass + NIR) and
AuNR-Glass™? irradiated with NIR light at 15 W for 5 seconds (AuNR-Glass™?
+ NIR). The amount of dead (red) and live (green) bacteria was determined with
fluorescence microscopy and subsequent image analysis. Representative images from
the fluorescence microscopy are presented in Figure 4.3.

(a) AuNR-Glass (b) AuNR-Glass + NIR

(c) AuNR-Glass™? + NIR

Figure 4.3: Images from fluorescence microscopy with a 40x magnification of sam-
ples stained with LIVE/DEAD™ from the in vitro study with Staphylococcus aureus
cultured on gold nanorod-functionalised glass
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4. Results and Discussion

The average percentage of dead bacteria for each surface group is presented in Figure
4.4 below. Each group had three replicates, and for each replicate 4 fluorescence
images were analysed. The image analysis determined the area covered by dead (red)
and live (green) cells. The average percentages of dead bacteria were 69 %, 84 % and
84 % for AuNR-Glass, AuNR-Glass + NIR and AuNR-Glass™? + NIR respectively.
Determined with a paired samples t-test, the groups with NIR irradiation both
had significantly different population means compared to the non-irradiated group
on a 95 % significance level. The two NIR irradiated groups were however not
shown significantly different from each other. P-values of the t-tests are presented
in Appendix BV in Table B11.

100

. ] l
w l l
6o |

50

40

Dead bacteria (%)

30
20

10

AuNR-Glass AuNR-Glass + NIR AuNR-Glass742 + NIR

Figure 4.4: Percentage and standard deviation of dead bacteria covering the sur-
faces from the in vitro study with Staphylococcus aureus cultured on gold nanorod-
functionalised glass

The two different gold nanorod-functionalised glass surfaces irradiated with NIR
light both had a higher amount of dead bacteria, approximately 22 % more, com-
pared to the non-irradiated surfaces. This indicates that a photothermal elimination
of bacteria occurs due to the LSPR-produced heat from the gold nanorods. To im-
prove the antimicrobial activity and photothermal elimination, the surface coverage
of the gold nanorods could be increased, to increase the amount of gold nanorods in
contact with bacteria.

The reason for the high amount of dead bacteria on the non-irradiated surfaces are
probably due to the drying step in the procedure. Bacteria need a certain amount
of water to survive and the drying time may have been too long for many of the
bacteria and therefore killing them.
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4. Results and Discussion

The different gold nanorod-functionalised glass surfaces had different LSPR. frequen-
cies and were irradiated at 808 nm in air, covered in bacteria. Since there was no
significant difference between the two gold nanorod-functionalised surfaces the NIR
light of 808 nm worked equally well regardless of the differences of the gold nanorods’
dimensions and LSPR frequencies. The medium surrounding the surfaces during ir-
radiation was air. However, the bacteria cultured on the surfaces were in contact
with the gold nanorods. This means that some of the gold nanorods may have been
in contact with a higher share of water than air, and the other way around, since the
bacterial cells mainly consist of water. The refractive index surrounding each gold
nanorod is therefore hard to estimate, but for the nanorods in contact with bacte-
ria (i.e. water) a red-shift of the LSPR frequency likely occurred. If this change
in refractive index made a big difference on the results is hard to know since the
longitudinal band of the LSPR frequency is quite broad, covering 808 nm for both
surface types, measured both in water and in air. Still, the variations in refractive
index across the surfaces due to the presence of both bacteria and air can be part
of the explanation why both types of gold nanorod-functionalised surfaces showed
an antimicrobial activity.
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Conclusion

Photothermal elimination of bacteria, both cultured and deposited from the sur-
rounding environment on gold nanorod-functionalised glass surfaces, can be achieved
with NIR light of the nanorods’ LSPR frequency. The local heating from the pho-
tothermal effect was measured upon irradiation of gold nanorod-functionalised glass
surface with NIR light and a temperature increase was detected. A procedure for the
surface assembly of gold nanorods on glass, was established in the project. Two sizes
of glass substrates were functionalised, where the large gold nanorod-functionalised
glass surfaces exhibited a lower surface coverage of nanorods compared to the small
gold nanorod-functionalised glass surfaces. The difference in surface coverage was
attributed to differences in surface chemistry between the glass substrates.

