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Abstract

Microbes, and the biofilms they form on surfaces, generally have a negative impact on performance.
Well­known examples are the increase of drag in ships and pipes, and the accelerated corrosion of
metallic structures known as MIC. Among microbes, diatoms form a large unicellular algae group
known to play a relevant role in the first stages of biofilm formation. Diatoms are well­known for their
species­dependent silica exoskeletons, but they also produce, as other microbes, extracellular poly­
meric substances (EPSs) that may offer opportunities for the development of novel bio­based surface
treatments. In this work we studied the interaction between a marine diatom species named Cylin­
drotheca fusiformis and aerospace aluminum alloys as a first step towards novel surface protection
treatments of aircraft structures.

Two routes were followed to study the interaction of C. fusiformis with aluminum alloys after study­
ing diatom population growth. The first route focused on the biofilm formation on aluminum 99.5%,
AA20204­T3 and AA7075­T6 to study the effect of surface composition. The effect of the surface
preparation (degreased vs. polished) was then studied with AA2024­T3 substrates. The second route
focused on the study of diatoms’ motility on aluminum 99.5% and AA2024­T3 with various surface pre­
treatments. In this work, a number of characterization techniques such as FTIR, SEM/EDS, Raman
spectroscopy and image correlation techniques were used.

It was found that C. fusiformis forms well­adherent biofilms on all aluminum substrates, indepen­
dently of the surface composition and surface pre­treatment. Nevertheless, the biofilms appeared to be
most homogeneous on AA7075­T6, while the EPS layer was more homogeneous on aluminum 99.5%
and AA2024­T3. The motility studies showed that C. fusiformis lowers its surface motility rapidly when
on aluminum 99.5% until cells stop being motile. On AA2024­T3, cells maintain their motility for longer
periods of time. Themotility dependency on surface chemistry is hypothesized to come from speciation­
dependent aluminum toxicity. Post­mortem chemical analysis of the exposed surfaces showed traces
of organic material in the form of proteins and carbohydrates attributed to displacement trails. The re­
sults confirm that monocultures of C. fusiformis are able to generate biofilms on aerospace aluminum
alloys and release water­insoluble organic matter on the surface. The promising results here obtained
pave the way for more dedicated research to understand the relationships between surface chemistry
and topology, and diatom motility and biofilm formation and composition.
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1
Introduction

One of the biggest challenges in the aerospace engineering and engineering in general is corrosion
protection. Corrosion often severely impedes performance and comes with significant costs. It is
estimated that the global cost of corrosion is equivalent to 3.4% of the global gross domestic product,
which is about US$2.5 trillion [2]. While there are many techniques of corrosion prevention, hexavalent
chromium is a widely used and efficient form of corrosion protection. However, it is carcinogenic and
not environmentally­friendly [3]. The aerospace industry, among others, faces the challenge of finding
saver and better ways to protect against corrosion.

With the demand for greener alternatives increasing, so does the bio­based trend in engineering.
This is often in the form of bio­inspired or bio­based materials. Examples are adhesives based on
mussels’ attachment proteins or high strength fibers based on spiders’ silk through synthetic biology
[4]. Alternatively, naturally built structures can be applied almost directly, for example by using algae
exoskeletons as carriers for corrosion inhibitors [5] or using biofuel made from algae [6]. Another
example of nature’s engineering is the formation of natural coatings or biofilms on structures such as
trees (natural) or ships (man­made). These biofilms are almost always undesired as they may impede
performance, for example by increasing drag on ship hulls [7] or by increasing the corrosion rate [8].

However, these biofilms could also serve as the basis for a bio­based coating or pre­treatment. They
may also add new functionalities, for example, somemicroorganisms can inhibit corrosion. They can do
this passively, by for example forming a protective barrier or actively, by neutralizing corrosive species
[9]. Examples include bacterium Bacillus brevis that inhibits corrosion by eliminating the corrosion
enhancing sulfate­reducing bacteria and the bacterium Bacillus licheniformiswhich was found to reduce
corrosion on AA2024 by producing sticky protective layer [10]. Furthermore, the extracellular polymeric
substances (EPSs) that are excreted by microorganisms show interesting properties. EPSs can have
antiviral, anti­inflammatory or even anti­tumor properties [11]. Other EPSs have functions that could
also be interesting for the aerospace industry, such as anti­adhesive qualities [11] or on the other hand,
good adhesiveness even under wet circumstances [12]. The natural film formation in combination with
the production of functional biopolymers make microbially produced coatings a promising development
to explore.

Here we explore this alternative view of using biofilms for surface protection. This research takes
a unique approach by studying a subgroup of microalgae called diatoms for protective coating appli­
cations on aerospace aluminum alloys. Diatoms were selected because they form biofilms on a wide
variety of surfaces, even on fouling­release coatings [13]. The interaction of marine diatom species
Cylindrotheca fusiformis and various aluminum alloy substrates was investigated. Unraveling the in­
teraction will increase the understanding of how biofilms form on aluminum substrates, which is crucial
to evaluate the potential of using diatoms to form coatings. Because of the interdisciplinary nature of
this project, it was a collaboration between TU Delft’s Faculty of Aerospace Engineering and the Royal

1
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Netherlands Institute for Sea Research. This chapter provides the necessary background information
on diatoms and the aluminum alloys used in this work and outlines the research objective and thesis
structure.
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1.1. Diatom biology
Diatoms are a kind of unicellular microalgae that live in all kinds of aquatic environments. They play an
important role in global carbon fixation, as it is estimated that they are responsible for about 20% of the
global carbon fixation [14]. Their morphology is characterized by a SiO2 exoskeleton, called the frustule,
which contains the organic material. Based on the shape of their frustule, diatoms can be divided into
two categories: centric and pennate. Centric diatoms are radially symmetric and are generally pelagic
(free floating), while pennate diatoms are bilaterally symmetric and often of the benthic kind (living on a
substrate) [13]. The frustule is composed of two halves called thecae, that fit together like a petri dish.
The smaller one is called the hypotheca and the larger one the epitheca. They are built up from a valve
and several girdle bands, as can be seen schematically in Figure 1.1a. Pennate species can also have
a slit in their valves, called the raphe. The raphe(s) play a role in diatoms adhesion and motility.

The specific species that was used for this work is Cylindrotheca fusiformis, which is a benthic,
raphid, pennate species. A micrograph showing the cell wall and its different structures can be seen in
Figure 1.1b [15]. This species was selected because it showed good biofilm formation on titanium and
PMMA in preliminary work [16], as can be seen in Figure 1.2.

(a) Schematic representation of the frustule; adapted from [17]

(b) Electron micrograph of the cell wall of Cylindrotheca fusiformis; R is
the raphe, G is the girdle composed of several girdle bands; adapted from
[15]

Figure 1.1: Diatom morphology

Figure 1.2: Biofilms formed by Cylindrotheca fusiformis on titanium and PMMA after 6 day immersion in a culture with a starting
concentration of 8.0x104 cells/mL [16]
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The diatoms were kept as liquid monocultures, for which the typical growth pattern can be seen in
Figure 1.3 [18]. The growth curve can be divided into four phases:
1. The lag phase; this is the phase right after inoculation in which the cells are still adjusting to their

new surroundings and growth is slow
2. The exponential or log phase; during this phase, the culture grows exponentially
3. The stationary phase; growth rate declines because there is a limiting factor, such as nutrients,

light or CO2, this leads to the growth rate to become equal to the death rate, resulting in a constant
cell concentration

4. The death phase; eventually the growth stops and the cells will start dying and the culture will
collapse

Figure 1.3: Typical growth curve for a diatom culture; adapted from [18]

Cells from different growth phases may have different properties, for example, generally more EPS
is secreted during stationary phase [19]. The duration of each of the phases and the exact cell con­
centration are dependent on the species and growing conditions.

1.1.1. Extracellular Polymeric Substances (EPSs)

Extracellular Polymeric Substances (EPSs) are composed of high molecular weight biopolymers. Di­
atom EPS is mainly composed of polysaccharides and proteins. The exact composition and amount of
EPS is determined by the species, growth phase and environmental factors [20]. EPSs are interesting
to research, because they may possess useful functionalities. For example, several diatom EPSs have
been found to have antiviral or (anti­)adhesive properties [11].

Transparent Exopolymer Particles (TEPs) are a type of EPS that are operationally defined as ”trans­
parent particles that are formed from acidic polysaccharides and are stainable with alcian blue” [21].
These specific gel­like particles are of interest as they have a high stickiness, play a role in aggregation
(clumping together of particles) and in early biofilm formation [22].

1.1.2. Diatom biofilms

A biofilm can be defined as a ”collection of microorganisms and organic material embedded in a sta­
tionary 3D matrix” [23]. This 3D matrix is usually made of EPSs excreted by the microorganisms. This
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matrix helps in surface attachment, protects the cells and functions as a means to transport molecules
from and to the substrate surface. The biofilm is often heterogeneous, which may or may not be sub­
strate dependent. In nature, biofilms are often composed of multiple species, however, in this work the
biofilm is made up of only one species of diatom as it was formed by a monoculture.

The stages of biofilm formation are schematically represented in Figure 1.4 [20]. The first step of
biofilm formation is the formation of the conditioning film, this process starts as soon as the substrate
is immersed in the liquid. During this phase, (macro­)molecules from the environment are absorbed
in the substrate and form an initial layer. This layer has an effect on the microbial retention and the
cell­substratum interaction. This film’s composition is determined by the environment and may likely
mask some of the substrate’s properties [24]. After the conditioning film is formed, the cells will start to
attach to the surface and produce EPS for the biofilm. More microorganisms will attach and the biofilm
will mature until a certain point, after which it starts breaking down and components become dispersed
again.

Figure 1.4: Schematic representation of diatom biofilm formation; adapted from [20]

The effect of substrates on diatom adhesion hasmainly been studied in the context of preventing bio­
fouling, for example on stainless steel [25] or on polymers [26], [27]. The hydrophilicity/hydrophobicity
of the substrates plays a role, but the results are not consistent. This may be caused by the fact that
EPS contains both hydrophilic and hydrophobic molecules, which may also vary over time and with dif­
ferent substrates [23], [26]. The physical properties of the substrate may also have an effect on initial
adhesion and cell retention, but become less important as the biofilm matures [24]. Physico­chemical
properties such as color, roughness or the formation of a passive layer may also affect diatom adhesion
[7], [25], [28].

