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Abstract
Implant-associated infections commonly require repeated treatment and high dosages
of antibiotics. Being able to effectively treat implant-associated infections is there-
fore critical for the future of medical implants as well as being able to decrease the
usage of antibiotics. This thesis therefore considers a possible alternative to decrease
the usage of antibiotics and to more effectively treat implant-associated infections
by combining photothermal gold nanorods and antibiotics to achieve a synergistic
effect. A procedure has been developed to enable evaluation of the antimicrobial
activity and synergistic effect of the combination of photothermal gold nanorods
and antibiotics by In-Vitro studies. Before performing the In-Vitro studies were
gold nanorods synthesised with dimensions enabling emission of photothermal heat
when exposed to near-infrared (NIR) light, heat which can be used for photother-
mal elimination of bacteria. The gold nanorods were thereafter immobilised on glass
substrates by electrostatic interaction, mimicking a gold nanorod-functionalised im-
plant surface.

The gold nanorod-functionalised substrates were thereafter implemented in the In-
Vitro studies to evaluate the antimicrobial activity of the gold nanorods exposed to
NIR-light. An antimicrobial effect could be achieved when the substrates were ex-
posed to NIR-light covered with a thin liquid film meanwhile no antimicrobial effect
could be achieved when the substrates were exposed to NIR-light while immersed
in liquid. The antimicrobial activity of vancomycin was also evaluated by mini-
mum inhibitory concentration (MIC) determinations where the MIC for planktonic
bacteria and bacteria cultivated on gold nanorod-functionalised substrates were de-
termined. The antimicrobial effect was thereafter evaluated for the combination of
gold nanorods exposed to NIR-light and vancomycin. No synergistic effect could be
achieved for the parameters considered. No antimicrobial activity nor synergistic
effect could therefore be achieved when the gold nanorod-functionalised substrates
were irradiated immersed in liquid, with or without antibiotics. The results im-
plicate that more studies are required and that the interaction between the gold
nanorods and the bacteria needs to be studied in more detail.

Keywords: Implant-associated infections, synergistic treatment, antibiotics, gold
nanorods, gold nanorod-functionalised substrates, photothermal elimination, antimi-
crobial resistance
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1
Introduction

Implant-associated infections is an advancing problem for modern healthcare since
the infections often require repeated treatment and high dosages of antibiotics [1].
Although the infections are treated, the outcome is often that the implant requires
replacement, with the new implant having a higher risk of re-infection [2]. Being able
to effectively treat infections related to medical implants is therefore critical for their
future use. Effective treatment of implant-associated infections is also very critical
because of increasing concerns of the antimicrobial resistance [1]. New treatment
methods are therefore essential to replace or complement the conventional antibiotic
treatment of implant-associated infections.

Implant-associated infections originate from bacterial adhesion on the implant sur-
face [2]. The bacterial growth thereafter increase on the implant surface, creating
microcolonies. The microcolonies thereafter grow into macrocolonies which has the
ability to produce a polymer matrix consisting of polysaccharides and proteins, to
mention a few, which encapsulates the cultivated bacteria. The construct of bacte-
ria enclosed in a biopolymer matrix is referred to as a biofilm. The biofilm is more
resilient and decrease the ability of drug penetration which can result in a resilience
up to a 1000 times higher towards antibiotics compared to planktonic bacteria [1].

Earlier research has proved that synergy can be achieved between antibiotics and
heat to more effectively eradicate bacteria [3–6]. One possible alternative to de-
crease the use of antibiotics is therefore the combination of antibiotics and gold
nanorods, which can photothermally eliminate and/or weaken bacteria cultivated
on the implant surface [1]. Because of the nanorods’ unique properties can inci-
dent light interact with the delocalised valence electrons on the nanorods’ surfaces,
allowing the rods to emit energy in the form of local heat [7]. If the nanords are
immobilised on the surface of a medical implant the heat emission generated from
the gold nanorods has the potential to photothermally eliminate and/or weaken bac-
teria cultivated on the implant surface [1]. Expectantly improving the treatment of
implant-associated infections by synergy between the photothermal heat from the
gold nanorods and the antibiotics.

Depending on the geometry of the gold nanoparticles they absorb varying wave-
lengths of light [7]. Gold nanorods have a geometry which enables them to absorb
light in the near-infrared (NIR) region, 800-2500 nm [7, 8], which incorporates large
parts of the so-called biological-window [9]. The biological-window concerns the
wavelengths that have the ability to penetrate water, which imply penetration of hu-
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1. Introduction

man tissue. Accordingly, the nanorods have the ability of being photothermally acti-
vated even though located inside the body since they resonate with light penetrating
body tissue [1]. Gold nanorods exposed to NIR-light is therefore a promising alter-
native in combination with antibiotics to more effectively treat implant-associated
infections and decrease the usage of antibiotics.

1.1 Aim of the Project
The projects aim is to develop a methodology which enables evaluation of the an-
timicrobial activity of the combination of gold nanorods exposed to NIR-light and
antibiotics as well as being able to decide if a synergistic effect is achieved. The aim
therefore also includes the development of strategies which enable the evaluation of
the antimicrobial activity of the photothermal gold nanorods exposed to NIR-light
and the antibiotics separately. The objectives are thus to synthesise gold nanorods
by wet chemistry, with absorption in the biological-window, and thereafter immo-
bilise them on glass substrates with electrostatic surface assembly. The objectives
also include evaluation of the antimicrobial activity of gold nanorods exposed to
NIR-light and the antibiotics separately as well as their combination, which are to
be determined by In-Vitro studies.

1.2 Limitations
This thesis only include one synthesis procedure to produce gold nanorods, called
a seed-mediated synthesis where cetyltrimethylammonium bromide (CTAB) act as
capping agent. The synthesised gold nanorods are then going to be surface assembled
on glass, for research purposes since UV-Vis-NIR sprectroscopy and microscopy can
be performed on transparent substrates. One kind of antibiotic will be implemented
during the project named vancomycin which is a valid candidate because of its
clinical relevancy and extended use in earlier research. For this project will only
In-Vitro studies be performed, In-Vivo studies will not be executed. For the In-
Vitro studies the strain Staphylococcus aureus (S.aureus) CCUG 10778 is going to
be utilised because S. aureus commonly cause implant-associated infections. Only
one laser at 808 nm will be utilised for the In-Vitro studies and no other irradiation
wavelengths will be considered. For this study are the parameters surface coverage
of gold nanorods and the geometry of the gold nanorods going to be constant in
theory, to ease interpretation of the results.
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2
Theory

2.1 Implant-Associated Infections
Implant-associated infections constitute of a category of infections, caused by bacte-
ria, with characteristics depending on site and implant type [2]. Implant-associated
infections are generally problematic to treat and often result in the need for re-
placement of the biomedical device [1]. Implant-associated infections originate from
bacterial adhesion on the implant surface, which is prone to adhesion due to its bio-
compatability [2]. Due to further bacterial growth are microcolonies assembled upon
the implant surface and the adhered bacteria initiate the production of a biopolymer
matrix consisting of polysaccharides and proteins, among other substances. Ulti-
mately are macrocolonies created in combination with production of the biopolymer
matrix, which act as a resilient layer encapsulating the bacteria cultivated upon the
biomedical implant. This construct of bacteria enclosed in a biopolymer matrix is
referred to as a biofilm. The biofilm’s capacity of shielding the bacteria can lead up
to 1000 times higher resilience towards antibiotics than planktonic bacteria. Which
makes the implant-associated infections challenging to treat [1].

The bacteria most prone to cause implant-associated infections are S. aureus and
Staphylococcus epidermidis (S. epidermidis) [10]. Both bacteria colonise human skin
where S. Epidermidis pathogen which often cause less severe infections compared to
S. aureus [10, 11]. S. aureus and S. epidermidis have a tendency of biofilm formation
which complicates therapeutic treatment [11]. The bacterial species have a spherical
from and assemble in grape-like clusters [10]. Staphylococci have a diameter that is
around 1 µm and have a contact area around 0.015 µm2 [12, 13].

2.2 Antibiotics and Antimicrobial Resistance
Antibiotics are different kinds of substances that are implemented to treat some
kinds of bacterial infections, for instance implant-associated infections [1, 14]. There
are many different kinds of antibiotics and they have varying usage since not all
bacteria are susceptible to one antimicrobial substance only [14]. The different an-
tibiotics have diverse mechanisms to target bacteria. One mechanism that is utilised
by many antibiotics is the inhibition of the bacterial cell wall synthesis, which result
in an alternation in the cell wall and geometry of the target bacteria, that eventually
cause cell lysis.
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2. Theory

The emerging problem with antimicrobial resistance is a growing concern for the
medical field and today’s society [1]. Antimicrobial resistance means that the tar-
get bacteria for certain antimicrobial agents develop a resistance against the agent,
rendering it ineffective in eradicating or inhibiting the growth of the bacteria [15].
One possible outcome is that the bacterial infection then becomes untreatable since
the antibiotics no longer can be utilised as treatment. There are many mechanisms
that can cause the bacteria to develop antimicrobial resistance, the two most im-
portant are mutation and acquisition of new genetic material. Where the major
driving force behind the development of antimicrobial resistance is the overuse of
antibiotics. It is therefore of great importance to use antibiotics in a rightful way as
well as decreasing the utilisation of these pharmaceuticals. One way of decreasing
the usage of antibiotics is to find new approaches for treating bacterial infections,
which is a pressing and challenging matter in the field of research [1].