The results from the in vitro study with microbial contamination from the laboratory
room indicates an antimicrobial activity for the gold nanorod-functionalised glass
surfaces irradiated with NIR light at 15 W. It also indicates that a surface with gold
nanorods attracts more particles and bacteria from the surrounding environment,
likely due to the electrostatic charge of the nanorods compared to a glass surface.
From the in vitro study with Staphylococcus aureus cultured and partly dried on gold
nanorod-functionalised glass surfaces an antimicrobial activity was observed for the
surfaces irradiated with NIR light. Approximately 22 % more dead bacteria were
present on the surfaces irradiated with NIR light compared to the non-irradiated
control. A bigger effect could probably be achieved if the surface coverage of gold
nanorods was higher, so more nanorods would be in contact with each bacteria.

From both the in vitro studies the results indicate that gold nanorods immobilised
on a surface, which is irradiated with NIR light can photothermally eliminate
bacteria located on the surface. Hence, the concept of utilising gold nanorod-
functionalised substrates in combination with NIR light to help fight and prevent
implant-associated infections shows promise for future work.
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A

Appendix

Appendix A includes calculations of the gold nanorod concentration used in the
project, from UV-Vis-NIR spectroscopy and from theory. It also presents character-
istics of the gold nanorod-functionalised glass that have a localized surface plasmon
resonance frequency at 742 nm measured in air.

Al Calculation of the Gold Nanorod Concentra-
tion From UV-Vis-NIR Spectroscopy

An absorbance value of 1.2 at 400 nm corresponds to a concentration of 0.5 mM of
Au(0). This allows the concentration of Au(0) to be calculated as

[Au(0)] = 440 5 0.5 % 103

where Ay is the absorbance at 400 nm [16]. Assuming the gold nanorods are shaped
as cylinders, the volume of a nanorod can be estimated by

Vnanorods =7 x[x* (%)2

where [ and w are mean values of length and width of the gold nanorods, determined
from image analysis of SEM micrographs. The mean values of the gold nanorods
length and width are 68.32 nm and 18.21 nm.

Knowing both the concentration of Au(0) and the volume of a nanorod, the concen-
tration of gold nanorods can be calculated by

[Au(0)]%M 44(0)
PAu(0) *Vpanorods*N A

[nanorods] =

where M a,(0) is the molar mass of gold (196.96 g/mole), paqy(o) is the density of gold
(19.32 - 105 g/m?3), and N, is Avogadro’s constant (6.022 - 10 mole™!). For an
absorbance at 400 nm of 0.5, the concentration of the gold nanorods is

9:250.5%10~3%196.96
19.32*106*7@68.32*10*9*(w)2*6.022*1023

=0.198 %107 M

[nanorods] =
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AIl Theoretical Calculation of the Gold Nanorod
Concentration

The amount of Au(IIl) added to the seed solution from 25 pL of 50 mM gold(III)
chloride trihydrate is

ey = 25 %1079 L% 0.05 M = 1.25  10~° mole

The total volume of the seed solution (V;3¢4) is 5.025 mL containing 25 pL of
gold(IIT) chloride trihydrate, 4.7 mL CTAB and 300 pL sodium borohydride so-
lution. With the total seed solution volume and by assuming that 95 % of all
Au(III) is reduced to Au(0), the concentration of Au(0) can be calculated.