1.1.3. Diatom motility

Apart from forming biofilms, some diatom species aremotile on a substrate. Two types of movement are
discerned: gliding and shunting [27]. Gliding is the movement across the surface where there is a net
change in position, while shunting is a movement in which the net position of the cell does not change.
The current proposed model for raphid diatom motility (and adhesion) was proposed in 1984 [29] and
is depicted in Figure 1.5 [13]. This system is composed of a myosin/actin system, transmembrane
proteins and substrate adhesion molecules and is called the Adhesion Motility Complex (AMC). The
movement is caused by a force parallel to the substrate, causing the diatom to move in the opposite
direction, leaving a trail of EPS behind [13].
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Figure 1.5: Schematic representation of diatom Adhesion Motility Complex [13]

These trails can be characterized by for example staining, SEM imaging, quartz crystal microbal­
ance dissipation monitoring (QCM­D) and atomic force microscopy (AFM). The trails from diatom
speciesAmphora coffeaeformis andCraspedotauros australis have been analyzed to better understand
bioadhesives. The mucilage mainly consists of polysaccharides and proteins, but that no dihydroxyp­
phenylalanine (DOPA) was present, which is responsible for the strong adhesion of mussels. They
identified one of the components as transDihyp (2,3­cis­3,4­trans­dihydroxyproline), which is similar to
DOPA [30]. In different research, the trails of the same species were also analyzed using QCM­D to
determine their viscoelastic properties. It was observed that the trails were insoluble, suggesting some
kind of curing taking place [12]. This property makes these trails interesting to further investigate for
potential bioadhesives and surface treatments as in this thesis.

1.2. Aerospace aluminum alloys
Aluminum alloys are widely used in the aerospace industry, as they provide a good combination of a
relatively low density and mechanical properties. They are categorized based on their main alloying
element and are identified through four digits. In addition, a Tmay be added at the endwhich designates
the temper treatment in heat treatable alloys [31]. The three alloys used in this projects were aluminum
99.5%, AA2024­T3 and AA7075­T6.

Aluminum 99.5% is a commercially pure aluminum with a low content of alloying elements. It is
composed of 99.5% aluminum, the other 0.5% can be made up out of several elements such as Cu,
Fe, Mg, Mn, Ti or Si. AA2024­T3 is part of the 2xxx series, meaning that the main alloying element
is copper. The alloying elements for AA2024 are as follows: Cu (3.8­4.9%), Mg (1.2­1.8%), Mn (0.3­
0.9%), Zn (0.3%), Si (0.5% max), Fe (0.5% max) and Cr (0.1%) [32]. The T3 designation means that
the alloy is age­hardened, solution treated, naturally aged and cold­worked. AA2024­T3 can be used in
structural components because of its good damage tolerance. AA7075­T6 has zinc as its main alloying
element (5.1­6.1%), but also contains Mg (2.1­2.9%), Cu (1.2­2%), Si (max 0.4%), Fe (max. 0.5%),
Mn (max 0.3%), Cr (0.18­0.28%) and Ti (max. 0.2%) [33]. The T6 designation means that it is solution
heat treated and artificially aged. The weight of alloying elements in AA7075 (87.1 ­ 91.4 wt% Al) is
higher compared to AA2024 (90.7 ­ 94.7 wt% Al) [34].

During the production of AA2024, particles known as intermetallic phase constituents or intermetallic
particles (IMs) can form. These have a different composition than the matrix as they have a locally
increased concentration of the alloying elements and can be seen as an alloy within the alloy. The size
of these may vary from 0.5 ­ 500 µm [31]. While there are many different exact compositions, for this
study the IMs of AA2024 have been divided into four macro­families following previous works [35]:

1. Al­Cu, the θ­phase
2. Al­Cu­Mg, the S­phase
3. Al­Cu­Fe­Mn phase
4. Al­Cu­Fe­Mn­Si phase

While copper as an alloying element increases properties such as strength and hardness, it reduces the
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corrosion resistance of the material. In addition, due to the heterogeneous nature of AA2024 surface,
it is susceptible to local corrosion, as the differing composition of the IM particles can lead to local
galvanic couples. Except for the S­phase, which starts out anodic, these particles have a cathodic
nature with respect to the Al matrix. The corrosion of AA2024 generally starts with a de­alloying of the
anodic S­phase, turning it cathodic. This process can occur within the first minutes upon immersion
[36]. After this phase, the trenching of various IMs starts. After prolonged exposure the trenching of
the other IMs also starts. During this process, local physical (e.g. by pitting/trenching) and chemical
(e.g. pH change, release of ions) changes take place [35].

Under normal environmental conditions, aluminum forms an Al2O3 layer, passivating the material
and providing corrosion protection. This layer may be a combination of aluminum oxide and aluminum
hydroxide (Al(OH)3), which can form when it comes in contact with water. This layer may vary in
thickness based on the composition of the substrate [37]. In addition, it was found for an AlCu alloy that
the oxide layer also contained copper(I)oxide and that the oxide layer was thinner on the IM particles,
meaning that this layer is physically and chemically inhomogeneous [38]. This layer becomes unstable
in the presence of Cl­, leading to dissolution of the oxide layer and ending the corrosion protection [39].
It is expected that the diatom cells will interact with these processes, which may influence their behavior
or metabolism. Additionally, it might also be that the diatoms have an effect on the corrosion process
(MIC).
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1.3. Research objective and research questions
This thesis aims to combine the research field of material science with microbiology to investigate
diatom­produced coatings on aluminum substrates by studying their surface interaction. This interac­
tion was investigated by studying biofilm formation behavior and motility behavior. This leads to the
following two research questions:

RQ1. In what way does the aluminum alloy composition affect the biofilm formation by Cylindrotheca
fusiformis?

To answer this question, the biofilm formation of the diatoms was studied in relation to the three different
factors: surface chemistry, surface preparation and growth medium.

RQ2. Do the local composition variations in aluminum alloys affect the motility behavior of Cylin­
drotheca fusiformis?

The diatoms’ motility behavior was assessed in relation to three factors: surface chemistry, surface
preparation and immersion time.

In addition to answering these questions, a key part of the project was to establish quantitative protocols
for this study. Therefore a considerable part of this thesis comprises of the development of these
methods.

1.4. Thesis structure
Chapter 2 contains the information on the culturing conditions of the diatoms, and the various materials
and methods used during experimentation. In Chapter 3, the results of the various experiments are
displayed and discussed. Chapter 3 is concluded with a general discussion about the interaction of the
diatoms with the aluminum substrates. Conclusions and recommendations can be found in Chapter 4
and Chapter 5 respectively. Any supplementary information can be found in the Appendices.



2
Materials & Methods

This chapter contains the materials and methods used in the various experiments, as well as infor­
mation on the basic maintenance of the diatoms. Section 2.1 and Section 2.2 contain information
and techniques to work with diatom cultures. Section 2.3 discusses the setups for the growth curve.
Section 2.4 contains the setup for the biofilm formation experiments. Section 2.5, Section 2.6 and
Section 2.7 describe the setup and methods used for the motility experiments.

2.1. Species selection & culturing conditions
The species Cylindrotheca fusiformis was selected based on an initial pilot experiment on biofilm for­
mation performed at the Royal Netherlands Institute for Sea Research (NIOZ) [16]. Cylindrotheca
fusiformis cultures were kindly provided by NIOZ. They were cultured in a Binder KBW 240 groeikast
(incubator) set to 15∘C and 60% fan power. The cultures were kept in 25 cm2 or 75 cm2 polystyrene
Advanced TC TM cell culture flasks with filter caps to allow for gas exchange. The cultures were sub­
jected to a 16h/8h light/dark cycle under Osram TLD (color: 965) lighting. They were cultured in a
Mix Si medium, which is based on a combination of the f/2 medium and Adapted Enriched Artificial
Seawater with added Si, also kindly provided by NIOZ [40]–[44].

As individual cultures follow a growth curve as in Figure 1.3, the cultures can be sustained through a
procedure called transferring, in which a small amount of diatom culture is transferred to new medium.
This is performed in the sterile field created by a flame to minimize the risk of contamination. A new
sterile flask is filled with ±10mL of medium for the 25 cm2 or ±20mL for the 75 cm2 flasks, subsequently
1­5 mL of diatom culture is added. These cells form the basis for a new culture and can start growing
again. Cylindrotheca fusiformis cultures were transferred every two weeks to sustain them. However,
during the motility experiment, the cultures were transferred every week to keep them in the exponential
growth phase.

2.2. Liquid sample processing
To create insight into the properties of the liquid cultures, the chlorophyll­a (chl­a) and TEP concentra­
tions were determined. Aliquots or culture samples were always obtained using sterile equipment and
working next to a flame unless otherwise mentioned. Solutions made with water were all made with
type II water. The results for the liquid sample processing techniques can be found in Appendix D.

9
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2.2.1. Chlorophyll­a (chl­a) concentration measurements

Chl­a is the green pigment in plants and some microorganisms such has diatoms responsible for their
autothropic nature leading to photosynthesis. In addition, it may be used to estimate the biomass of
phytoplankton in a liquid sample by measuring the autofluorescence. Chl­a molecules can be excited
by 431 nm light (visible spectrum, violet), after which 671 nm light (visible spectrum, red) is emitted,
which can be measured using a spectrophotometer. A spectrum of chl­a in acetone (extraction buffer)
can be found in Section D.1. The method described here is based on [45]. Important to note is that
during processing, samples should be kept in low light and cold conditions as much as possible to
prevent premature breakdown of the chl­a. This can be achieved by working in dimmed lighting and
limiting the time the samples are at room temperature. In addition, amino acids from human skin may
break down chl­a, so it is advised to work with gloves and tweezers.