2.3 Gold Nanorods
One possible complement when treating implant-associated infections is the usage
of gold nanorods attached upon implant surfaces and subsequently irradiated to
generate heat in order to achieve an antimicrobial effect [1]. The antimicrobial
effect is achieved because the released heat from the nanorods eradicate and/or
harm bacteria cultivated on the implant surface. The heat emitted can only be
performed by noble metal nanoparticles as they have unique properties not present
in their bulk counterparts [16].

2.3.1 Localised Surface Plasmon Resonance
Gold nanorods possess photothermal properties because of a phenomenon called lo-
calised surface plasmon resonance (LSPR) [16]. The mechanism is only possible for
noble metal nanoparticles, for instance gold nanoparticles. The particles need to be
metallic since only metals can be described with the free-electron theory [17]. The
theory explains the delocalisation of valence electrons for solid metals. The valence
electrons act as a gas and move unconstrained towards each other over the metal
lattice which for instance provide the material with high thermal and electrical con-
ductivity.

When the nobel metal nanoparticles have dimensions smaller than the mean-free
path of the conduction band electrons, the incident light can affect the delocalised
electrons to oscillate coherently, which is called a surface plasmon [7, 18]. The os-
cillations create a charge separation between the conduction band electrons and the
core of the nanoparticles meanwhile the repulsion between the electrons forces move-
ment in the opposite direction which contribute to the mutual oscillations [7]. The
oscillations have a resonance frequency at a certain wavelength which is referred to
as the localised surface plasmon resonance (LSPR). When the incoming electromag-
netic wave has equal frequency as the resonance frequency the nanoparticles begin
to absorb energy more readily compared to other wavelengths [19]. The absorption
of light occurs because of the excitation of the localised surface plasmon at the res-
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onance frequency.

The geometry of the nanoparticles is not only responsible for the location of the
LSPR but also the amount of plasmon bands in a localised surface plasmon reso-
nance spectrum [16]. For a spherical nanoparticle one band is visible in the spectrum,
normally around 500-600 nm [7]. For nanorods, the spectrum has two bands be-
cause the electrons can either oscillate in the transverse or the longitudinal direction.
The transverse oscillation often equals the spherical absorption around 500-600 nm
meanwhile the longitudinal absorption often emerge in the NIR region, which is
800-2500 nm [7, 8]. Figure 2.1 shows a general absorption spectrum for dispersed
gold nanorods.

Figure 2.1: Localised surface plasmon resonance spectrum which visualises how
the absorption of electromagnetic radiation relates to the transverse and longitudinal
oscillations of the delocalised valence electrons in a nanorod. The elliptic shapes
represent a gold nanorod meanwhile the lighter yellow shapes represent how the
valence electrons oscillate.

The transverse oscillations are quite insensitive to shape variation of the nanorods
meanwhile the oscillations in the longitudinal direction are shape dependent. The
aspect ratio (length/width) decide the exact location of the longitudinal LSPR band
[16]. The geometry of the nanorods is therefore utilised to tune the location of the
longitudinal absorption band [9]. For biomedical applications is the desired location
for the longitudinal absorption band often in the NIR-region. Since wavelengths 700-
1200 nm have the ability to penetrate water and therefore also human body tissue,
referred to as the "biological window". Radiation can therefore photothermally acti-
vate gold nanorods immobilised on implant surfaces inserted into patients’ bodies [1].

The localised surface plasmons decay through different processes [20]. One occurs
because a part of the absorbed energy is released by electron-phonon collisions pro-
viding heat to the nanorod lattice resulting in release of thermal energy to the
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2. Theory

surroundings. The heating of the nanorods enables them to be implemented in
therapeutic applications since the local heating can weaken and/or eradicate bacte-
ria cultivated on the nanorods [1].

2.3.2 Plasmon coupling
Plasmon coupling occurs when gold nanoparticles exists in near vicinity of each
other [21]. The plasmons in neighbouring particles then influence one another which
change their plasmonic properties. The change in plasmonic properties occur be-
cause the particles’ electrons start to oscillate not solely over their own lattice struc-
ture but also over other praticles lattice structures, creating a shift in the resonance
frequency. This phenomena can be both desired and undesired. Plasmon coupling
can be utilised in for instance sensor applications but it is of importance to keep in
mind that the plasmonic properties of the particles change when they come in close
vicinity of one another.

2.3.3 Seed-Mediated Synthesis
The synthesis approach utilised to produce the gold nanorods is referred to as a
seed-mediated synthesis, since a seed solution and a growth solution is prepared
separately [22]. Primarily, nucleation occurs in the seed solution before the seeds
are added into the growth solution. The outcome is more homogeneously synthe-
sised nanorods compared to nucleation and growth occurring simultaneously.

Creation of nuclei in the seed solution is accomplished by adding a strongly reduc-
ing agent to the gold-precursor (HAuCl4) which induce the nucleation, the reducing
agent in this case is NaBH4 [22]. The reducing agent is added in excess during
vigorous stirring to achieve uniform nucleation. Cetyltrimethylammonium bromide
(CTAB) is present to stabilise the seeds.

The surfactant CTAB is utilised because of its ability to encapsulate both the gold
nanorods and the seeds [22], the strucure of CTAB is visualised in figure 2.2. The
CTAB capping of the gold nanoparticles during growth favour the formation of
rods. On later days conclusions have been drawn that the counterion of bromine
plays a key role in the formation of nanorods, since surfactants lacking the bromine
counterion make the synthesis unsuccessful. The bromine counterion in CTAB will
exchange the Cl− ions in the gold precursor (HAuCl4) and form complexes with the
ammonium surfactant monomers. The ligand exchange and the complex formation
affect the growth kinetics and are therefore also thought to be responsible for the
production of the nanorods.
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Figure 2.2: The molecular structure of CTAB.

Ascorbic acid is added into the growth solution to enable reduction of the gold from
Au3+ to Au+ [22]. It is crucial that the reduction agent is weak, which means that
only Au+ is generated. Ascorbic acid is only capable of weak reduction during low
pH, which is the case since HCl is added before the ascorbic acid in the growth solu-
tion. Au+ is then only present during the addition of the seed solution and further
nucleation is therefore prevented, since no Au0 is present together with Au3+. The
reduction of Au+ then occurs at the surface of the seeds which cause the seeds to
grow, with a final outcome of gold nanorods.

AgNO3 is another additive to the growth solution but the contribution of the silver
ions to the synthesis is still not fully validated [22]. There are different theories
why the silver ions influence the geometry of the gold nanoparticles and ease the
formation of the cylindric shape, for instance by interacting with CTAB during the
growth of the nanorods.

2.3.4 Electrostatic Surface Assembly
The gold nanorod-functionalisation of the glass substrates utilises the electrostatic
interaction between the glass and the gold nanorods. To enable self assembly of
the gold nanorods the glass is treated with HNO3 (65-67%), with a purpose of
cleaning. The concentrated acid has the properties to remove contamination upon
the glass surface, for instance carbon-containing substances, Ca2+, Na+ and Si4+

[23]. The surface is also left with negatively charged OH-groups which results in an
electrostatic attraction between the nanorods and the glass. The attraction occurs
because the CTAB capping the gold nanorods creates a positive surface charge [22].
The electrostatic interaction therefore immobilise the gold nanorods upon the surface
of the glass, which is illustrated in figure 2.3. The acid treated substrates only need
to be immersed in a dispersion of gold nanorods for the spontaneous assembly to
occur.
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Figure 2.3: Gold nanorods electrostatically immobilised upon the glass surface.
The elliptic shapes represent the gold nanorods, CTAB then capping the gold
nanorods in a bilayer and the blue area illustrates the glass.

2.4 Combination of Antibiotics and Photother-
mal Gold Nanorods

The interest of nanoparticles in biomedical applications has only increased over the
years. Existing studies have considered combining nanoparticles and antibiotics in
different ways to find new ways of therapeutic treatment [24–27].

The synergism between antibiotics and heat has been proven by earlier research [3–6].
These studies implicate that the combination of heat and antibiotics more effectively
eradicate bacteria compared to therapeutic treatment with the two methods apart.
Where for instance one study concerns the combination of heat, originating from
gold nanoparticles, and antibiotics in microneedle patches against skin infections [3].

The combination of photothermal gold nanorods exposed to NIR-light and antibi-
otics is therefore a promising alternative to decrease the usage of antibiotics and
more effectively treat implant-associated infections. The combination of nanoparti-
cles and antibiotics is also a field of much importance and where new discoveries are
constantly taking place. Despite this, no extended research has yet been carried out
regarding the combination of unfunctionalised photothermal gold nanorods immo-
bilised on a surface together with antibiotics. The gold nanorods are supposed to
be immobilised upon the implant surface meanwhile the antibiotics are present in
solution. When exposed to NIR-light a simultaneous antimicrobial effect from the
photothermal gold nanorods and from the antibiotics could more effectively eradi-
cate the pathogen causing implant-associated infections. If a synergistic effect occurs
this therapeutic method may be an alternative to decrease the usage of antibiotics.