seed

[Au(0)]geea = 0.95 % “42UD = 2 36 % 10~ M

tot

Further in the synthesis is 144 uL of the seed solution added to the growth solution.
This volume corresponds to when the synthesis is scaled up 6 times the original
volumes. The amount of Au(0) from the seed solution that is added to the growth
solution is

ity = 1441070 L+ 2.36 + 107" M = 34.03 x 10~ mole

600 pL of 50 mM gold(III) chloride trihydrate is added to the growth solution. This
volume is scaled up 6 times the original volume. With this volume and by assuming
that 95 % of all Au(IIl) is reduced to Au(0), the amount of Au(0) in the growth
solution can be calculated to be

n9ouit — .95 % 600 % 1070 L+ 0.05 M = 28.5 % 10~ mole

The total amount of Au(0) in the synthesis is then

nigt o) = nigedy + ndoe” = 28.53403 + 1076 mole

Assuming the gold nanorods are shaped as cylinders, the volume of a nanorod can
be estimated by

w2
vnanorods =mxl*37

2
where [ and w are mean values of length and width of the gold nanorods, determined
from image analysis of SEM micrographs. The mean values of the gold nanorods
length and width are 68.32 nm and 18.21 nm. With the total amount of Au(0) and
the volume of the nanorods, the amount of the gold nanorods can be calculated by

a0 Mau(0)

= 27.15 % 10712 mole

n =
nanorods PAu(0) *Vnanorods*N A
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where My, (o) is the molar mass of gold (196.96 g/mole), pay) is the density of
gold (19.32 - 10° g/m?), and N4 is Avogadro’s constant (6.022 - 10 mole™!). The
concentration of gold nanorods in the dispersion can then be calculated by

.
[nanorods]pyrifieq = "reagreds

where V' is the volume of Milli-Q water used to redisperse the gold nanorods after
the last purification step.

A volume of 5 mL is used to redisperse the gold nanorods after the last purification
step. With this volume and by assuming that 30 % of the gold nanorods are washed
away during the purification, the concentration of the nanorods can be calculated.

[nanorods|purifiea = % *0.7=38%10""M
2 mL of this dispersion is then used in UV-Vis-NIR spectroscopy, where a total
volume of 36 mL Milli-QQ water is added for the dispersion to show an absorbance
of 0.5 at 400 nm. The final concentration of the gold nanorod dispersion can then
be calculated.

_ 3.8+x1079x0.002 __ -9
[nanorods] = >=05=2= = 0.20 % 1077 M

AIIl Gold Nanorod-Functionalised Glass With a
Localised Surface Plasmon Resonance Fre-
quency at 742 nm in Air

The gold nanorod-functionalised glass surface produced during previous work in the
research group are called AuNR-Glass™2. These surfaces show a LSPR frequency
of approximately 742 nm measured in air. The average surface coverage of AuNR-
Glass™? is 15.3 4= 0.9 % corresponding to 104 nanorods/pm?. A representative SEM
micrograph is presented in Figure Al. The average length, width and aspect ratio
of the gold nanorods on these surfaces is 69.4 nm, 21.3 nm and 3.33 respectively.

Localised surface plasmon resonance (LSPR) spectra of AuNR-Glass™? and of gold
nanorods dispersed in Milli-Q water (AuNR™?2) are presented in Figure A2. The
spectral data is normalised for both AuNR-Glass™? and AuNR™2. The surfaces
measured in air showed a longitudinal absorption band at approximately 722-762
nm, with a peak at 742 nm. The gold nanorods used to produce the surfaces shows,
dispersed in Milli-Q water, a long longitudinal absorption band at approximately
798-839 nm, with a peak at 818 nm. The shift that occurs when the gold nanorods
are measured in air immobilised on glass compared to free in water is approximately
76 nm.
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Figure Al: Scanning electron microscopy micrograph at 50 000x magnification
of gold nanorod- functionalised glass with a localised surface plasmon resonance

frequency of 742 nm measured in air
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Figure A2:
functionalised glass measured in air (AuNR-Glass™?) and gold nanorods measured

in Milli-Q water (AuNR™?)
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Appendix

Appendix B includes p-values of the t-tests from both in wvitro studies. It also
presents results of CFU, example of statistical calculations of the 22 factorial design
and ANOVA tables from the microbial contamination trials.

Bl Colony-Forming Unit From the Microbial Con-
tamination Trials

Example pictures of agar plates with colonies from the microbial contamination
trials are presented in Figure B1.