From the culture, a 1 mL aliquot was filtered over a GF/F (Whatman ±0.7 𝜇m) filter placed on a
glass Buchner funnel, using the filter setup as in Figure 2.1. The setup used a pressure regulator to
ensure that the vacuum does not exceed ­0.2 bar. The filter was then carefully removed from the funnel
and stored in a scintillation vial, after which 20 mL of 90% acetone solution (from Acetone ≥99.9%,
ChromasolV®Plus, Sigma Aldrich) was added as an extraction buffer. This was then left in the fridge
(4∘C) for at least 4 hours to extract the organic material from the filter. Once completed, the vials were
sonicated in an ultrasonic ice bath for 2 minutes to loosen any leftover organic material from the filter.
Subsequently, the acetone solution was poured in a centrifuge tube and centrifuged for 10 minutes at
1000 x g to separate any filter solids. The supernatant of the samples was collected for measurement.
When it was not possible to do the extraction, the filters were stored in the freezer (­21∘C) for later use.
The 90% acetone solution should be stored in a 4∘C fridge when not in use.

Figure 2.1: Filter setup used for the filtering of TEP and chl­a; left the glass filter, right is the vacuum pump with a pressure
regulator in between

Chl­a cannot be measured directly due to other pigments creating a fluorescence signal at the same
wavelength, therefore, two measurements are required. The supernatant was placed in the Quartz
Suprasil High Precision Cell (light path 10 mm, Hellma Analystics) cuvette and measured on the Jasco
J815 spectropolarimeter (kindly facilitated by TU Delft’s Faculty of Applied Sciences) at the excitation
wavelength of 431 nm. After which a couple of drops of 10% HCl were added to the sample. This
causes the chl­a to be broken down into its degradation products (pheophytin­a), which do not give a
signal at the same wavelength. The sample was then measured again, and the difference in the signal
can be linked to the chl­a concentration. The relationship is defined by Equation 2.1, in which 𝑐ℎ𝑙𝑎 is
the concentration chl­a in the sample [µg/L], 𝑅𝑏 and 𝑅𝑎 are the emission intensity signals measured
before and after adding the HCl respectively [V], 𝑉𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 is the volume of the acetone extraction
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buffer [mL] (20 mL), 𝑉𝑠𝑎𝑚𝑝𝑙𝑒 is the volume of the filtered sample [mL], 𝑑 is the dilution (=1, in case no
dilution is used) and C is a constant determined by the analyzing a standard concentration series.

𝑐ℎ𝑙𝑎 = (𝑅𝑏 − 𝑅𝑎) ⋅
𝑉𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛
𝑉𝑠𝑎𝑚𝑝𝑙𝑒

⋅ 𝑑 ⋅ 𝐶 (2.1)

The standard concentration series was made by preparing 90% acetone samples with a known
chl­a concentration and measuring these on the spectrophotometer. 𝐶 was then determined using
Equation 2.2, in which 𝑐ℎ𝑙𝑎𝑠𝑡 is the concentration of the standard sample [µg/L], 𝑅𝑏 and 𝑅𝑎 are the
signals measured before and after adding the HCl respectively. The 𝑐ℎ𝑙𝑎𝑠𝑡

𝑅𝑏
and 𝑅𝑎

𝑅𝑏
ratios should be

relatively constant. The average of the values found in the standard series is used in Equation 2.2,
which results in a value for constant 𝐶.

𝐶 = (𝑐ℎ𝑙𝑎𝑠𝑡𝑅𝑏
)
𝑎𝑣
⋅ 1
(1 − (𝑅𝑎𝑅𝑏 )𝑎𝑣)

(2.2)

The chl­a standard samples were prepared using chl­a fromAnacystis nidulans (C6144­1MG, Sigma
Aldrich) and from Acetone ≥99.9%, ChromasolV®Plus (Sigma Aldrich). 1 mg of chl­a powder is slowly
dissolved in 100 mL 90% acetone, to create a solution of 10 mg/L. This solution was divided in aliquots
for ease of use and stored in darkened containers at ­21 ∘C.

The concentration of the standard was verified using absorbance spectroscopy. The standard was
measured in aQuartz Suprasil High Precision Cell (light path 10 mm, Hellma Analystics) cuvette on the
Perkin Elmer Lambda 35 spectrophotometer at a wavelength of 662 nm. Subsequently, the concen­
tration of the standard was calculated using the Lambert­Beer equation (see Equation 2.3), in which 𝐸
is the measured absorption, 𝜖 is the specific absorption of chl­a (87.62 L/g cm), 𝑐 is the concentration
of chl­a [g/L] and 𝑙 is the path length in the cuvette [cm].

𝐸 = 𝜖 ⋅ 𝑐 ⋅ 𝑙 → 𝑐 = 𝐸
𝜖 ⋅ 𝑙 (2.3)

2.2.2. Transparent Exopolymer Particle (TEP) concentration measurements

TEP can be quantified based on a method from [46], [47], by measuring absorbance at 787 nm using
UV/vis spectroscopy. The TEP was first made visible by adding Alcian Blue (AB) solution to the aliquot.
The AB binds to ­COOH and ­O­SO3 groups and stains the acidic polysaccharides. The AB solution
was prepared by measuring 100 mL distilled water and adding drops of Acetic acid 99­100% (Sigma
Aldrich) until a pH of 2.5 was reached. A magnetic stirrer was added to the beaker to ensure proper
mixing of the water and acetic acid. After acidification, 40 mg of AB was added to the acidified water
and gently shaken to dissolve. To ensure a homogeneous solution, the AB solution was filtered over
a PES 0.2 µm syringe filter and stored in a new container. The AB solution has to be stored at 4∘C
and can used for around a month, after which a new solution needs to be made because AB slowly
precipitates.

A 1 mL aliquot was taken from the culture to extract the TEP from. Subsequently, 0.5 mL of the AB
solution was added to this sample. The sample was gently inverted a couple of times to ensure that a
homogeneous solution was formed. This solution was filtered over a 0.4 µm Nuclepore PC filter placed
over a glass Buchner funnel using the filter setup as in Figure 2.1. The vacuum should not exceed ­0.2
bar, as this could cause the TEP to be sucked through the filter. This filter was then extracted using
tweezers and placed in a scintillation vial.

Extraction was done by adding 6 mL of 80% sulfuric acid (from Sulfuric adic, ACS reagent 95­98%,
Sigma Aldrich) to the filter and leaving it for a minimum of 2h and a maximum of 20h. During this
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time, the vials were gently shaken 3­5 times to remove small bubbles. A ”blank” filter which was only
exposed to 1 mL of distilled water and 0.5 mL AB solution was also prepared to serve as a reference
sample. After extraction, the sulfuric acid was placed in Quartz Suprasil High Precision Cell (light path
10 mm, Hellma Analytics). Subsequently, the absorbance at 787 nm was measured using a Perkin
Elmer Lambda 35 spectrophotometer. The sulfuric acid sample from the blank sample served as the
reference fluid. Similar to chl­a filters, the TEP filters can be stored in the freezer (­21∘C) to bemeasured
at a later time before adding the extraction buffer.

In order to translate the absorbance value to a TEP concentration, a calibration curve is required.
This curve was generated using a Xanthan Gum (XG) solution (from Xanthan Gum from Xanthomonas
campestris G1253, Sigma) as a TEP equivalent. The XG solution was made by adding 7.5 mg of
Xanthan Gum to 100 mL of distilled water, creating a solution of 75 mg/L. Subsequently, this was used
to prepare samples as in Table 2.1. These samples were then processed in the same way as other
liquid samples for TEP measurements. This calibration curve resulted in a relation between the TEP
concentration and the absorbance value which differs for each AB solution. Based on this relation, the
concentrations of unknown samples can be calculated. A calibration curve can be found in Section D.2.

Table 2.1: Preparation and final concentration of TEP calibration samples

XG solution [mL] Distilled water [mL] Sample concentration [mg/L]
0.000 1.000 0.000 (blank)
0.125 0.875 9.370
0.250 0.750 18.75
0.500 0.500 37.50
0.750 0.250 56.25
1.000 0.000 75.00

2.3. Generating growth curves for Cylindrotheca fusiformis
A growth curve was made to serve as a guide for determining the growth phase of cultures based on
their cell concentration. The growth curves were generated from three individual cultures of 75 mL, all
kept under the aforementioned culturing conditions. Daily counts were taken using optical microscopy,
and two daily 1 mL samples were taken to measure the chl­a and TEP concentrations. The cultures
were inoculated at a relatively low concentration of 1.0x104 cells/mL to ensure a complete growth curve.

Cell counting was done manually by means of a Sedgewick Rafter counting chamber, which is a
microscope slide with a grid and a chamber that holds exactly 1 mL (see Figure 2.2). To ensure that
the concentration obtained using this method is reliable, several counting rules were set up. These
counting rules were also followed for any subsequent counts unless otherwise mentioned:

1. The cultures were homogenized by gently swirling them before taking an aliquot for counting
2. The entire counting chamber was visually checked under low magnification to ensure that the

cells are homogeneously distributed
3. A minimum of 10 squares or 100 cells was counted (see Figure 2.3)
4. Cells on the border of a square are only counted if they are more than halfway inside the square
5. Cells were counted from images, as shown in Figure 2.3
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(a) A Sedgewick Rafter counting chamber
(b) Filling procedure; the volume of the sample is
1mL

Figure 2.2: The Sedgewick Rafter counting chamber [48]

Figure 2.3: Example of a counting square under the Keyence Laser Scanning Confocal microscope in laser mode (mag: 10x)

2.4. Biofilm formation

2.4.1. Biofilm formation on various materials

Metal sheets of 20x20 mm2 of Al99.5, AA2024­T3 and AA7075­T6 were immersed in 100 mL medium
with 10 mL of diatom culture for 14 days. In this case samples were not pre­treated other than being
cut to the right dimensions and degreased with ethanol. This experiment was used to found out if
Cylindrotheca fusiformis would form films on different aluminum alloys. In this case all samples were
kept together in the same beaker, but they were not in physical contact with each other.