2.5 Minimum Inhibitory Concentration (MIC)
The minimum inhibitory concentration (MIC) is the minimal concentration of an
antimicrobial agent required to visually inhibit the growth of a certain bacterium
[28]. The MIC declares the resilience of the bacteria towards a certain drug and can
also determine the activity of newly developed antimicrobial agents. The two most
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common techniques for evaluation are the agar dilution and broth dilution strategy,
utilising standardised conditions. Agar dilution utilises the incorporation of different
concentrations of antimicrobial agents into the nutrient agar medium. Meanwhile
the broth dilution is a technique where a standardised amount of bacteria is mixed in
liquid growth medium with geometrically increasing concentration of antimicrobial
substance, often performed in 96-well plate [28]. After a certain incubation time is
presence of turbidity a sign of bacterial growth meanwhile a visually transparent well
indicate no bacterial growth. The well with the lowest concentration of antimicrobial
agent that appear transparent is therefore determined as the MIC.
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3
Methodology

3.1 Materials
For the cleaning of glassware with basicpiranha were ammonia (28%, AnalaR NORMA-
PUR® analytical reagent, liquid, VWR chemicals), hydrogen peroxide (100 volumes
>30% w/v, liquid, Fisher Scientific) and Milli-Q water (Millipore Q-Gard® 1) re-
quired. During the seed-mediated gold nanorod synthesis were gold(III) chloride
trihydrate (≥99.9% trace metals basis, crystals and lumps, Sigma-Aldrich), Hex-
adecyltrimethylammonium bromide (≥98%, solids, Sigma-Aldrich), Sodium boro-
hydride (99%, ReagentPlus®), powder, Sigma-Aldric, hydrochloric acid (≥37%, liq-
uid, Sigma-Aldrich), silver nitrate (99.9999% trace metal basis, solid crystalline,
Sigma-Aldrich), L-ascorbic acid (≥98%, crystalline, Sigma-Aldrich) and Milli-Q wa-
ter (Millipore Q-Gard® 1) utilized. For the gold nanorod-functionalisation of glass
substrates were ethanol (95%, liquid, Solveco), ethanol (99.5%, liquid, Solveco), ni-
tric acid (65.0-67.0%, liquid, Sigma-Aldrich) and Milli-Q water (Millipore Q-Gard®
1). The gold nanorods were immobilised upon microscope slides (plain microscope
slides,25·1·75 mm, EprediaTM). For the In-Vitro studies were phosphate buffered
saline (Sigma-Aldrich), brain heart infusion agar (powder, Millipore), tryptic soy
broth (Nutriselect® Plus, powder, Millipore), cation-adjusted Mueller Hinton broth
(Nutriselect® Plus, powder, Millipore) and Vancomycin hydrochloride (Pharmaceu-
tical Secondary Standard; Certified Reference Material, neat, Supelco) used.

3.2 Basicpiranha Cleaning
All glassware used during procedures involving gold nanorods or during the nanorod
synthesis was cleaned with basicpiranha. The mixture utilised had the ratio 4:1:1
of Milli-Q water, NH3 and H2O2 and were added to all glassware. Milli-Q water
and NH3 were heated to 30 °C followed by addition of H2O2 and further heating to
around 75 °C. The mixture was left for 15 minutes before switching of the heating
plate and rinsing all glassware thoroughly with Milli-Q water.

3.3 Synthesis and Purification of Gold Nanorods
The performed synthesis, called a seed-mediated synthesis, was adapted from the
described procedure in A “Tips and Tricks” Practical Guide to the Synthesis of Gold
Nanorods [22].
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3.3.1 Seed Solution
Firstly was a water bath prepared with a temperature of around 30 °C, where both
seed and growth solution were stationed during the synthesis. 25 µl HAuCl4 (50
mM) was added to 4.7 ml of CTAB (0.1 M) which was then slowly stirred for about
10 minutes, until no remaining turbidity. Thereafter, 300 µl of a freshly prepared
solution of NaBH4 (10 mM) was added during vigorous stirring (>1400 rpm). After
10-20 s was the solution again mildly stirred (400 rpm). The light brown solution
was left for 30-45 minutes before use.

3.3.2 Growth Solution
The following procedure was performed in a water bath at around 30 °C. 1140 µl
of HCl (1 M) and 600 µl of HAuCl4 (50 mM) was added to 60 ml of CTAB (0.1
M) which was stirred for 10 minutes, the pH of the solution should be around 1.5.
Thereafter was 720 µl of AgNO3 (10 mM) added to the mixture and the solution
was then stirred again for a few minutes. Subsequently was 600 µl of ascorbic acid
(100 mM) added and the mixture was stirred for a few minutes once more, which
should result in a colourless solution. Finally was 144 µl of the seed solution added
to the growth solution and the solution was then thoroughly swirled. The mixture
was then left undisturbed for 2 hours in the water bath.

3.3.3 Purification
For the purification of gold nanorods was a Thermo Heraeus Megafuge 16 R cen-
trifuge utilised. The centrifuge was preheated to 28 °C and thereafter was the
synthesis mixture centrifuged at 1900 G for 30 min followed by two centrifugations
at 1800 G for 35 min. After the two first centrifugations was as much supernatant
as possible removed without disturbing the pellet of gold nanorods. Subsequently
was Milli-Q water added and the pellet was redispersed. The third centrifugation
was succeeded by pipetting away 600 µl of the gold nanorod pellet and dispersing in
4.4 ml Milli-Q water, resulting in a concentration around 3 nM. The concentration
has theoretically been calculated in Appendix A.1.

3.4 Preparation of Gold Nanorod-Functionalised
Glass

The glass substrates were firstly rinsed with EtOH (95%) and subsequently washed
thoroughly with Milli-Q water. The substrates were exposed to N2 gas until totally
dry and then placed in a clean petri dish. They were then covered with HNO3 (65-
67%) and left for around 17-18h. After the acid-treatment were the pieces of glass
removed from the acid and placed in another clean petri dish containing Milli-Q
water, left meanwhile preparing dispersion of gold nanorods.

A suitable dilution of the dispersion of nanorods, absorbance of 0.5-0.6 at 400 nm,
was prepared. 600 µl of the solution was then added to each well in a well plate. The
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glass substrates were removed from the petri dish and rinsed with Milli-Q water as
well as shaken to remove excess water. While still wet was each substrate immersed
into a well containing gold nanorod dispersion. They were then left between 2-4
h, for the gold nanorods to surface assemble. The gold nanorod dispersion was
thereafter gradually removed by exchange with Milli-Q water until the solution
turned colorless. The glass substrates were removed from the well plate, immersed
into EtOH (99.5%) for a few seconds and then placed on a clean paper towel to air
dry.

3.5 UV-Ozone Sterilisation
Before performing In-Vitro studies upon the gold nanorod-functionalised glass sub-
strates were they sterilised to free them from foreign microorganisms and to remove
the toxic CTAB encapsulating the nanorods. The substrates were placed on a sheet
of aluminium foil and thereafter put in an UV-Ozone oven for 5 min. The sub-
strates were then removed from the oven and directly transferred to a sterile petri
dish, where left around 1-2 h before use.

3.6 In-Vitro Studies
In this section is the methodology regarding the In-Vitro studies presented. Firstly
was the antimicrobial activity evaluated separately for the gold nanorods exposed
to NIR-light and Vancomycin. Thereafter was the antimicrobial activity determined
for both entities combined.

3.6.1 Photothermal Elimination
This methodology describes how the antimicrobial activity of the photothermal
nanorods was determined for two differents systems; the gold nanorods irradiated
covered with a thin liquid film and immersed in liquid.

The afternoon before performing the experiments was S. aureus CCUG 10778 plated
on brain heart infusion agar and incubated 18-24 h at 37 °C. One or several colonies
were inoculated in 4 ml tryptic soy broth (TSB) and incubated at 37 °C until reach-
ing 1·109 CFU/ml. When reaching 1·109 CFU/ml was the suspension diluted to
2·108 CFU/ml. The gold nanorod-functionalised substrates, sterilised as in section
3.5, were immersed into 400 µl of phosphate buffered saline (PBS) in a 24-well plate
before addition of 600 µl diluted bacterial suspension to each well. The final bacte-
rial concentration then became 1.2·108 CFU/ml for each well. The glass substrates
were incubated in the bacterial suspension for 3 h at 37 °C.

Past incubation were all substrates immersed into a well with 2 ml PBS in a 24-
well plate. 1.6 ml was then removed and 600 µl fresh PBS added, resulting in a
total volume of 1 ml. If the substrates were to be irradiated immersed in liquid
were they exposed to NIR-light in the well together with PBS. Thereafter the PBS
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was removed, the substrate moved to a microscope slide and stained with 10 µl
LIVE/DEADTM BacLightTM stain and topped with a cover glass. If the substrates
were to be irradiated while covered with a thin liquid film was the 1 ml PBS removed
and the substrates were moved to microscope slides. They were covered with 10
µl LIVE/DEADTM BacLightTM stain followed by addition of a cover glass. The
substrates were thereafter exposed to NIR-light through the cover glass. The laser
utilised to irradiate the samples was a diode laser at 808 nm by the manufacturer
BWT Bejing. After NIR irradiation all samples were analysed with fluorescence
microscopy.

3.6.2 Determination of Minimum Inhibitory Concentration
(MIC)

The procedures for the MIC determination are presented in this section. Firstly were
MIC determinations performed on planktonic bacteria. The MIC for planktonic
bacteria was thereafter used as a starting point to determine the MIC for surface
grown bacteria on gold nanorod-functionalised substrates.

3.6.2.1 Planktonic Bacteria

MIC determinations with vancomycin was performed to evaluate the bacteria’s, S.
aureus CCUG 10778, susceptibility towards the antibiotic agent, in a planktonic
state. The broth dilution methodology was implemented, adapted from Agar and
broth dilution to determine the minimum inhibitory concentration (MIC) of antimi-
crobial substances [28].