(d) 24 h
AuNR-Glass + NIR

(b) 24 h
AuNR-Glass

(e) 48 h (f) 48 h (g) 48 h (h) 48 h
Glass AuNR-Glass Glass + NIR AuNR-Glass + NIR

Figure B1: Example pictures of agar plates with colonies after 24 h and 48 h from
the trial with near-infrared light at 15 W
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Colony-forming unit (CFU) for the microbial contamination trials are presented in
Table B1 and B2 below. Table B1 show the fist trial using NIR light at 10 W and
Table B2 show the second trial using NIR light at 15 W. CFU is presented for both
24 h and 48 h. CFU counted after 45 h is shown in parenthesis. The groups used for
the trials were bare glass surfaces (Glass), gold nanorod-functionalised glass surfaces
(AuNR-Glass), NIR light irradiated bare glass surfaces (Glass + NIR) and NIR light
irradiated gold nanorod-functionalised glass surfaces (AuNR-Glass + NIR). The NIR
light used had a spectral output of 808 4+ 3 nm. Three replicates of each surface
group were used in the trial with NIR light at 10 W. For the trial with NIR light at
15 W were six replicates of each surface group used.

Table B1: Colony-forming unit (CFU) after 24 h and 48 h, where CFU after 48 h is

shown in parenthesis, for bare glass surfaces (Glass) and gold nanorod-functionalised

glass surfaces (AuNR-Glass), either non-irradiated or irradiated with 10 W at 808
m (+ NIR)

Surface I RelilIlcate T
Glass 509) 3(4) 6(8)
AuNR-Glass 5(17) 2(6) 8 (15)
Glass + NIR 6(6) 3(0B) 4(8
AuNR-Glass + NIR 9 (9) 4 (7) 10 (13)

Table B2: Colony-forming unit (CFU) after 24 h and 48 h, where CFU after 48 h is

shown in parenthesis, for bare glass surfaces (Glass) and gold nanorod-functionalised

glass surfaces (AuNR-Glass), either non-irradiated or irradiated with 15 W at 808
m (+ NIR)

Surface Replicate
I I1 II1 v \Y VI
Glass 8 (9) 7 (10) 10 (10) 6 (8) 13 (14) 3 (4)
AuNR-Glass 26 (30) 5 (6) (22) 8(12) 12 (18) 7(9)
Glass + NIR 18 (21) 13 (15) 4(6) 22(26) 5(9) 10 (15)
AuNR-Glass + NIR 5 (7) 7 (11) (12) 13 (15) 7(9) 11 (15)

BII P-Values of the T-Tests for the Microbial Con-
tamination Trials

P-values of the t-tests are presented for the microbial contamination trials in this
section. The different surface groups used for the microbial contamination trials

v



B. Appendix

were bare glass surfaces (Glass), gold nanorod-functionalised glass surfaces (AuNR-
Glass), near-infrared (NIR) light irradiated bare glass surfaces (Glass + NIR) and
NIR light irradiated gold nanorod-functionalised glass surfaces (AuNR-Glass +
NIR). The t-tests were made to evaluate if there were any significant difference
among population means between the groups. The groups compared in the t-tests
were Glass and AuNR-Glass, Glass and Glass + NIR, and AuNR-Glass and AuNR-
Glass + NIR. P-values from the microbial contamination trial with NIR light of 10
W are presented in Table B3, and P-values from the trial with NIR light of 15 W
are presented in Table B4.

Table B3: P-values of each t-test for the microbial contamination trial using near-
infrared light at 10 W

G P-Value
o 24h 48 h

Glass

AUNR.Class 0.8722  0.2016

Glass

Glass + NIR 0.8025 0.7247

AuNR-Glass

AUNR.Class + NIR 0-3928 04756

Table B4: P-values of each t-test for the microbial contamination trial using near-
infrared light at 15 W

G P-value
roups LT

Glass

AuNR-Class 0.1889 0.1020

Glass

Glass + NIR 0.2260 0.0910

AuNR-Glass

AuNR-Glass + NIg 02740 02571

BIII Statistical Calculations for the Microbial Con-
tamination Trials

In this section is an example of statistical calculations using a 22 factorial design
for the microbial contamination trials presented. In the example data from the trial
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with near-infrared (NIR) light irradiation at 10 W and colony-forming unit (CFU)
counted after 48 h is used.