After a 14 day immersion, the plates were taken out carefully and imaged using the Keyence Wide­
Area 3DMeasurement System Controller, VR­5000. Images were taken in ”wet” condition, immediately
after removal from the liquid and ”dry” condition, after the samples were placed in a desiccator for 24h.
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After imaging the ”wet” and ”dry” conditions, the biofilm was removed gently using a wet tissue to
reveal the underlying layer attached to the metal surface, which was both imaged using the Keyence
Wide­Area 3D Measurement System Controller, VR­5000 and the Keyence Laser Scanning Confocal
microscope.

Fourier­transform infrared spectroscopy (FTIR)

FTIR was used to chemically characterize the biofilms before and after the removal of the biofilm. The
analysis was performed using a Perkin Elmer Spectrum 100 FT­IR Spectrometer, setting the spectrum
from wavenumbers 4000­650 cm­1. Before each measurement, a background spectrum was taken to
account for the background signal caused by the IR crystal. The samples were screwed as tight as
possible onto the diamond/ZnSe crystal to ensure good contact.

2.4.2. Biofilm formation in various media

Another biofilm experiment was set­up to investigate the influence of the medium on the substrate
surface and biofilm. Four samples of AA2024­T3 by Kaiser Aluminum (ASN­A3010, thickness 2mm)
were cut into 3mmx3mm samples. The samples were wet grinded on a turntable using SiC grit paper
in the following order: P320 (46.2 µm grit size), P800 (21.8 µm), P2000 (10.3 µm), P4000 (5 µm). After
grinding, the samples were cleaned using ethanol to remove anymetal shavings or other contamination.
Subsequently, the samples were dry polished for 2 minutes at 250 rpm using a water­based diamond
paste to obtain 3 µm and finally 1 µm roughness. Between each polishing, the sample was cleaned
using ethanol to remove the excess diamond paste. After polishing, the samples were cleaned in an
ultrasonic bath filled with ethanol for 2 minutes and dried with compressed air.

Next, the samples were each submerged in different solutions in separate beakers for 14 days, see
Table 2.2. It should be noted that either filtered natural seawater (NSW) or Adapted Enriched Artificial
Seawater (ESAW) is present in all solutions. After 14 day immersion, the plates were imaged using the
Keyence Wide­Area 3D Measurement System Controller, VR­5000 in ”wet” conditions.

Table 2.2: Starting conditions for the biofilm formation experiment in various media

Sample Solution Cell concentration [cells/mL]
1 NSW ­
2 Mix Si medium ­
3 Mix Si medium + diatoms 2.15 x 104
4 NSW + diatoms 2.21 x 104

2.5. Setting up the motility study
In preparation of the motility study, several tests were set up to find the right experimental conditions.
Three different variables were selected to vary: immersion time, material and topology. The specific
experimental conditions for these can be found in Table 2.3. Themeasuring times are the times after im­
mersion when the motility was monitored. The roughness is the finest grain used for grinding/polishing.
The volume is the volume of cell suspension to which the aluminum substrates were exposed. Ta­
ble 2.3 shows two cell concentrations: mother­line concentration and cell suspension concentration.
The mother­line is the culture from which this cell suspension was made. The cell suspension is the
suspension to which the aluminum substrates were exposed. Note that the concentration of the cell
suspensions used in the motility experiments is considerably lower than the concentration used for the
biofilm formation experiments. In addition to these parameters, factors such as settling time, volume,
cell suspension concentration and imaging technique were also explored.
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Table 2.3: Experimental conditions for the various motility trials

Effect of: Measuring
times [h] Material Roughness

[µm]
Volume

[mL]

Conc. cell
suspension

[x104cells/mL]

Conc.
mother­line

[x105cells/mL]

Immersion time 1; 4; 21;
24; 28; 96 Al99.5 1 2 4.65 6.90

Material 0
Al99.5;
AA2024;
AA7075

1 1 3.35 5.03

Topology 0 Al99.5
10;
82;
200

0 2.28 9.10

2.5.1. In­situ motility monitoring

The aluminum samples were placed in a custom made 3D printed cell, which has a circular hole with a
diameter of 20 mm, leading to 314.2 mm2 exposed area (see Figure 2.4b). This cell was placed under
a Dino­Lite High Magnification (AM7515MT4A) digital microscope as in Figure 2.4a. All experiments
were performed on a pneumatically stabilized table to minimize disturbance by vibrations. In addition,
the setup was shielded from light coming from any other sources than the microscope using curtains.

(a) Setup of the cell and the digital microscope (b) Top view of the cell

Figure 2.4: The experimental setup for monitoring diatom motility

It was found that the action of moving the sample from the incubator to the measurement setup
caused flows within the suspension. Leading to cells being re­suspended in the liquid, rather than
attach and glide over the substrate. Therefore, after the measurement cell had been placed under the
microscope and focused on the substrate, the setup was left to settle for 30 minutes before starting the
measurement. Motility was observed using the DinoCapture software for a duration of 10 minutes with
a frame rate of 10 seconds.

2.5.2. Quantifying general cell motility

As a measure for general cell motility, an analysis method previously used to monitor corrosion was
used, adapted from [49]. The protocol consists of various macros in ImageJ. The first step converts all
images in the stack to gray­scale (”8 bit”) and performs a recursive repositioning through planar rigid
body rotation and translation. The coordinates are mapped according to Equation 2.4, in which the first
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image in the stack serves as a reference for all other images.

𝑥, 𝑦 = {{𝑐𝑜𝑠𝜃,−𝑠𝑖𝑛𝜃}, {𝑠𝑖𝑛𝜃, 𝑐𝑜𝑠𝜃}} ⋅ u+ Δu (2.4)

The next step calculates the ”difference” between two subsequent images by subtracting the pixel
intensities from each other, see Equation 2.5. This generated a ”difference” figure in which the un­
changed pixels were black (0) and changed pixels were lighter, subsequently, the black pixels were
taken as background by setting a lower threshold (minimal change). Choosing the correct lower thresh­
old allowed for filtering out the noise, in this case the threshold was set to 20. By subtracting the
background, an image was generated in which the changed pixels were black.

𝑖𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝑥, 𝑦) = |𝑖𝑛−1(𝑥, 𝑦) − 𝑖𝑛(𝑥, 𝑦)| (2.5)

For the next step, the Look­Up Table (LUT) was inverted so that the background was black and
the changed pixels were white. From this image, it was possible to extract the affected area (AA, see
Equation 2.6). 𝑁 is the number of changed pixels, while 𝑁𝑡𝑜𝑡𝑎𝑙 is the total number of pixels. An example
of an AA graph based on the pixel variation between frames can be seen in Figure 2.5. In this research
the affected area was used as a quantification for movement.

𝐴𝐴 = 𝑁(𝑡)
𝑁𝑡𝑜𝑡𝑎𝑙

⋅ 100% (2.6)

Figure 2.5: An example of the percentage of affected area over 600 seconds with a measurement rate of 10s; the red line is the
average

Finally, the degree of change was also visualized by implementing a color­gradient (Fire­LUT). In
this color plot the unchanged pixels are white and the changed pixels are colored, in which a darker
color signifies a larger pixel change. This also allows to distinguish whether a registered movement is
caused by cell motility on the surface or other causes such as cells floating in the medium. The final
outcome of the software is visually represented in Figure 2.6.
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Figure 2.6: Frame from the image sequence produced by the general motility software; left shows the original picture in gray
scale; the middle shows the changed pixels with respect to the previous image; the right shows the changed pixels with the color
applied, a darker color implies a greater intensity change

2.5.3. Quantifying individual cell motility

In addition to general motility, the motility of single cells was also tracked using a plugin for ImageJ
called ”MTrackJ”. This plugin allows to track individual cells and record various parameter such as
their coordinates, velocity, distance traveled and pixel value. The plugin can also generate several
views to illustrate the path traveled, which looks like Figure 2.7. This tool is used to analyze the tracks
both quantitatively and qualitatively.

Figure 2.7: Image showing paths of several individual cells tracked using MTrackJ
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2.6. Motility study on Al99.5 and AA2024­T3
The aim of this experiment was to investigate the potential influence the IMs and their varying compo­
sition have on diatom motility. To this aim a motility study on Al99.5 and AA2024 was designed. Prior
to exposure to the diatom cells, a SEM/EDS mapping of the AA2024 samples and their intermetallics
was performed. Next, the surface of the aluminum sample was exposed to 1 mL of cell suspension
extracted from an exponential phase mother­line. The cells present in this suspension were monitored
in­situ using the setup as in Figure 2.4. After 24h, the cell suspension was removed and the surfaces of
the samples were analyzed using a AB stain and Raman spectroscopy. From the initial experiments as
described in Section 2.5, the parameters were set to 24h monitoring, exposure to 1 mL cell suspension
with a concentration between 2.0x104 ­ 3.0x104 cells/mL and polishing the surface to 1µm to ensure
data quality.

The experiment was done in linear triplicates for each material, designated as A, B and C. All
samples were exposed to the cell suspension for 24h, however, the times at which their motility was
monitored, differed per sample. A schematic of the timeline can be seen in Figure 2.8. The samples
can be identified based on a combination of a letter and number, e.g. B­99.5 which indicates the Al99.5
sample B that was measured at 1h, 16h and 20h after immersion.

Figure 2.8: Schematic overview of the timeline for the motility study

2.6.1. Material preparation

The material samples used in for this study were made from a 2 mm thick sheet of commercial bare
AA2024­T3 by Kaiser Aluminum (ASN­A3010) and a 1.5 mm thick sheet of Al99.5 from Salomon’s
Metalen B.V. The samples were cut to a size of 30x30 mm2 and grinded and polished as in subsec­
tion 2.4.2. The samples were kept in a desiccator for the time between the preparation of the samples
and time they were used for the motility study (1­2 weeks).