The afternoon before performing the MIC determination was S. aureus CCUG 10778
plated and incubated as in section 3.6.1, and stored in 4 °C until use. One or sev-
eral colonies were dispersed and incubated as in section 3.6.1, until reaching 1·109

CFU/ml. The bacterial suspension was thereafter diluted to 1·106 CFU/ml.

10 different concentrations of vancomycin was prepared with the final concentra-
tions 32, 16, 8, 4, 2, 1, 0.5, 0.25, 0.125 and 0.0626 mg/l in a 48-well plate, using
cation-adjusted Mueller-Hinton Broth (CAMHB). Bacteria were also added to each
well resulting in a final concentration of 5·105 CFU/ml. One growth control with
only CAMHB and bacteria with a final concentration of 5·105 CFU/ml was also
prepared, to evaluate the growth of bacterial cells without presence of vancomycin.
One sterility control was also prepared with only CAMHB, to analyse potential
bacterial contamination of the liquid medium. The 48-well plate with the prepared
solutions was thereafter incubated for 16-20 h. The following day was the MIC
visually determined.

3.6.2.2 Surface Grown Bacteria

MIC determinations on bacteria cultivated on gold nanorod-functionalised surfaces
were performed. The MIC for surface grown bacteria is very relevant to evaluate
since bacteria causing implant-associated infections are cultivated on a surface. It
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is therefore of high importance to conclude surface grown bacteria’s susceptibility
towards antibiotics.

The afternoon before performing the test was S. aureus CCUG 10778 plated and
incubated as in section 3.6.1. One or several colonies was dispersed and incubated
as in section 3.6.1, until reaching 1·109 CFU/ml. The bacterial suspension was
thereafter diluted and added to PBS as in section 3.6.1, with substrates serilised as
described in section 3.5. The glass substrates were then incubated with bacteria for
3 h at 37 °C.

4 different concentrations of vancomycin was prepared with the final concentrations
of 1, 2, 3, and 4 mg/l in a 24-well plate, using CAMHB. After incubating for 3 h
were the surfaces immersed into 2 ml PBS followed by immersion into the antibiotic
solutions. One control surface was also prepared by immersion in only CAMHB, to
control the growth without presence of vancomycin. Thereafter were the substrates
incubated for 18 h.

The next morning was the liquid in each well removed and the substrates were trans-
ferred to microscope slides. Every surface was covered with 10 µl LIVE/DEADTM

BacLightTM stain and topped with a cover glass. The samples were then analysed
with fluorescence microscopy.

3.6.3 Combination of Photothermal Elimination and An-
tibiotics

The antimicrobial activity of the combination of photothermal gold nanorods ex-
posed to NIR-light and vancomycin could now be determined, after evaluating the
antimicrobial activity of the two entities separately.

The afternoon before performing the experiments was S. aureus CCUG 10778 plated
and incubated as described in section 3.6.1. One or several colonies were dispersed
and incubated as in section 3.6.1, until reaching 1·109 CFU/ml. The bacterial sus-
pension was thereafter diluted and added to PBS as stated in section 3.6.1, with
substrates sterilised as in section 3.5. The substrates were then incubated in 3 h at
37 °C.

After incubation in 3 h were the substrates immersed into 2 ml PBS followed by
immersion in a 3 mg/l vancomycin solution. Certain substrates were thereafter ir-
radiated with NIR-light while immersed liquid before incubation in 18 h. Control
surfaces were prepared as described in section 3.6.2.2.

The next morning were the gold nanorod-functionalised substrates prepared as in
section 3.6.2.2 before analysed with fluorescence microscopy.
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3.7 Characterisation and Analytical Techniques
This section present the characterisation instruments implemented during the study
and the instruments’ intended use.

3.7.1 UV-Vis-NIR Spectroscopy
UV-Vis-NIR spectroscopy classify as an absorption spectroscopy technique which
considers light in the ultraviolet, visible, and near-infrared region [29]. The technique
is conducted by irradiating a sample with light and determine the amount of light
absorbed by the sample, by comparing the transmitted light with the incoming
light [30]. Absorbance generally quantify the light absorbed and is defined as in
equation 3.1 below. Where A is the absorbance, P0 is the incoming light and P is
the transmitted light after passing through the sample.

A = log(P0

P
) (3.1)

For this project were the analyses performed by a UV-Vis-NIR spectrometer of model
OneC by the manufacturer Nanodrop for the wavelengths 300-800 nm. For the
wavelengths 300-1000 nm was the spectrometer of model 8453 by the manufacturer
Hewlett Packard utilised. UV-Vis-NIR spectroscopy was conducted to characterise
the optical properties of the synthesised gold nanoparticles by locating the surface
localised plasmon resonance bands. The technique was also implemented to analyse
the concentration of gold nanorods after purification, since the concentration of gold
nanorods can be correlated to the absorbance at 400 nm [22]. Additionally, UV-Vis-
NIR spectrometry was performed on gold nanorod-funtionalised glass substrates
immersed in Milli-Q water to evaluate if gold nanorods had surface assembled on the
surfaces and if their photothermal properties was preserved after functionalisation.

3.7.2 Scanning-Electron Microscopy
A scanning-electron microscope (SEM) is a type of electron microscope which ex-
poses a material’s surface to high-energy electrons in the form of a very focused
beam, which is scanned across the surface in vaccum [31]. The primary high-energy
electrons interact with the specimen which generate signals, e.g secondary electrons,
back-scattered electrons, X-rays, etc. The different electrons and X-rays generated
contains different information and can for instance give knowledge about topogra-
phy, morphology, composition and crystallographic information [31]. The micro-
scope can also compose detailed images of the sample surface with high quality and
resolution. The images are composed of information from secondary electrons and
back-scattered electrons [32]. Secondary electrons are generated through inelastic
interactions between the electron beam and the sample. The secondary electrons
contain information regarding topography and morphology. Back-scattered elec-
trons are generated through elastic interactions between the electron beam and the
sample. The back-scattered electrons contain information related to the composi-
tion of the sample. The electrons yield contrast between light (eletron-dense) and
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dark (electron-poor) areas of the sample surface.

During this study was a SEM of the model Ultra 55 LEO with a field emission
gun by the manufacturer Zeiss implemented to analyse the gold nanorods, with an
acceleration voltage of 2.5 kV. The analyses were performed on the gold nanorod-
functionalised glass substrates and the SEM micrographs could thereafter be eval-
uated by image analysis, in ImageJ, to determine the geometry of the nanorods as
well as the surface coverage of the gold nanorod-functionalised substrates.

3.7.3 Fluorescence Microscopy
Fluorescence microscopy is a type of optical microscopy where a light source is
utilised to emit certain wavelengths to make the molecules fluoresce, to create an
image [33]. Fluorophores, which are molecules making a specimen fluoresce, absorb
light at one wavelength and emit light at a lower wavelength. The change in wave-
length between the absorbed and emitted light increase the contrast of the composed
image, since only the emitted light is detected against the dark background. A spec-
imen can only fluoresce if it contains fluorophores which can occur naturally or by
labelling.

Fluorescence microscopy has been implemented during the In-Vitro studies to de-
termine the amount of live and dead bacteria on gold nanorod-functionalised glass
substrates. The microscope utilised was an Axio Imager Z2m from the manufacturer
Zeiss with an accompanying high-pressure mercury vapor arc-discharge (HBO) lamp
as light source. The bacteria was analysed with 40x magnification succeeded by flu-
orescent staining with LIVE/DEADTM BacLightTM. The stain decide the amount
of live and dead bacteria depending on the membrane integrity by SYTO 9 and
propidium iodide [34]. SYTO 9 can penetrate all cell membranes meanwhile pro-
pidium iodide only permeate cells with disrupted cell membranes. The live bacteria
are stained with SYTO9 and will appear green, while dead bacteria with damaged
membranes are stained by both SYTO9 and propidium iodide and will appear red.
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4
Results & Discussion

4.1 Synthesis of Gold Nanorods
This section present the properties of the synthesised gold nanorods. The nanorods
were produced by a wet chemistry procedure and thereafter characterised by UV-
Vis-NIR spectroscopy and SEM. Firstly are the plasmonic properties of the nanorods
introduced and thereafter the rods’ geometry.

4.1.1 Localised Surface Plasmon Resonance Spectrum
The synthesised nanoparticles’ plasmonic properties were determined by UV-Vis-
NIR spectroscopy. Figure 4.1 visualise a localised surface plasmon resonance spec-
trum for a batch of dispersed gold nanorods with a transverse absorption band
around 520 nm and a longitudinal absorption band around 850 nm. The presence of
two absorption bands and their distinct separation indicates that a majority of gold
nanorods have been synthesised. The height relation between the peaks are also
characteristic plasmonic behaviour of gold nanorods which indicates that no large
amount of gold nanoparticles with other geometries are present, the absorbance at
500-600 nm would in that case be higher.

Figure 4.1: Localised surface plasmon resonance spectrum of gold nanorods dis-
persed in Milli-Q water.

The longitudinal absorption band at 850 nm for the synthesised nanorods is located
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in the "biological-window". Declaring that the characteristics of the gold nanorods
is suitable for their aimed application. The light absorption is also applicable for
laser exposure at 808 nm, which will occur during the In-Vitro studies.

4.1.2 Geometry of Gold Nanorods
The dimensions of the nanorods were determined by performing image analysis of
SEM micrographs in ImageJ. Width, length and aspect ratio were determined, which
are presented in table 4.1. The average length of the nanorods was 64.0 nm, average
width was 20.6 nm and the average aspect ratio (length/width) was 3.1 nm. All
three parameters were calculated by analysing 2560 nanorods, which were projected
with an rectangular area.