A 22 factorial design has two factors, A and B, each run at two levels. The levels of
the factor are either "high" or "low" [35]. For this project, the type of surface is factor
A, with the high level denoting a gold nanorod-functionalised glass surface (AuNR-
Glass) and the low level denoting a bare glass surface (Glass). The treatment is
factor B and the two levels are either irradiation with NIR light (+ NIR) or no
irradiation. In the microbial contamination trial with NIR light irradiation at 10
W the experiment was replicated three times giving a total of 12 runs. The data
obtained for the microbial contamination trial with NIR light irradiation at 10 W
and CFU counted after 48 h is presented in Table B5.

Table B5: The data obtained for the microbial contamination trial with near-
infrared light irradiation at 10 W and colony-forming unit counted after 48 h

A FE]l;tOZB Combination f{ eleIlca;IeI Total
- - +  Glass 9 4 8 21
+ - - AuNR-Glass 17 6 15 38
-+ - Glass + NIR 6 5 8 19
+ + + AuNR-Glass+NIR 9 7 13 29

The four combinations in the design are represented by lowercase letters. a repre-
sents the combination of A at the high level and B at the low level (AuNR-Glass),
b represents A at the low level and B at the high level (Glass + NIR), and ab rep-
resents both factors at the high level (AuNR-Glass + NIR). Often (1) is used to
represent both factors at the low level (Glass). (1), a, b, and ab represent the total
response, in this case CFU values, at all n replicates taken at the combination. The
average effect of a factor is the change in response produced by a change in the level
of that factor averaged over the level of the other factors. The effect of A at the low
level of B is [a - (1)]/n and the effect of A at the high level of B is [ab - b]/n [35].
Taking the average of these gives the main effect of A as

A=gfab+a—b—(1)] = 7529 +38-19—21] =45
In the same way is the average effect of B found as

B=tlab+b—a—(1)]=5529+19 - 38 — 21] = —1.83

The interaction effect of AB is can be defined as the average difference between the
effect of A at the high level of B and the effect of A at the low level of B. Thus,

AB = tab+ (1) —a— b = £5[29+ 21 — 38 — 19] = —1.17
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The factor effects for the two different trials and for both CFU counting times are
presented below in Table B6.

Table B6: The factor effects for both microbial contamination trials (near-infrared
light irradiation at 10 W or 15 W) with colony-forming unit counted after 24 h and
48 h

Average 10 W 15 W

Effects 24 h 48 h 24 h 48 h
A 1.83  4.50 1 1.58
B 1.17  -1.83 0 0.75
AB 1.50 -1.17 -4.17 -5.42

For the trial with 10 W and CFU counted after 48 h is the effect of A (surface
type) positive. This suggests that going from the low level of A (Glass) to the high
level (AuNR-Glass) will increase the yield of CFU. The effect of B (treatment) is
negative and is suggesting that going from the low level of B (no NIR) to the high
level (+ NIR) will decrease the yield of CFU. The interaction effect AB is negative.
This suggest that going from the low level of AB (AuNR-Glass and Glass + NIR) to
the high level (Glass and AuNR-Glass + NIR) will decrease the yield of CFU. The
interpretations of the factor effects can be confirmed or rejected by using analysis
of variance. The sum of square for A, B, and AB is calculated by

S84 = [abta—b—(1)]* _

b _ [29438-19-21] _ 60.75

4%3

in 4%3

SSap = [ab-‘r(li;a—bP _ [29+214—*?;8—19}2 — 408

and the total sum of squares with 4n — 1 degrees of freedom is
SSr =2, 32, Y v — L = 180.91