With the current setup as in Figure 2.4, it was not possible to monitor the entire exposed surface,
so a region of interest (ROI) was defined. The ROI was marked to be easily identified using a micro­
indenter to create a minimalist pattern. The markers were made using a CSM micro­scratch tester
in indentation mode using a Berkovich diamond tip with the settings as in Table 2.4. The pattern is
an asymmetrical pattern to ensure that the right orientation is used when matching the SEM images
with the images taken with the digital microscope. The indents were placed at a spacing of 0.3 mm,
meaning that a rectangle of 0.09 mm2 is created, which is referred to as the region of interest (ROI),
see Figure 2.9. It should be noted that due to the inaccuracy of the machine, the indents are not exactly
0.3 mm apart. To account for this, the exact distance between all indents was measured during the
imaging on the SEM. The region of interest has to be circled using a permanent marker to shorten the
process of locating the indents under the SEM. This circle is later removed using ethanol, to prevent
interference with the diatoms’ motility.
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Table 2.4: Settings for the CSM micro­scratch tester for indentation

Loading type [­] Linear
Acquisition rate [Hz] 10
Maximum load [mN] 1000
Loading rate [mN/min] 2000
Unloading rate [mN/min] 2000

Figure 2.9: Indents marking the ROI on an AA2024 sample

2.6.2. Intermetallics localization and identification

The SEM/EDS imaging and IM identification in the ROI was done using a JEOL JSM­840­EDS. To
obtain the desired resolution, the images are taken at magnification 500x, which means that the ROI
wasmapped in six individual images, which were later stitched together. The images were taken in SEM
backscattered electron (SEM­BSE) mode with the following settings: 15 keV, 10 µA, compo, RBEI, LM.
This mode causes areas with different compositions to show up in different shades of gray. Between
images, the settings should not be changed and the emission current should be stable to ensure good
quality images. The horizontal steps were 0.120 µm and the vertical steps were 0.100 µm, this ensures
enough overlap for Adobe Photoshop to stitch the images together.

The IMs were visually identified based on a color difference, subsequently, the EDS spectra of the
IMs were obtained using point analysis. These spectra were used to classify the different IMs according
to their composition. As identification of the IMs is a time consuming process, only the compositions of
the largest IMs were analyzed.

2.6.3. Image analysis

The six individual SEM images of the AA2024 samples were stitched together using ”photomerge” in
”reposition” mode in Adobe Photoshop, resulting in an image of the region of interest, see Figure 2.10.
The merged SEM­BSE image was then overlaid on the optical image collected with the DinoCapture
during immersion, using the ”free transform” and ”warping” options in Adobe Photoshop to transform
the SEM­BSE image.
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Figure 2.10: The stitching procedure for the SEM­BSE images; left: a single SEM­BSE figure. Right: region of interest stitched
together using 6 individual SEM­BSE images (mag 500x)

Subsequently, this warped image was imported into ImageJ to generate a mask. The image was
first converted to gray­scale (8­bit). Because of the clear contrast between the IMs and the matrix, it
was possible to generate a mask using the ”Threshold” option. The threshold was adjusted until all
intermetallics are black and the matrix is white, see Figure 2.11a. To exclude extremely small particles
and find the coordinates of the IMs, the ”analyze particles” function was used with the settings as in
Figure 2.11b. In addition, the plugin ”nnd” (Nearest Neighbor Distances) was applied to find the inter­
particle distance. The generated mask of the ROI was then imported back into Adobe Photoshop and
adjusted to generate an image as in Figure 2.12, where the IMs are overlaid on the optical image taken
during immersion.

(a) Thresholding in ImageJ (b) Settings for ”analyze particles” in ImageJ

Figure 2.11: Settings for particle analysis in ImageJ
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Figure 2.12: The optical image overlaid with the mask generated from the SEM­BSE images

2.6.4. UV treatment

During SEM analysis, a carbon build­up may occur on the target surface. UV/Ozone treatment is a
technique that removes organic contamination by causing chain scissions by UV light and simultane­
ously causing decomposition by generating ozone gas and reactive atomic oxygen [50]. Therefore,
after the SEM/EDS procedure, the samples were exposed to a 10 minute UV/ozone treatment to re­
move any carbon build­up that may have occurred. The UV light was generated using three 30 Watt
UV­light tubes with the samples placed at a distance of 5 cm. Prior to treating the samples, the lamps
were allowed to warm up for 10 minutes. An experiment was performed to verify the UV treatment, the
results can be found in Section C.2.

2.6.5. Making of the cell suspension

The cell suspensions to which the aluminum plates were exposed in the motility study, were made from
mother­line cultures in the exponential phase. Based on the results of the previously performed growth
curve, this would be between 6.1x104 and 6.7x105 cells/mL for Cylindrotheca fusiformis under these
conditions. To achieve a manageable number of cells in the ROI, the desired cell dilution was made to
have a concentration between 2x104 and 3x104 cells/mL. Dilutions were made with medium to ensure
an abundance of nutrients. Approximating the cells as boxes of 400 µm2, 7.86 x 105 cells would be
required to cover the whole surface in cells, however, this most likely not required to cover the whole
substrate in EPS as the cells are motile. In case all cells in a 1 mL suspension with a 2.0x104 ­ 3.0x104
cells/mL sink to the substrate and are distributed homogeneously, this would lead to a cell density of
64­95 cells/mm2 and around 6­9 cells in the ROI.

Due to logistical restrictions, a new cell suspension was made for each sample. A sample from
the mother culture was taken and counted on the day the cell suspension was made to ensure that
the cells were indeed in exponential phase and that the correct dilution for the cell suspension could
be made. An aliquot of the made cell suspension was also counted to ensure the concentration of
cells was indeed in the desired range. In addition, two 1 mL samples were taken from both the mother
culture and the cell suspension to determine the chl­a and TEP concentrations. These samples were
processed as described in subsection 2.2.1 and subsection 2.2.2 respectively.
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2.6.6. In­situ motility monitoring

The same setup as described in subsection 2.5.1 was in the motility studies. Before exposing the
aluminum samples to the diatom cell suspension, the substrates were degreased using ethanol, and
subsequently rinsed with Mix Si medium to remove any residue ethanol. Once the metal plate was
securely in place and the setup was tested for leaks, 1 mL of cell suspension was pipetted on top.
All samples were exposed to the cell suspension for 24h, but measured at different exposure times.
In between measurements, the setups were kept in the culturing incubator in a large plastic bag, to
prevent CO2 depletion, but to create a closed environment.

The samples were taken out of the incubator some time before the measurement to allow for settling
time. Similar to Section 2.5, all measurements were preceded by a 30 minutes settling period. The
digital microscope was set to darkfield mode to create the best contrast between the cells and the
substrate. The imaging was done using the DinoCapture software, which was set to take an image
every 10 seconds for 10 minutes. The lighting was kept constant during the measurement.

2.6.7. Processing of the samples post­mortem

In order to determine whether Cylindrotheca fusiformis leaves trails during motility, various methods
were explored. After 24h exposure to the diatom cell suspension, the cells suspension was poured
off the aluminum samples. Next the samples were rinsed gently 3x with distilled water, to remove any
remaining medium or unattached cells as this may interfere with the trail detection.

Fluorescence microscopy

Fluorescence microscopy was performed using a Nikon A1R laser­scanning confocal microscope, with
a Nikon Plan Apo Lambda 20x/0.75NA lens. The excitation laser has a wavelength of 488 nm and
operated at 10% power. Furthermore, the fluorescence emission filter was set to 525/50 nm, the pinhole
size to 1.5 AU and the photomultiplier gain to 90. All samples were gently rinsed and left in a desiccator
to dry before imaging. Because the samples were not treated before imaging, the imaging relied on
the principle of autofluorescence.

The samples that were imaged included the plates used in the motility study. For comparison, two
additional conditions were added: a 5 day low concentration (LC, 2­3 x10 4 cells/mL) 2 mL diatom cell
suspension exposure and 5 day high concentration (HC, ±4x104 cells/mL) 2 mL diatom cell suspension
exposure. All samples were rinsed with distilled water and dried in a desiccator before observation.

Raman spectroscopy

Raman spectra were obtained for the B and C samples used in the motility studies, using a Renishaw
inVia confocal Raman microscope using the settings as in Table 2.5. The locations for the spectra were
selected and focused visually and subsequently measured using the mapping function. The spectra
were compared to those of plates exposed to 24h medium exposure and no exposure to any solution.

Table 2.5: Settings for obtaining the Raman spectra for aluminum samples

Range [cm­1] 400­4000
Exposure time [s] 300
Laser [nm] 532
Laser power [%] 1
Accumulations [­] 2
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Staining followed by optical microscopy

Two different stains were used: Stains­All (Sigma­Aldrich) and Alcian Blue. The various trials done
with Stains­All did not yield any interpretable results, therefore the method and results can be found in
Section B.3.

The AB solution was prepared as in subsection 2.2.2. After rinsing, the samples were fully immersed
into a petridish filled with AB solution. After 30 minutes, the samples were again gently rinsed three
times with distilled water to remove any residue of the AB solution. Subsequently, the plates were
imaged using the Keyence Wide­Area 3D Measurement System Controller, VR­5000.

2.7. Direct motility comparison between Al99.5 and AA2024­T3
In order to eliminate biological variability between samples, an experiment was designed to directly
compare the affinity of the diatoms to both substrates. A sample was especially designed in which both
samples could be exposed to the same diatom cell suspension, see Figure 2.13.

Figure 2.13: Sample design for a direct comparison between Al99.5 and AA2024, the red circle indicates the area that will be
exposed to the diatoms

2.7.1. Sample preparation

From the same plates as used for the motility study, pieces of 10 mm x 20 mm were cut. These were
embedded in an epoxy resin, by placing them in the molding cup and pouring the resin on top. The
resin made used was EpoFix Resin and EpoFix Hardener, which was prepared by mixing 35 g resin
with 4.2 g hardener. The samples poured in the Struers CitoVac vacuum impregnation unit for 45 min to
remove any bubbles. After degassing the plates were positioned in the still liquid resin using a needle.
Subsequently, the samples were left to cure overnight (min. 10h).