Table 4.1: Shows the dimensions of the synthesised gold nanorods, expressed as
averages with standard deviations. AuNR is an abbreviation for gold nanorods.

Average Dimensions of AuNR
Length (nm) 64.0 ± 8.2
Width (nm) 20.6 ± 3.8
Aspect Ratio 3.1 ± 0.58

4.2 Gold-Nanorod Functionalised Glass Substrates
This section present the characteristics of the gold nanorod-functionalised glass sub-
strates. The substrates were functionalised after acid-treatment by immersion in
gold nanorod dispersions, succeeded by characterisation with SEM and UV-Vis-NIR
spectroscopy. Initially are SEM micrographs presented visualising the functionalised
surfaces followed by the surface coverage and the plasmonic properties of the immo-
bilised gold nanorods. The substrates used during this study were square microscope
slides with an area of 1 cm2.

4.2.1 SEM Micrographs
SEM was performed upon the gold nanorod-functionalised glass substrates to enable
evaluation of the self assembly of gold nanorods. Figure 4.2 shows gold nanorod-
functionalised glass with a magnification of 50 000x. The micrograph shows no
presence of larger clusters, implicating that the nanorods’ photothermal properties
should still remain even though immobilised on a surface, which is desired for the
aimed application. Because aggregation of gold nanorods results in plasmon coupling
and change of plasmonic properties. Although the nanorods are evenly distributed
on the glass substrates are parts of the plasmonic properties changed since the
nanorods are forced closer to each other on the surface than in dispersion.
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Figure 4.2: SEM micrograph of gold nanorod-functionalised glass with a magnifi-
cation of 50 000x.

4.2.2 Surface Coverage
The surface coverage was determined by analysing representative SEM micrographs
in ImageJ, where the gold nanorods were projected with a rectangular area. The
surface coverage was 12.6% for the gold nanorod-functionalised substrates which
equals 96 nanorods/µm2. Table 4.2 presents the surface coverage of gold nanorod-
functionalised glass substrates.

Table 4.2: Shows average surface coverage of gold nanorod-functionalised glass
substrates with standard deviations.

Surface Coverage (%) Surface Coverage (nanorods/µm2)
12.6 ± 1.3 96 ± 10

4.2.3 Localised Surface Plasmon Resonance Spectrum
The immobilised nanorods’ plasmonic properties were investigated by UV-Vis-NIR
spectroscopy. Figure 4.3 shows a localised surface plasmon resonance spectrum of a
gold nanorod-functionalised substrate, immersed in Milli-Q water, with a transverse
absorption band around 520 nm and a longitudinal absorption band around 820 nm.
Both absorption peaks are lower in intensity in figure 4.3 compared to figure 4.1
because of the lower concentration of nanorods on the glass surfaces compared to in
dispersion. The peaks are also broader, especially the longitudinal absorption band.
The peak broadening is probably due to the rods close fixation to one another on the
glass, resulting in plasmon coupling. The plasmon coupling change the plasmonic
properties of the nanorods and therefore change the peaks appearance.
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Figure 4.3: Localised surface plasmon resonance spectrum of gold nanorod-
functionalised glass substrate immersed in Milli-Q water.

Figure 4.3 clearly states that the gold nanorods still possess the desired plasmonic
properties, because of the similar characteristics between figure 4.3 and figure 4.1.
The gold nanorod-functionalised substrates are therefore suitable for the aimed
application since the immibilised gold nanorods have similar behaviour as gold
nanorods in dispersion.

4.3 In-Vitro Studies
In-Vitro studies were performed to evaluate the antimicrobial activity of photother-
mal gold nanorods exposed to NIR-light and vancomycin separately as well as in
combination. Firstly is the antimicrobial effect of the gold nanorods exposed to
NIR-light presented. Thereafter is the antimicrobial activity of the antibiotics on
both planktonic and surface grown bacteria introduced. Lastly, is the antimicrobial
activity of the two entities combined stated.

4.3.1 Photothermal Elimination
In this section is only the antimicrobial effect of the gold nanrods when irradiated
with NIR-light evaluated, before combining the nanopartices with antibiotics. The
antimicrobial activity was evaluated after irradiation of gold nanorod-functionalised
substrates with cultivated bacteria. The activity was determined for two systems,
one when the substrates was covered with a thin liquid film and the other when the
substrates were immersed in liquid.

4.3.1.1 Irradiation while Covered with Thin Liquid Film

For this system was the antimicrobial effect evaluated for the gold nanorods ex-
posed to NIR-light when the bacteria were cultivated on the substrate surface for 3
h. Thereafter were the substrates covered with 10 µl LIVE/DEADTM BacLightTM
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stain before irradiation. After irradiation were the substrates analysed with fluores-
cence microscopy.

Figure 4.4 shows double channel fluorescence microscopy images of live and dead
S. aureus on gold nanorod-functionalised substrates covered with a thin liquid film
during irradiation. Figure 4.4a shows a substrate after irradiation with 24 W/cm2

for 10 s (AuNR + NIR) and figure 4.4b shows a substrate without exposure to
NIR-light (AuNR). The amount of live bacteria is represented by the green channel
and the dead bacteria by the red channel, single channel images are shown in Ap-
pendix figure A.1. Figure 4.4 clearly states that an antimicrobial effect was achieved
when the substrates were irradiated with 24 W/cm2 for 10 s. Since there is a clear
distinction between the amount of dead bacteria depending on whether the gold
nanorod-functionalised substrates were exposed to NIR-light.

(a) NIR-light. (b) No NIR-light.

Figure 4.4: Microscope images of live and dead S. aureus on gold nanorod-
functionalised glass covered by a thin liquid film during irradiation. (a) After irra-
diation with 24 W/cm2 for 10 s and (b) with no NIR exposure.

By image analysis in ImageJ has an average percentage of dead bacteria been es-
timated for each sample group, by determining the amount of dead bacteria on all
three replicates. The average percentage of dead bacteria for each sample group is
shown in figure 4.5. The percentage of dead bacteria was calculated by dividing the
amount dead bacteria on a substrate with the total amount bacteria on the same
substrate and thereafter was an average calculated for each sample group. The av-
erage percentage of dead bacteria for AuNR was 7% and for AuNR + NIR 59%. A
significant difference in the amount of dead bacteria was determined between the
sample groups AuNR + NIR and AuNR when performing a t-test with a significance
level of 1% (*). The results therefore show that an antimicrobial effect was achieved
for the system.
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Figure 4.5: Visualise the percentage of dead bacteria on gold nanorod-
functionalised glass covered with a thin liquid film. Which was calculated by di-
viding the amount dead bacteria on a substrate with the total amount bacteria
on the same substrate. Showing one sample group without exposure to NIR-light
(AuNR) and with exposure to 24 W/cm2 for 10 s (AuNR + NIR). The two sample
groups show a significant difference in the amount of dead bacteria with significance
level of 1% (*).

The average percentage of dead bacteria for the sample groups presented in figure
4.5 are only rough estimations because of the manual thresholding of the images
during analysis in ImageJ. The manual thresholding result in an increased source
of error during the image analysis which needs to be concenrned when interpreting
the results.

The gold nanorod-functionalised substrates demonstrate an antimicrobial activity
for the irradiation parameters 24 W/cm2 for 10 s. The source of the antimicrobial
effect is most likely macroscopic heating of the thin liquid film with heat originat-
ing from the gold nanorods when exposed to NIR-light. The macroscopic heating
can eliminate the bacteria by increase in temperature and evaporation of the thin
film, which will cause the pathogen to dry. Which means that the bacteria are not
eliminated by the heat transferred from the nanorods to the bacteria, caused by the
contact between them. Macroscopic heating of the liquid is not suitable for clinical
use, since it would indicate more or less boiling of surrounding tissue. The system
is neither suitable for further evaluation in combination with antibiotics since the
concentration of the thin liquid film cannot be controlled.

The results indicates that an antimicrobial effect can be achieved by macroscopic
heating of a thin liquid film but also prove that the gold nanorods are photother-
mally active. Their photothermal properties give rise to the macroscopic heating of
the liquid and cause the elimination of the pathogen.
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4.3.1.2 Irradiation while Immersed in Liquid

For this system was the antimicrobial effect evaluated of the gold nanorods exposed
to NIR-light when the bacteria were cultivated on the substrate surfaces for 3 h and
thereafter immersed into 1 ml PBS during irradiation. The PBS was removed and
the substrates were stained with LIVE/DEADTM BacLightTM stain before analysed
with fluorescence microscopy. This system was investigated to evaluate the antimi-
crobial activity of the gold nanorods exposed to NIR-light when the substrates are
immersed in liquid but also since this system is easier in terms of evaluating a com-
bined effect with antibiotics.

To compare with the antimicrobial activity of section 4.3.1.1 were the laser param-
eters 24 W/cm2 for 10 s evaluated for this system as well. Figure 4.6 shows double
channel fluorescence microscopy images of live and dead S. aureus on gold nanorod-
functionalised glass substrates immersed in 1 ml PBS during irradiation. Figure
4.6a shows a substrate after irradiation with 24 W/cm2 for 10 s (AuNR + NIR) and
figure 4.6b shows a surface without exposure to NIR-light (AuNR). The amount of
live bacteria is represented by the green channel and the dead bacteria by the red
channel, single channel images are shown in Appendix figure A.2. Figure 4.6 shows
no distinct difference in the amount of dead bacteria depending on whether the
gold nanorod-fuctionalised substrates were exposed to NIR-light. No antimicrobial
activity is therefore achieved for the laser parameters 24 W/cm2 for 10 s when the
substrates are irradiated while immersed in liquid.