The error sum of squares, with 4(n — 1) degrees of freedom can then be calculated.
SSp =855 —554— 5SS —SSap =106

The complete analysis of variance (ANOVA) table is presented in Appendix BIV in
Table B8. The P-value for A (surface type), B (treatment) and AB (interaction)
is 0.0647, 0.4084 and 0.5940 respectively. A is significant at a 90 % significance
level and the effect of A indicates that that going from the low level (Glass) to the
high level (AuNR-Glass) will increase the yield of CFU, independent of the levels of
factor B. Thus, a surface with gold nanorods is more likely to exhibit a higher CFU
compared to a bare glass surface. The other interpretations of the factor effects can
be rejected since they are not shown significant.
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BIV Analysis of Variance Tables for the Micro-
bial Contamination Trials

Analysis of variance (ANOVA) tables are presented for the two different trials for
colony-forming unit counted after 24 h and 48 h. For the trial with near-infrared
light at 10 W see Table B7 and B8. The ANOVA tables for the trial with 15 W are
presented in Table B9 and B10.

Table B7: ANOVA table for the microbial contamination trial with near-infrared
light irradiation at 10 W with colony-forming unit counted after 24 hours

Source of Sum of

Degrees of Mean

Variation Squares Freedom Square F,  P-value
Surface 10.08 1 10.08 1.68 0.2310
Treatment 4.08 1 4.8 0.68 0.4333
Interaction 6.75 1 6.75 1.13 0.3198
Error 48.00 8 6.00

Total 68.92 11

Table B8: ANOVA table for the microbial contamination trial with near-infrared
light irradiation at 10 W with colony-forming unit counted after 48 hours

Source of Sum of

Degrees of Mean

Variation Squares Freedom Square F,  P-value
Surface 60.75 1 60.75 4.58 0.0647
Treatment 10.08 1 10.08 0.76 0.4084
Interaction 4.08 1 4.08 0.31 0.5940
Error 106.00 8 13.25

Total 180.92 11

Table B9: ANOVA table for the microbial contamination trial with near-infrared

light irradiation at 15 W with colony-forming unit counted after 24 hours

Source of Sum of Degrees of Mean P P-value
Variation Squares Freedom Square 7

Surface 6.00 1 6.00 0.17 0.6836
Treatment 0.00 1 0.00 0.00 1.0000
Intreaction 104.17 1 104.17 2.97 0.1003
Error 701.67 20 35.08

Total 811.83 23
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Table B10: ANOVA table for the microbial contamination trial with near-infrared
light irradiation at 15 W with colony-forming unit counted after 48 hours

Source of Sum of Degrees of Mean
Variation Squares Freedom Square
Surface 15.04 1 15.04 0.39 0.5412
Treatment 3.38 1 3.38 0.09 0.7714
Intreaction 176.04 1 176.04 4.52 0.0461
Error 778.50 20 38.93

Total 972.96 23

F, P-value

BV P-Values of the T-Tests for the In Vitro Study
With Bacteria Cultured on Gold Nanorod-
Functionalised Glass

P-values of the t-tests for the in vitro study with Staphylococcus aureus cultured
on gold nanorod-functionalised glass are presented in Table B11. Gold nanorod-
functionalised glass with a LSPR frequency in air at 795 nm (AuNR-Glass) and
gold nanorod-functionalised glass with a LSPR frequency in air at 742 nm (AuNR-
Glass™?) were used in this study. Three different surface groups were analysed in the
study. AuNR-Glass, AuNR-Glass irradiated with NIR light at 15 W for 5 seconds
(AuNR-Glass + NIR) and AuNR-Glass™? irradiated with NIR light at 15 W for 5
seconds (AuNR-Glass™? + NIR).

Table B11: P-values of each t-test for the in vitro study with bacteria cultured on
gold nanorod-functionalised glass

Groups P-value
AuNR-Glass

AuNR-Class + NIR 0.0382
AuNR-Glass 0.0122

AuNR-Glass742 + NIR
AulNR-Glass + NIR
AuNR-Glass™? + NIR

0.9985
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