The samples were removed and automatically polished rather than manually polished which was
done for the motility study. This was more practical considering the geometry of the sample. The final
of level of polishing was the same for as in the motility study (1 µm). The automatic polishing was done
using the Struers Tegramin­20 polishing machine on the following program: P180, 20s; P320, 1 min;
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P1000, 1 min, P2000, 1 min; P4000, 1 min; 3 µm DiaPro polishing, 4 min; 1 µm DiaPro polishing, 3 min.
Between grinding steps, the samples were cleaned using water, and between the polishing steps, the
samples were cleaned using water, soap and ethanol. In order to fit in the observation cell, the sample
was cut down to a ±3 mm thickness using the Struers Secetom 10 precision cutting machine. Similar
to the samples in the motility study, the samples were cleaned 2 min in an ultrasonic ethanol bath and
exposed to the same UV treatment as in subsection 2.6.4. To ensure that the samples were level in
the observation cell, a small amount of mounting clay was placed underneath the epoxy disk and was
pressed to be level.

2.7.2. In­situ motility monitoring

Two experiments were setup, one with the same conditions as the motility experiment and one trial with
a higher cell concentration to monitor preference on a larger scale. The setup was the same as for the
motility study, using the Dino­Lite High Magnification (AM7515MT4A) digital microscope, using a cell
suspension with a concentration of 2.98 x104 cells/mL obtained from a mother­line in the exponential
phase (1.53x105 cells/mL), 1 mL cell suspension and allowing for 30 minutes settling time before mea­
suring. The motility was observed at 0h, 2h, 6h and 24h. Because of the high magnification required
to monitor motility, the Al99.5 and AA2024 sides of the sample were monitored in turn, rather than
simultaneously. The high concentration trial was done in a similar way, but with 1 mL cell suspension
with a concentration of 7.24 x 105 cells/mL, which was only observed at 0h.
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Results & Discussion

In this chapter, the growth curves are discussed in Section 3.1. Next the biofilm formation and motility
study experiments are analyzed in Section 3.2 and Section 3.3, Section 3.4 and Section 3.5 respec­
tively. The chapter is concluded with a general discussion based on all obtained results in Section 3.6.

3.1. Growth curves
A growth curve allows for identification of the different growth phases. This curve allows selection of
aliquots from a certain growth phase e.g. the exponential phase, based on the cell concentration. The
growth curve was generated by taking daily aliquots and counting them using optical microscopy. The
growth curve of Cylindrotheca fusiformis can be found in Figure 3.1. From this figure, the different
growth phases were determined based on growth rate. This is important for future experiments, as
cells from different growth phases may show different behavior.

The exponential growth phase was determined by plotting the growth curves on a logarithmic scale
and identifying the linear region. It was found to be between 6.1 x 104 cells/mL and 6.7 x 105 cells/mL
based on the average of the three cultures. For the motility study it was decided to use cultures in
the exponential growth phase. When these cultures were prepared, the cultures were inoculated at a
concentration aimed in the early exponential phase and left for 24h at least to accumulate to the new
circumstances.

Section D.1 contains the growth curve compared to the chl­a concentration. These curves should look
very similar, as chl­a concentration may be used as an alternative method of determining the biomass.
In addition, Appendix E contains the growth curve for alternative species Chaetoceros calcitrans.

25
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Figure 3.1: Growth curve of Cylindrotheca fusiformis under culturing conditions

3.2. Biofilm formation
Several biofilm formation experiments were done to observe Cylindrotheca fusiformis’ biofilm forming
capabilities under different circumstances.

3.2.1. Influence of alloy composition

As can be seen from the top row in Figure 3.2, biofilms formed on all three alloys. The top row shows the
substrate immediately after removal from the diatom culture (”wet”), the middle row shows them after
they have been left to dry in a desiccator overnight (”dry”), and the bottom row shows the substrates
after the top layer was carefully removed using a wet tissue.

There appear to be precipitates, which are expected to have formed from components from the
medium reacting with the metal at those locations. This reaction appears on the edges for Al99.5
and AA7075, but is located on the surface of AA2024. These precipitates have been marked with
cyan rectangles in Figure 3.2. Another interesting observation is that the corrosion appears to be
considerably less than what would be expected of aluminum alloys 2024 and 7075 in a saline solution
exposed for 14 days. An example of a polished AA2024 surface exposed to a 0.05M NaCl solution for
14 days can be seen in Figure 3.10.

The biofilms have a different appearance on each of of the alloys, but upon first glance, the biofilm
seemed to have formed most uniformly on AA7075. This is somewhat unexpected as AA7075 has
multiple alloying elements (8.6­12.9 wt%, [33]) and has a chemically inhomogeneous surface. It might
be expected that the most (chemically) uniform surface (Al99.5) leads to the most homogeneous biofilm
formation. After the removal of the top layer of the biofilm, a remaining EPS layer appears to cover the
whole substrate for AA7075 homogeneously. While there are several uncovered spots appear on the
Al99.5 sample. Interestingly, some of these spots seem to coincide with darker spots on the biofilm
itself, which could suggest that the cells were still trying to cover the entire substrate but were unable
to form an EPS layer there. Several of these spots are marked with red circles in Figure 3.2.

The AA2024 sample shows some discoloration, however, it is unclear whether this is caused by
a difference in the EPS layer or by corrosion of the underlying substrate. Two of these areas of dis­
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coloration are indicated with dark blue ovals in Figure 3.2. This could be indicative of a difference in
EPS composition or amount or perhaps a reaction with the material. This would be consistent with a
biofilm study for Cylindrotheca fusiformis on PVDF, polyethylene plastic, polypropylene fabric and plain
drawing paper [23]. The authors found that the biofilm EPS (bEPS) was different in amount as well
as composition for the different polymeric substrates with lower elemental differences than the alloys
studied here. The difference in appearance of the biofilms and EPS layers means that the biofilm for­
mation is influenced by the substrate, this could be caused by composition differences. It should be
noted that it cannot be ruled out that the difference in appearance of the EPS layers is caused by the
wiping.

Figure 3.2: Biofilm formation on degreased only Al99.5, AA2024­T3 and AA7075­T6 after a 14 day immersion in a diatom culture;
the top row shows the samples immediately after they have been removed from the culture, the middle row shows the samples
after they have been dried, the bottom row shows the samples after the top layer of biofilm has been gently removed using a
wet tissue; the read areas indicate the inhomogeneity on the Al99.5 substrate; the cyan rectangles indicate the locations of the
precipitates; the dark blue ovals indicate the regions of discoloration on AA2024

The surfaces were also observed on the microscopic scale, see Figure 3.3. Interestingly, it shows
that the coverage of the AA7075 sample is not as homogeneous as it appears on macroscale as there
are clear color differences. This could mean these areas are not covered with EPS or that the EPS
has a different composition in these areas. The covered areas on the Al99.5 appear to be homoge­
neous, save for the spots where there appear to be no coverage. The AA2024 sample also shows
a clear color difference in the micrograph. This may again be caused by a difference in composition
or amount of EPS. Additionally, the EPS layers were observed using SEM, the results can be seen in
subsection B.2.1.
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Figure 3.3: The EPS layer as observed by the Keyence Laser Scanning Confocal microscope (mag: 2.5x); from left to right
Al99.5, AA2024 and AA7075

In conclusion, Cylindrotheca fusiformis was able to form covering biofilms on all the alloys. In
addition, an EPS layer appeared to have formed on all alloys. This is a promising result from a coating
perspective, as a relatively uniform adhesive coating is already formed without further optimization.
This is consistent with earlier biofilm tests performed at NIOZ with Cylindrotheca fusiformis biofilms on
PMMA and titanium plates (unpublished results, [16]). In this case the biofilm was removed straight
after being taken out of the liquid culture using a toothbrush and it was observed that it was impossible
to remove all organic material using this method.

Fourier­transform infrared spectroscopy (FTIR) on biofilms

FTIR was performed on the biofilms to see whether it was possible to detect them and if so, if it could re­
veal something about the composition. Measurements on the bare substrates and of the liquid medium
were also performed and can be found in section B.1. The spectra for the biofilms on the various sub­
strates can be found in Figure 3.5. Several peaks can be distinguished: (1) a broad peak centered
around 3350 cm­1 ranging from 3650 cm­1­2750 cm­1, (2) a sharp peak at 1640 cm­1, (3) a peak be­
tween 1510­1550 cm­1, (4) a peak around 1430 cm­1 and finally (5) a sharp peak around 1100 cm­1.
The peaks discussed in this section were all absent on the FTIR spectra obtained for the metals, the
spectra for the metals can be found in Figure B.2.

Peak (1) is identified as O H stretching, most likely caused by the O H bonds in polysac­
charides in combination with water left in the biofilms [20]. Even though the biofilms are dried, there is
likely still residual water present. The N H stretch is also located at 3500 cm­1­3300 cm­1, which
may also contribute to peak (1) [51].

Peak (2) and peak (3) are indicative of proteins as they are located in the amide I and amide II/amide
III bands respectively [20], [52]. The locations of these bands and the main vibrational modes of the
peptide bond can be seen in Figure 3.4. FTIR analysis of the adhesive pads of the pennate marine
diatom Toxarium undulatum revealed peaks at 1638 cm­1 and 1545 cm­1 [53], which could be consistent
with what is observed here. The peak at 1638 cm­1 was identified to be from C O stretching in
secondary amides (amide I). Alternatively, peak (2) is associated with imine C N stretching or
alkene C C stretching [51]. Peak (2) is also observed in the spectrum of the liquid Mix Si medium
(see Figure B.1), meaning it is not necessarily caused by proteins excreted by the diatoms. Peak (3)
around 1545 cm­1 can be attributed to C N stretching and N H bending from amides (amide
II) [53].
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(a) The different amide regions in an FTIR spectrum [54] (b) The main vibrational modes for amides; adapted from [55]

Figure 3.4: The FTIR vibrational modes and locations in the FTIR spectrum for amides

Peak (4) and peak (5) are located in the fingerprint (single bond) region, making it more challenging
to identify them. Peak (4) is could caused by an amide III vibration. Peak (5) is could be caused by
C O vibrations, which are associated with carbohydrates [52]. In Figure 3.5 a substrate dependent
difference is observed between peaks (3) and (4). The difference between these amide peak ratios
could indicate a difference in the biofilm, and could be interesting to explore in future research.