(a) NIR-light. (b) No NIR-light.

Figure 4.6: Microscope images of live and dead S. aureus on gold nanorod-
functionalised glass immersed in liquid during irradiation. (a) After irradiation
of 24 W/cm2 for 10 s and (b) with no NIR exposure.

By image analysis in ImageJ has an average percentage of dead bacteria been es-
timated for each sample group, by determining the amount of dead bacteria on all
three replicates. The average percentage of dead bacteria for each sample group
is shown in figure 4.7. The average percentage of dead bacteria was estimated by
dividing the amount dead bacteria on a substrate with the total amount of bacte-
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ria on the same substrate and thereafter was an average calculated for each sample
group. The average percentage of dead bacteria for AuNR was 10% and for AuNR +
NIR 11%. No significant difference in the amount of dead bacteria was determined
between the sample groups AuNR and AuNR + NIR when performing a t-test with
a significance level of 1%.

Figure 4.7: Shows the percentage of dead bacteria on gold nanorod-functionalised
glass immersed in liquid. Which was calculated by dividing the amount dead bacteria
on a substrate with the total amount bacteria on the same substrate. Showing
one sample group without exposure to NIR-light (AuNR) and with exposure to 24
W/cm2 for 10 s (AuNR + NIR) .

The average percentage of dead bacteria for the sample groups presented in figure
4.7 is only a rough estimation because of manual thresholding during image analysis,
equal to section 4.3.1.1.

The gold nanorod functionalised substrates demonstrate no antimicrobial activity
for the irradiation parameters 24 W/cm2 for 10 s, compared to section 4.3.1.1. The
two systems differ on many aspects which result in a variation in the antimicrobial
activity of the gold nanorod-functionalised surfaces when exposed to NIR-light.

Immersion of the gold nanorod-functionalised substrates in 1 ml PBS during irradia-
tion imply that no macroscopic heating occur. Which was validated by temperature
measurements before and after irradiation with NIR-ligt, with an IR-thermometer.
The average temperature increase was 1-2 °C. The bacteria would therefore not
be eliminated by a macroscopic increase in temperature when irradiated with 24
W/cm2 for 10 s. The bacteria would neither be eliminated by drying of the bacte-
ria since the substrates are immersed in liquid The system therefore evaluates the
antimicrobial activity of the photohermal heat originating from the gold nanorods
and transeferred to the bacteria, not macroscopic heating of a thin liquid film.

One possible explanation why a similar antimicrobial activity could not be achieved
between section 4.3.1.1 and 4.3.1.2 is because the larger volume of liquid may allow
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detachment of pathogen from the surface during exposure to NIR-light, since there
is a possibility that the bacteria sense the heat change of the surface. Resulting in
that the antimicrobial activity may become less efficient since the heat development
originating from the rods is very local [35]. The detached bacteria are then less af-
fected by the heat emitted which prevents their elimination. The heat emitted from
the photothermal gold nanorods could also be insufficient to eliminate S. aureus
because of the small contact area between the bacteria and the rods. The spherical
S. aureus has a diameter around 1 µm meanwhile the rods has an average length
of 64 nm and an average width of 20.6 nm, meaning that the bacteria are much
larger than the rods. The contact area between the larger spherical pathogen and
a nanorod is therefore very small, since only a fraction of the projected area for the
spherical bacteria will be attached to the substrate. The heat transferring from the
nanorods to the bacteria may therefore not be enough to effectively eliminate the
pathogen cultivated on the surface.

4.3.2 Determination of Minimum Inhibitory Concentration
(MIC)

In this section the results from the determination of the minimum inhibitory concen-
tration of vancomycin for S. aureus is presented. The MIC values were determined
for two systems, one with planktonic bacteria and the other with bacteria cultivated
on gold nanorod-functionalised glass substrates.

4.3.2.1 Planktonic Bacteria

A standardised MIC determination on planktonic bacteria using the broth dilution
methodology with vancomycin was repeated four times. The results achieved were
that the MIC varied between 1 mg/l and 2 mg/l. These values agree with data
from The European Committee on Antimicrobial Susceptibility Testing (EUCAST)
regarding MIC for S. aureus.

The variations in MIC may occur because of alterations in optical density (OD) for
the different bacterial suspensions used for the MIC determinations, since OD can
be correlated to the amount of bacteria present in the suspension. The different
amounts of bacteria present in the antibiotic solutions may have influenced the MIC
for the tests. The growth of bacteria may also have varied resulting in different
MIC, since growth also has responsibility for the amount of bacteria present in the
antibiotic solutions.

4.3.2.2 Surface Grown Bacteria

The MIC for bacteria cultivated on gold nanorod-functionalised surfaces was also
determined. The reason is because the MIC of surface grown bacteria is more rele-
vant for the study since surface grown bacteria cause implant-associated infections.
It is therefore of importance to evaluate the surface grown bacteria’s susceptibility
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towards antibiotics, in this case vancomycin.

The MIC determination for surface grown bacteria was performed by cultivating bac-
teria on the gold nanorod-functionalised glass substrates for 3 h followed by immer-
sion into antibiotic solutions. They where thereafter incubated for 18 h. After incu-
bation was the liquid removed and the substrates were stained with LIVE/DEADTM

BacLightTM stain and analysed with fluorescence microscopy.

Figure 4.8 shows double channel microscopy images of live and dead S. aureus on
gold nanorod-functionalised substrates after incubation in different concentrations
of vancomycin for 18 h. Figure 4.8a shows a substrate after incubation without
vancomycin (0 mg/l), 4.8b in 1 mg/l vancomyin, 4.8c in 2 mg/l vancomycin, 4.8d
3 mg/l vancomycin and 4.8e in 4 mg/l vancomycin. The amount of live bacteria
is represented by the green channel and the amount of dead bacteria by the red
channel, single channel images are presented in Appendix in figure A.3. Figure 4.8
shows a similar behaviour between the bacterial growth for the concentrations 0
mg/l, 1 mg/l, 2 mg/l and 3 mg/l. The alteration in bacterial growth occurs when
changing the concentration of vancomycin from 3 mg/l to 4 mg/l. The MIC therefore
determined to be located at 4 mg/l.
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(a) 0 mg/l. (b) 1 mg/l.

(c) 2 mg/l. (d) 3 mg/l.

(e) 4 mg/l.

Figure 4.8: Microscope images of live and dead S. aureus on gold nanorod-
functionalised glass after incubation in different concentrations of vancomycin for
18 h. (a) No vancomycin, (b) 1 mg/l vancomycin, (c) 2 mg/l, (d) 3 mg/l and (e) 4
mg/l.

By image analysis in ImageJ has an average percentage of live bacteria been es-
timated for each sample group, by determining the amount of live bacteria on all
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three replicates. The average percentage of dead bacteria for each sample group is
shown in figure 4.9. The average of live bacteria has been estimated because the
essential difference after incubation in various concentrations of vancomycin is not
the amount dead bacteria but instead the amount live bacteria cultivated on the
substrates. The percentage live bacteria on each substrate was therefore estimated
by dividing the amount of live bacteria on each substrate incubated in antibiotic
solutions with the amount of live bacteria on a control substrate incubated without
vancomycin and thereafter was an average determined for every sample group. The
bacterial growth on the control substrate is therefore assumed to be 100 %.

Figure 4.9 shows that the average percentage of live bacteria for 0 mg/l vancomycin
was 100%, for 1 mg/l vancomycin 102%, for 2 mg/l vancomycin 96%, for 3 mg/l
vancomycin 99% and for 4 mg/l vancomycin 2%. A significant difference in the
amount of live bacteria was determined between all other concentrations of van-
comycin and 4 mg/l vancomycin when performing a t-test with a significance level
of 1% (*). Figure 4.9 shows that the bacterial growth is unaffected when varying
the concentration of vancomycin from 1 mg/l to 3 mg/l, which is also visible in
figure 4.8. The drastic change in bacterial growth takes place when adjusting the
concentration from 3 mg/l to 4 mg/l, where the bacterial growth goes from 99%
to 2%. The results indicate that the concentration 4 mg/l of vancomycin is high
enough to in a great extent disturb the growth of the bacterial cells when incubating
the substrates for 18 h.

Figure 4.9: Visualise the percentage of live bacteria on gold nanorod-functionalised
glass after incubation in vancomycin. Which was calculated by dividing the amount
live bacteria on each substrate with the amount live bacteria on a control substrate
(0 mg/l). Showing substrates incubated in following concentrations of vancomycin
0 mg/l, 1 mg/l, 2 mg/l, 3 mg/l and 4 mg/l for 18 h.

The results show that the MIC for surface grown bacteria is higher compared to
planktonic bacteria. Which may be possible because the antibiotics cannot en-
counter the bacteria from all directions when cultivated on a surface which may
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result in a decrease in the susceptibility towards antibiotics.

When evaluating data as in figure 4.9 can the growth of bacteria be higher for
substrates incubated in concentrations of vancomycin lower than MIC compared to
the control surface. This may occur because the amount of cultivated bacteria on the
substrates can vary, when incubated in bacterial suspension for 3 h. When incubated
in vancomycin with concentrations lower than MIC is the amount of antibiotic agent
to low to disturb further growth of the bacteria and the growth can therefore become
higher than for the control, like for sample group 1 mg/l. The average percentage of
live bacteria cultivated on the gold nanorod-functionalised substrates are also rough
estimations because of the manual thresholding of the images during image analysis,
as in section 4.3.1.1.