The observations made here are consistent with literature, stating that diatom biofilm EPS mainly
comprises of polysaccharides and proteins. It is also similar to a spectrum taken of a biofilm formed by
Cylindrotheca fusiformis on polyvinylidene fluoride membrane (PVDF), see Figure 3.6 [20]. In which
peak A at ±3300 cm­1 (peak (1) in Figure 3.5) is associated with O H stretching in polysaccha­
rides and peak B around ±1650­1640 cm­1 (peak (2) in Figure 3.5) is linked to C O and C N
stretching in primary amides which indicate proteins.

FTIR was also tried on the EPS layers that remained after the top layer of the biofilm was removed
with a wet tissue and also on samples that were exposed to a low concentration diatom culture (max.
3x104 cells/mL) for 24h, but this did not produce usable results probably due to the detection limit
of the machine. This led to exploring other techniques for detecting organic material: fluorescence
microscopy, Raman spectroscopy and various stains, see subsection 3.4.3.
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Figure 3.5: FTIR spectra of the dried biofilm on various aluminum alloys

Figure 3.6: FTIR spectra of biofilms formed on PVDF by various diatom species; peak A being attributed to polysaccharides and
peak B attributed to proteins [20]
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3.2.2. Influence of the medium on the substrate

To investigate the protection potential and the white precipitation that were observed in the experiment
in subsection 3.2.1, an experiment with natural seawater (NSW) and mix Si medium with and without
diatoms was devised, the results of which can be found in Figure 3.7. Several observations can be
made from this image. The first being that the white precipitation that was observed previously, is also
present in the beaker with only medium and to a lesser extent in the one with only NSW, meaning that
the precipitation does not require diatom cells. This white precipitation is not observed in the NSW or
medium kept in storage conditions (glass or polystyrene flasks without metal in them), indicating that it
is formed by a reaction between the medium and the metal.

Figure 3.7: The results of AA2024 plates immersed in various media; the top row shows them after 6 days, the other rows show
them after 14 days

Table 3.1: Concentrations of the cells suspensions used in the biofilm formation experiment, measured at the start of the exper­
iment (day 0) and the end (day 14); it should be noted that the cell count was most likely underestimated, as the solutions were
not homogenized before taking the counting samples

Sample Cell concentration day 0
[x104 cells/mL]

Cell concentration day 14
[x104 cells/mL]

Medium + diatoms 2.15 23.2
NSW + diatoms 2.21 8.44

A second observation is that the biofilm forms best in an environment in which the diatoms grow
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best, i.e. the mix Si medium. On the sample exposed to the NSW + diatoms, a very thin layer of cells
has formed, suggesting that they started to colonize the surface, but simply did not have the resources
to continue growing. This is consistent with the cell count that was performed on day 14, see Table 3.1.
This clearly shows that the cells did grow in the NSW, but considerably less compared to the suspension
with medium. This is also clearly visible in the bottom row of Figure 3.7 (the 40x magnification images).
In the Mix Si medium, the diatoms were able to reproduce and produce sufficient EPS to form a covering
thick biofilm. In the culture with diatoms and NSW, the individual cells seems to have attached to the
substrate, but they were unable to form a thick biofilm. However, it is known that diatoms can create
EPS under stressful conditions. So there may be a covering film on the plate immersed in the NSW +
diatoms solution, but it may not be visible.

The difference is also clearly seen in the post­mortem SEM images. Figure 3.8 shows a network of
cells that is linked together through EPSs. Figure 3.9 only shows single cells or small groups of cells
which have settled on the surface surrounded by someEPS andmeaning that the substrate was not fully
covered in EPS. For more SEM images of these surfaces, see subsection B.2.3 and subsection B.2.4.

Figure 3.8: Biofilm on polished AA2024­T3 exposed to diatoms in medium for 14 days (mag:50x)

Figure 3.9: Biofilm on polished AA2024­T3 exposed to diatoms in NSW for 14 days (mag:50x)
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Comparing the samples in Figure 3.7 with sample that has been exposed to a 0.05 molar NaCl
solution (Figure 3.10), it can be clearly seen that corrosion is considerably more present in the latter.
This would mean that some corrosion slowing/inhibiting mechanism is activated in the tested NSW
and medium in spite of the higher salt concentration. The mix Si medium contains Adapted Enriched
Artificial Seawater (ESAW) with a salinity of 3.55 %, which is similar to the NSW, which has an assumed
salinity of 3.5%. This is corrosion behavior is contrary to what was expected, as generally salinity
increases corrosion rates up until 3%, after which is gradually decreases again [56]. Both the NSW
and the ESAW also contain other substances besides NaCl (e.g. phosphates), one of which may be
responsible for the corrosion inhibition/protection. Independently of this, the diatoms did not increase
corrosion.

Figure 3.10: A sample of polished AA2024 exposed to a 0.05 molar NaCl solution for 14 days

3.3. Effect of immersion time, topology and metal surface compo­
sition on motility

In order to get an idea of diatom motility behavior, several experiments were set­up with a range of
immersion times, materials and topologies. The results from these experiments formed the basis for
the experimental setup for the later motility study in section 3.4.

3.3.1. Influence of immersion time on motility

The immersion time was tested using an Al99.5 sample to determine the time frame during which
motility can be observed. The general motility results were analyzed using the ”overall motility” method
from subsection 2.5.2. As can be seen from Figure 3.11, the average general motility increased for the
first 28h. Somewhere between 24h and 96h, cell had stopped moving and any detected motility was
caused by background noise. During this experiment, it was noted that the number of cells in the field
of view could vary considerably. This could bias the results, as it stands to reason that more cells result
in more general motility.

To compensate for this and to make the result more comparable, the average general motility was
normalized with respect to the average number of cells in the frame. The average number of cells was
computed by counting the number of cells in the field of view for one frame per minute (t=0 s, t=60
s, t=120 s etc.). This was averaged to get an estimate of the average number of cells present in the
field of view during the experiment. For example, the 109 cells denoted for the 1h measurement in
Figure 3.11, means that there were on average 109 cell in the field of view based on 10 out of the 60
frames.

The general motility as in Figure 3.11 was then divided by the average number of cells in the field of
view for that measurement (i.e. the numbers in the bars in Figure 3.11), resulting in a motility % per cell,
see Figure 3.12. The normalized result shows a similar trend to the non­normalized result as it also
shows an increase in motility for the first 24h. Other than the non­normalized result, the normalized
result shows a slight decrease at 28h. At 96h there was no motility the normalized result appears
to be considerably higher than the non­normalized result. The relatively high normalized motility is
caused by the background noise and the fact that there are few cells (33) in the frame, as no cell
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Figure 3.11: General motility as a function of immersion time on Al99.5; the numbers in the bars represent the average number
of cell in the field of view for that measurement

motility was observed in the raw image data. Another observation was that at 96h, no film was formed
and the cell suspension turned opaque white, suggesting that the cells were incapable of growing
and most likely died or were dying. This may be caused by the relatively low concentration and low
volume, as Cylindrotheca fusiformis was able to form a biofilm on Al99.5 during the biofilm experiment
(subsection 3.2.1).

Figure 3.12: The average general motility and the normalized average general motility as a function of immersion time
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The results from this experiment show that 24h is a reasonable time frame for motility observations.
In addition, it was discovered that the cells are easily re­suspended into the liquid during logistical
operations. Which led to a settling time of 30 minutes, before starting observation. This experiment was
performed using 2 mL of cell suspension, however, this resulted in significant background movement
caused by cells floating in the suspension, therefore it was decided to work with 1 mL in future.

3.3.2. Surface topology influence on motility

Similar to subsection 3.3.1, the general motility for different topologies for an Al99.5 substrate was
also measured, of which the results can be found in Figure 3.13. Due to the roughness, the contrast
between the cells and substrate was decreased, making it impossible to accurately count the number of
cells present in the frame. However, it can be observed that the general motility is similar for the tested
roughnesses, but that slightly more motility was observed on P180 which is in the same size range
as the diatoms (±60­75 µm). Another observation is that the diatoms are able to move parallel and
perpendicular to the grooves that were created during the grinding process, see Figure 3.14. It does
appear as if the cells can get stuck in a groove, which can be seen in the blue track in Figure 3.14a,
but the cell was able to maneauver itself out of the groove again, suggesting that the grooves are not
insurmountable.

Figure 3.13: General motility on Al99.5 samples with variable roughnesses; P80, P180 and P2000 have microstructures of 200
µm, 82 µm, and 10 µm respectively; the dashes lines represent the averages; the immersion time was between 0h­1h; the
samples were exposed to a cell suspension with a concentration of 2.28x104 cells/mL

While it can be concluded that Cylindrotheca fusiformis shows good motility on substrates with
different roughnesses, it was decided that future testing would be done on polished samples (1 µm).
This way the cells do not have to physically overcome the topology, as it is considerably smaller than
the cell size (60­75 µm). This also yields the best quality data as there is a clear contrast between the
cells and the substrate, making the individual tracking of the cells easier.
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(a) Tracks on P80 (mag: 472.0x)

(b) Tracks on P180 (mag: 470.5x)

(c) Tracks on P2000 (mag: 470.0x)

Figure 3.14: Overview of the traveled paths of 15 randomly chosen cells for Al 99.5 with various topologies
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3.3.3. Motility on three different aerospace alloys

Three different alloys were used to see whether the cells would stay motile on substrates that contain
potentially toxic elements. The main alloying element for AA2024 is copper, which has been reported
to be especially toxic for aquatic biota [57]. The motility was computed in the same way as for the
subsection 3.3.1. The results and normalized results can be seen in Figure 3.15. Motility ranges from
1.7% to 2.1%, showing the most motility on AA7075, see Figure 3.15a. This effect disappears upon
normalizing the results, see Figure 3.15b. The normalized results shows that the cells are most motile
on Al99.5, while it had the fewest cells in the ROI. The main observation of this experiment is that the
cells show motility on all the different substrates, but that there could be substrate related differences.