4.3.3 Combination of Photothermal Elimination and An-
tibiotics

For this section is the antimicrobial activity of vancomycin combined with pho-
tothermal gold nanorods exposed to NIR-light evaluated. The concentration of
vancomycin was set to 3 mg/l to evaluate if a possible synergy can increase the sus-
ceptibility of the pathogen towards antibiotics, which enables elimination of bacteria
at a concentration lower then MIC for surface grown bacteria. The gold nanorod-
functionalised substrates were irradiated after immersion in antibiotic solutions to
determine if the photothermal heat originating from the gold nanorods can weaken
the bacteria and make them more susceptible to antibiotics. Both the amount of
live and dead bacteria were evaluated for each sample group in this section. Since
the effects of a possible synergy for the combination of photothermal gold nanorods
and vancomycin is unknown. A possible synergistic effect may either increase the
amount of dead bacteria, as in section 3.6.1, or inhibit the bacterial growth, as in
section 4.3.2.2.

For this system were the gold nanorod-functionalised substrates cultivated with bac-
teria for 3 h and immersed in 600 µl antibiotic solutions during irradiation, with
3 mg/l vancomycin. The substrates were irradiated with 3 W/cm2 for 1 min and
thereafter incubated for 18 h. After incubation was the liquid removed and the sub-
strates were stained with LIVE/DEADTM BacLightTM stain followed by analysis
with fluorescence microscopy.

Figure 4.10 shows double channel fluorescence microscopy images of live and dead
S. aureus on gold nanorod-functionalised glass substrates after incubation for 18
h. Figure 4.10a shows a substrate after irriadiation with 3 W/cm2 for 1 min and
incubated without vancomycin (NIR), figure 4.10b shows a substrate after incuba-
tion in 3 mg/l vancomycin (Vanc) and figure 4.10c shows a substrate after exposure
with 3 W/cm2 for 1 min and incubated in 3 mg/l vancomycin (Vanc + NIR). The
amount of live bacteria is represented by the green channel and the amount of dead
bacteria by the red channel, single channel images are presented in Appendix figure
A.4. Figure 4.10 shows no distinct difference in the amount of dead bacteria nor
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bacterial growth for the substrates.

(a) NIR-light. (b) Vancomycin.

(c) NIR-light + Vancomycin.

Figure 4.10: Microscope images of live and dead S. aureus on gold nanorod-
functionalised glass immersed in antibiotic solutions during irradiation and there-
after incubated for 18 h. (a) After irradiation with 3 W/cm2 for 1 min and incubated
without vancomycin, (b) after incubation in 3 mg/l vancomycin and (c) after irra-
diation with 3 W/cm2 for 1 min and incubation in 3 mg/l vancomycin.

By image analysis in ImageJ has an average percentage of dead bacteria been es-
timated for each sample group, by determining the amount of dead bacteria on all
three replicates. The average percentage of dead bacteria for each sample group is
shown in figure 4.11. The percentage of dead bacteria was calculated by dividing the
amount dead bacteria on a substrate with the total amount of bacteria on the same
substrate and thereafter was an average calculated for each sample group. The av-
erage percentage of dead bacteria for NIR was 2%, for Vanc 3% and for NIR + Vanc
4 %. No significant difference in the percentage of dead bacteria was determined
between the sample group NIR + Vanc and the two control groups Vanc and NIR
when performing a t-test with a significance level of 1%. These findings indicate
that no synergistic effect is present between the gold nanorods exposed to NIR-light
and vancomycin for the laser parameters 3 W/cm2 for 1 min and concentration 3
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mg/l vancomycin with incubation for 18 h.

Figure 4.11: Visualise the percentage of dead bacteria adsorbed on gold nanorod-
functionalised substrates. Which was calculated by dividing the amount dead bac-
teria on a substrate with the total amount bacteria on the same substrate. Showing
substrates after irradation with 3 W/cm2 for 1 min and incubated without Van-
comycin for 18h (NIR), after incubated in 3 mg/l Vancomycin for 18 h (Vanc) and
after irradiation with 3 W/cm2 for 1 min and incubated in 3 mg/l Vancomycin for
18 h (NIR + Vanc).

By image analysis in ImageJ was also an average percentage of live bacteria es-
timated for each sample group, by determining the amount of live bacteria on all
three replicates. The average percentage of live bacteria for each sample group are
shown in figure 4.12. The average percentage of live bacteria was estimated by di-
viding the amount of live bacteria on a sample with the amount of live bacteria a
control substrate (NIR) and thereafter was an average calculated for each sample
group. The bacterial growth of sample group NIR is therefore assumed to be 100 %
in figure 4.12. The percentage of live bacteria for each sample group was estimated
since it is unknown if the combined effect of photothermal gold nanorods exposed to
NIR-light and antibiotics increase the amount of dead bacteria, as in section 3.6.1,
or inhibit the growth of bacteria, as in section 4.3.2.2.

Figure 4.12 shows that the average of live bacteria for sample group NIR is 100 %,
for Vanc 82 % and for NIR + Vanc 81 %. No significant difference in the percentage
of live bacteria was determined between the sample group NIR + Vanc and the
two groups Vanc and NIR when performing a t-test with a significance level of 1%.
These results further strengthen that no synergistic effect between the photothermal
gold nanorods and vancomycin is achieved for the laser parameters 3 W/cm2 for 1
min and a concentration of 3 mg/l vancomycin with incubation for 18 h.
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Figure 4.12: Visualises the percentage of live bacteria on gold nanorod-
functionalised substrates. Which was calculated by dividing the amount of live
bacteria on a sample with the amount live bacteria on a control substrate (NIR).
Showing substrates after irradiation with 3 W/cm2 for 1 min and incubated without
Vancomycin for 18 h (NIR), after incubated in 3 mg/l Vancomycin for 18 h (Vanc)
and after irradiation with 3 W/cm2 for 1 min and incubated in 3 mg/l for 18 h (NIR
+ Vanc).

The average of amount live and dead bacteria for the substrates are only rough
estimations because of the manual thresholding in ImageJ during image analysis,
as mentioned in section 3.6.1.

The combination of photothermal gold nanorods exposed to the laser parameters 3
W/cm2 for 1 min and incubation in 3 mg/l vancomycin for 18 h shows no indication
of a synergistic effect. One possible explanation why a synergistic effect could not
be achieved is the small contact area between the bacteria and gold nanorods, as
introduced in section 4.3.1.2. The heat transferred from the nanorods to the bacte-
ria may therefore be insufficient to create synergy between the antibiotics and the
photothermal heat, since the synergy between heat and antibiotics often regards
macroscopic heating [3–6]. The heat transferred from the rods may therefore not be
enough to create a synergistic effect. This theory can be applied for his system since
the volume of 600 µl liquid prevented macroscopic heating. Proved by temperature
measurements before and after irradiation with NIR-light with an IR-thermometer.
The average temperature increase was 1-2 °C.
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This thesis has evaluated the antimicrobial activity against S.aurues of photother-
mal gold nanorods exposed to NIR-light and of vancomycin, as well as combination
of the two. Initially was gold nanorods successfully produced with an average length
of 64 nm and an average width och 20.6 nm, which resulted in a longitudinal absorp-
tion band around 850 nm. The gold nanorods were surface assembled upon glass
substrates by electrostatic interaction resulting in an average surface coverage of 12.6
%. The photothermal properties of the surface assembled nanorods could be proven
preserved by performing UV-Vis-NIR spectroscopy on gold nanorod-functionalised
substrates immersed in Milli-Q water.

In-Vitro studies were performed where the antimicrobial activity of the gold nanorods
exposed to NIR-light and the antibiotics was evaluated separately, whereafter their
combined effect was evaluated. An antimicrobial effect could be achieved when ex-
posing the gold nanorod-functionalised substrates with cultivated bacteria to NIR-
light when covered with a thin liquid film. The amount of dead bacteria was observed
to be 59% upon irradiation with NIR-light of 24 W/cm2 for 10 s meanwhile 7 %
without irradiation. The gold nanorod-functionalised substrates were also immersed
in PBS during irradiation with NIR-light. However, an antimicrobial effect could
not be achieved by exposing the gold nanorod-functionalised substrates to NIR-light
of 24 W/cm2 for 10 s. The amount of dead bacteria was observed to 11% upon ex-
posure to NIR-light and 10% without exposure.

The minimum inhibitory concentration for vancomycin and S. aureus was deter-
mined for both planktonic bacteria and bacteria cultivated on gold nanorod- func-
tionalised surfaces. The MIC was located between 1-2 mg/l for planktonic bacteria
and 4 mg/l for surface grown bacteria.

The gold nanorods exposed to NIR-light and vancomycin were combined to decide
if a synergistic effect was present. No synergism could be noticed when the gold
nanorod-functionalised substrates with cultivated bacteria was exposed to NIR-light
of 3 W/cm2 for 1 min and thereafter incubated in 3 mg/l vancomycin for 18 h. The
percentage of dead bacteria when exposed to only NIR-light was 2% and only incu-
bated in vancomycin 3%. The amount dead bacteria when irradiated with NIR-light
and incubated in vancomycin was 4%. The percentage of live bacteria were also de-
termind by assuming 100 % bacterial growth on the substrates only exposed to
NIR-light and comparing with the remaining sample groups. The percentage of live
bacteria when exposed to only NIR-light was therefore 100 % and only incubated in
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vancomycin 82 %. The amount of live bacteria when irradiated with NIR-light and
incubated in vancomycin was 81 %. The results indicate that no synergistic effect
was achieved by combining photothermal gold nanorods and vancomycin.

Future studies are required to further evaluate the combination of photothermal heat
emitted from gold nanorods and antibiotics, since this thesis only is a pilot study
of the topic. More data needs to be generated concerning several laser parameters
and concentrations of vancomycin before concluding whether a synergistic effect can
be achieved. Experiments when irradiating the samples after incubation instead of
before should also be performed to evaluate if a synergy can be observed. Refine-
ments of the evaluation procedure is also essential to achieve more consistent and
reliable results when studying the combination of the entities. Other quantification
techniques should also be implemented as a complement to the image analysis of
fluorescence microscopy images.

Future research is also necessary to study the interaction between the bacteria and
the gold nanorods. To increase the understanding why an antimicrobial effect cannot
be achieved when the gold nanorod-functionalised substrates with cultivated bacte-
ria are exposed to NIR-light immersed in liquid, with and without vancomycin. It
may be of interest to alter the geometry of the gold nanorods to increase the con-
tact area between the rods and the bacteria, which may increase the antimicrobial
activity. The contact area could also be increased by increasing the surface coverage
of gold nanorods upon the glass substrates. Another topic to consider in future
studies is to functionalise the nanorods to introduce a higher attraction between the
bacteria and the rods to prevent a potential detachment of the pathogen from the
surface when the temperature change, which may also increase the antimicrobial
activity.

This study do not conclude that synergism cannot be achieved between photother-
mal heat emitted from the gold nanords and antibiotics. Only that more studies
needs to be performed to solve the challenges regarding combining the two entities.
Hopefully, resulting in an increase in the heat transferred from the gold nanorods
to the bacteria, which may enable synergy between the photothermal heat and an-
tibiotics.
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A
Appendix

A.1 Calculation of Theoretical Concentration of
Purified Gold Nanorods

Theoretical calculations were performed to decide the concentration of the gold
nanorods succeeding synthesis and purification.

Firstly, was the moles of Au(III) added to the seed solution decided, with origin
from the gold precursor.

nseed_solution
Au(III) = 26 · 10−6l · 50 · 10−3M = 1.25 · 10−6mole

95% of the Au(III) ions are assumed to be reduced in the seed solution, the concen-
tration of Au(0) atoms can then be determined by knowing the total volume of the
seed solution Vseed_solution.

Cseed_solution
Au(0) =

0.95 · nseed_solution
Au(III)

Vseed_solution

= 0.95 · 1.25 · 10−6mole

5.025 · 10−3l
= 2.36 · 10−4M

The moles of Au(0) in 24 µl seed solution, added to the growth solution, was there-
after calculated.

nseeds
Au(0) = 24 · 10−6l · 2.36 · 10−4M = 5.67 · 10−9mole

Assumed that 95% of the Au(III) from the gold precursor present in the growth
solution was reduced, the moles of Au(0) can then be decided.

ngrowth_solution
Au(0) = 0.95 · 600 · 10−6l · 50 · 10−3M = 2.85 · 10−5mole

The total amount of Au(0) present during the synthesis can thereafter be calculated.

ntot
Au(0) = ngrowth_solution

Au(0) + nseeds
Au(0) = 2.850567 · 10−5mole

The volume of Au(0) atoms was decided, where MAu(0) is the molar mass of gold.

VAu(0) =
ntot

Au(0) · MAu(0)

ρAu(0)
=

2.850567 · 10−5mole · 196.97 g
mole

19.3 · 10−6 g
m3

= 2.91 · 10−10m3
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The volume of gold nanorods was then calculated based on the average length and
width presented in table 4.1, where w is the width and l is the length. The nanorods
were assumed to have the shape of a cylinder.

VAuNR = π · l(w

2 )2 = π · 64 · 10−6nm(20.6 · 10−9nm

2 )2 = 2.13 · 10−23m3

The theoretical amount of nanorods in moles can then be determined, where NA is
Avogadro’s constant.

nAuNR = VAu(0)

VAuNR · NA

= 2.91 · 10−10m3

2.13 · 10−23m3 · 6.022 · 1023 1
mole

= 2.27 · 10−11mole

The concentration of nanorods could succeedingly be determined by knowing the
total volume of the synthesis solution Vsynthesis_solution.

nAuNR = nAuNR

Vsynthesis_solution

= 2.27 · 10−11mole

4 · 10−3l
= 5.68 · 10−9M

Three purification steps were thereafter performed to remove remainings from the
synthesis. 80% of the gold nanorods were assumed to remain after each purification
step. Lastly, the final concentration of gold nanorods was calculated.

CAuNR_final = 0.83(5.68 · 10−9M) = 2.91 · 10−9M ≈ 3 · 10−9M

A.2 Fluorescence Microscopy Images for Photother-
mal Elimination of Bacteria

This section shows single channel fluorescence microscopy images when evaluating
the antimicrobial activity of the gold nanorods exposed to NIR-light. Two systems
were evaluated; the gold nanorods irradiated covered with a thin liquid film and
immersed in liquid.

A.2.1 Irradiation while Covered with Thin Liquid Film
Figure A.1 shows single channel microscopy images of S. aureus on gold nanorod-
functionalised glass covered with a thin liquid film during irradiation, both after
irradiation with 24 W/cm2 for 10 s and without irradiation. The amount of live
bacteria is represented by the green channel and the amount of dead bacteria by the
red channel.
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(a) NIR-light. (b) NIR-light.

(c) No NIR-light. (d) No NIR-light.

Figure A.1: Microscope images of S. aureus on gold nanorod-functionalised glass
covered with a thin liquid film during irradiation. (a) Live bacteria after irradiation
with 24 W/cm2 for 10 s, (b) dead bacteria after irradiation with 24 W/cm2 for 10 s,
(c) live bacteria with no NIR exposure and (d) dead bacteria bacteria with no NIR
exposure.

A.2.2 Irradiation while Immersed in Liquid
Figure A.2 shows single channel microscopy images of S. aureus on gold nanorod-
functionalised glass immersed in 1 ml PBS during irradiation, both after irradiation
with 24 W/cm2 for 10 s and without irradiation. The amount of live bacteria
is represented by the green channel and the amount of dead bacteria by the red
channel.
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(a) NIR-light. (b) NIR-light.

(c) No NIR-light. (d) No NIR-light.

Figure A.2: Microscope images of S. aureus on gold nanorod-functionalised glass
immersed in liquid during irradiation. (a) Live bacteria after irradiation with 24
W/cm2 for 10 s, (b) dead bacteria after irradiation with 24 W/cm2 for 10 s, (c) live
bacteria with no NIR exposure and (d) dead bacteria with no NIR exposure.

A.3 Fluorescence Microscopy Images for MIC De-
termination of Surface Grown Bacteria

Figure A.3 shows single channel microscopy images of S. aureus on gold nanorod-
functionalised glass after incubation in various concentrations of vancomyicin for 18
h. The concentrations investigated were 0 mg/l, 1 mg/l, 2 mg/l, 3 mg/l and 4 mg/l.
The amount of live bacteria is represented by the green channel and the amount of
dead bacteria by the red channel.
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(a) 0 mg/l. (b) 0 mg/l.

(c) 1 mg/l. (d) 1 mg/l.

(e) 2 mg/l. (f) 2 mg/l.
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(g) 3 mg/l. (h) 3 mg/l.

(i) 4 mg/l. (j) 4 mg/l.

Figure A.3: Microscope images of S. aureus on gold nanorod-functionalised glass
incubated in various concentrations of vancomycin for 18 h. (a) Live bacteria
when incubated without vancomycin, (b) dead bacteria when incubated without
vancomycin, (c) live bacteria when incubated in 1 mg/l, (d) dead bacteria when
incubated in 1 mg/l, (e) live bacteria when incubated in 2 mg/l. (f) dead bacteria
when incubated 2 mg/l, (g) live bacteria when incubated in 3 mg/l, (h) dead bac-
teria when incubated in 3 mg/l, (i) live bacteria when incubated in 4 mg/l and (j)
dead bacteria when incubated in 4 mg/l.

A.4 Fluorescence Microscopy Images when Com-
bining Photothermal Elimination and Antibi-
otics

Figure A.4 shows single channel microscopy images of S. aureus on gold nanorod-
functionalised glass immersed in 600 µl antibiotic solution during irradiation and
thereafter incubated for 18 h. One sample group was irradiated with 3 W/cm2 for
1 min and incubated without vancomycin, one was incubated in 3 mg/l vancomycin
and the last was irradiated with 3 W/cm2 for 1 min and incubated in 3 mg/l van-
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comycin. The amount of live bacteria is represented by the green channel and the
amount of dead bacteria by the red channel.

(a) NIR-light. (b) NIR-light.

(c) Vancomycin. (d) Vancomycin.

(e) NIR-light + Vancomycin. (f) NIR-light + Vancomycin.
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Figure A.4: Microscope images of S. aureus on gold nanorod-functionalised glass
immersed in liquid during irradiation and thereafter incubated for 18 h. (a) Live bac-
teria after irradiation with of 3 W/cm2 for 1 min, (b) dead bacteria after irradiation
with 3 W/cm2 for 1 min, (c) live bacteria after incubation in 3 mg/l vancomycin, (d)
dead bacteria after incubation in 3 mg/l vancomycin, (e) live bacteria after irradia-
tion with 3 W/cm2 for 1 min and incubation in 3 mg/l vancomycin, (f) dead bacteria
after irradiation with 3 W/cm2 for 1 min and incubation in 3 mg/l vancomycin.
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