(a) Average general motility as a function of material (b) Normalized average general motility as a function of material

Figure 3.15: General motility variations as a function of material; the immersion time was between 0h­1h; the samples were
exposed to a cell suspension with a concentration of 3.35x104 cells/mL

The motility was examined in greater detail by analyzing 15 cell paths using the MTrackJ plugin for
ImageJ, resulting in the tracks as in Figure 3.16. The first thing to note it that the quality of the surface
treatment is considerably less for the Al99.5 sample, as can be seen from the many scratches on the
substrate compared to the AA2024 and AA7075 samples. Looking at the tracks, it appears that they are
shorter on the Al99.5 compared to the other two . However, when analyzing these tracks it is important
to note the difference between the distance traveled, which is the length of the track, and the distance
from the start, which is the distance between the first and last point in the track. Interestingly, there
does not seem to be a considerable difference between the average traveled distance (Figure 3.17a),
but there is a difference between the distance from the start (Figure 3.17b) between the alloys and
the commercially pure Al99.5. Meaning that the cells on Al99.5 mainly move back and forth on their
own trail. This may be caused by the chemical composition of the substrate. It might also be that they
want to minimize contact with the substrate by traveling back and forth over their own path of excreted
EPS. The spread of the data is quite large, suggesting that there is a considerable difference between
individual cells.

In addition, in the raw video data the cells appeared to be moving faster on the AA7075 sample,
however, this could not be concluded from the current data as the analysis showed no substantial
difference in the average velocities, which were 1.64, 1.60 and 1.50 pixels/s for Al99.5, AA2024 and
AA7075 respectively. One should also take into account that the images were not taken at exactly
the same magnification, but varied slightly, which might result in a significant difference for the velocity
values as these are relatively small and thus sensitive to small scale variances.
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(a) Tracks on Al99.5 (mag: 471.5x)

(b) Tracks on AA2024 (mag: 471.0x)

(c) Tracks on 7075 (mag: 470.5x)

Figure 3.16: Overview of the traveled paths of 15 randomly chosen cells for various materials
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(a) Average traveled distance on the different substrates (b) Distance to starting point on the different substrates

Figure 3.17: Average distance traveled and distance to the starting point on the different substrates; each diamond represents
an individual track; the green line represents the average

3.4. Effect of local composition on cell motility
Based on the results from section 3.3, the parameters for a motility study were set. To eliminate (macro)
topology influence and to generate the best quality data, the samples were polished to 1 µm and
exposed to a volume of 1 mL cell suspension. Furthermore, based on the increasing motility for the
first 24h (see Figure 3.12), the monitoring time was set to 24h. To study the effect of the diatoms,
an Al99.5 and AA2024 sample were also observed when they were exposed to just medium for 24h.
These results can be found in section C.1.

3.4.1. General motility

The first step was to analyze the average general motility as described in subsection 2.5.2 for all sam­
ples and time points. The results of this analysis can be seen in Figure 3.18, in which the x­axis depicts
the time after inoculation. There is a clear difference between the Al99.5 and AA2024 samples.

(a) Average motility for the Al99.5 samples (b) Average motility for the AA2024 samples

Figure 3.18: Average general motility for 3 samples of Al99.5 and AA2024­T3
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Sample C­2024 stands out because it appears to be more motile compared to all other samples,
with an average general motility of 8.3%. On the other hand, sample A­2024 stands out because there
appears to be almost no movement at all, with an average pixel change of only 0.07%. This was
confirmed with the raw visual data, showing that there does not appear to be any motility by the cells
on sample A­2024. This could be caused by the cells prematurely dying, however, this is unconfirmed.
For sample C­2024, the motility remains relatively constant, while sample B­2024 does show a slight
increase in motility after 16h. The averages for the Al99.5 samples show considerably less spread
compared to the AA2024 samples. It could be that the large variation between the AA2024 is related
to the composition, but that was not proven during this experiment. The compositional breakdown of
the AA2024 samples can be found in section A.2.

All three Al99.5 samples show a similar trend in which the motility decreases over time, resulting
in none or almost no cell motility after 10h. This is contrary to what was observed earlier in subsec­
tion 3.3.1, where the motility increased during the first 24h. During the initial experiment the volume
was 2mL rather than the 1mL used in this motility study. In addition, the concentration was higher
in initial experiment (4.65x104 cells/mL) compared to the concentrations used for this motility study
(2.37­2.90x104 cells/mL), which may be related to the difference observed.

During experimentation, it became clear that there were noteworthy differences in the number of
cells in the ROI. Therefore, the normalization process as described in subsection 3.3.1 was applied, the
results of which can be seen in Figure 3.19. Several trends can be noted from this figure, the first being
the decrease in motility over time for the Al99.5 samples can still be observed. The peak that appears
in sample B­99.5 at 20 hours is caused by the extremely low number of cells (2). This was confirmed
with the raw image data, that showed that the only movement is caused by background movement and
not by cell motility. For the AA2024 samples, the same trends hold as for the non­normalized average
general motility. The normalized motility stays more constant on AA2024 when compared to Al99.5
and there is a larger variation between the AA2024 samples than between the Al99.5 samples. The
results are presented as a function of immersion time in Figure 3.20. Figure 3.20a shows that for Al99.5
the general downwards trend over time still holds. Figure 3.20b does not show a clear trend, which is
caused by the considerable differences between the samples. The variation in the number of cells in
the ROI indicates that the assumption that the cells will distribute homogeneously on the surface may
not be valid, as this would mean that there are between 6­9 cells in the ROI.
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Figure 3.19: Normalized average general motility of the Cylindrotheca fusiformis cell suspension on the different samples; the
numbers in the bar denote the average number of cells in the ROI for that measurement; the red arrows indicate the general
trend

(a) Normalized motility on Al99.5 as a function of immersion time (b) Normalized motility on AA2024 as a function of immersion time

Figure 3.20: Average general motility for Al99.5 and AA2024­T3 as a function of immersion time

Another feature to note is that the average number of cells in the ROI ranges from a single cell up to
30 cells. This does appear to be directly related to the concentration of either the cells suspension or
the mother­line, see Table 3.2. This leads to question the assumption that the cells suspension will be
homogeneously distributed on the scale of the ROI on the substrate when pipetted on. This difference
could be caused by cell migration, but this remains unconfirmed as no measurement was done at 0h.
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Table 3.2: Cell concentrations for the cell suspensions and mother­line cultures

Sample
Concentration
cell suspension
(x104)

Concentration
mother­line
(x105)

A ­ 99.5 2.37 1.36 (A21.1)
B ­ 99.5 2.90 0.65 (A21.1)
C ­ 99.5 2.76 4.53 (A21.1)
A ­ 2024 2.57 2.08 (A21.1)
B­ 2024 2.80 3.46 (A20.1)
C ­ 2024 2.90 2.17 (A20.1)

Diatom behavior

To quantify diatom behavior several parameters were assessed: the number of motile cells, the average
velocity and the average track length. A cell was defined to be motile in case the mean velocity was at
least 0.1 µm/s, this corresponded well with the qualitative data. In case there were too many cells to
track individually, 15 or 16 tracks were selected and analyzed, otherwise all tracks were analyzed.

Due to the fact that for Al99.5 no motility was observed for measurement points after 8h, a distinc­
tion can be made between ”short term” (0­8h) and ”long term” (8­24h) behavior. For the long term, all
investigated parameters show a similar trend to the general motility. For the AA2024 samples, they
stay relatively constant over time. For the Al99.5 samples, there is a decrease in time, which is con­
sistent with overall decrease motility and number of cells in the ROI. Considering the short term, a
different phenomenon can be observed, see Figure 3.21. While the parameters of the Al99.5 samples
all decrease over the first 8 hours, their values for the first two hours do not appear to be lower than
those for the AA2024 samples. For the first 2 hours, all cells on the Al99.5 are motile, with an average
velocity and track length that is higher than for the AA2024 measurement. After 4 hours the average
velocity and the average track length decreases, meaning that the motile cells become less motile. A
further decrease is observed for the 8h point, after which motility completely ceases. A large variation
was observed both on the Al99.5 and the AA2024 samples.
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(a) The percentage of cells considered motile on Al99.5 and AA2024

(b) The average velocity of the motile tracks on Al99.5 and AA2024

(c) The average track length of the motile cells

Figure 3.21: Motility and velocity on Al99.5 and AA2024­T3; the whiskers represent one standard deviation
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As can be seen from Figure 3.21b there is a considerable variability in the average velocity of the
tracks. Which is consistent with the observation that cells move at different speeds. Additionally, there
is also a large variability in the velocity for each individual track. This is consistent with the observation
that cells move intermittently and can remain stationary for a period of time before moving again. The
maximum velocity observed was 7.47 µm/s, however, this may be caused by the cell (temporarily)
detaching and flowing in the liquid rather than gliding over the surface. Nevertheless, maximum speeds
of around 2.5­3.0 µm/s were observed for gliding cells, see Figure 3.22.

Figure 3.22: Maximum velocity measured on polished Al99.5 and AA2024­T3

Cells were able to move both forwards and backwards (bidirectionality), meaning they were able to
change direction 180∘, without having to turn around. Which is consistent with earlier observations for
raphid diatoms, albeit on different substrates [13], [58]. In addition, it was decided to loosely classify
tracks into categories: straight lines, circles, random, shunting or stationary (non­motile). Most of the
tracks on both substrates could be sorted in either the straight lines or random category. Movement
along a curve was classified as circles, these tracks occurred less, but were observed on both sub­
strates. Shunting behavior (the cell moving backwards and forwards but with no net change in position)
was also observed. While this behavior was observed on both substrates, it was the dominant type
of movement for the observation done on Al99.5 at 8h, see Figure 3.23. This behavior is somewhat
similar to which was observed earlier on Al99.5 in Figure 3.16a. During this experiment, however, this
behavior was only observed after 8h, while in subsection 3.3.3 the behavior was observed immediately
upon immersion. For Amphora coffeaeformis it was observed that their random movement was ellip­
soidal, but that cells were capable of traveling in a straight line when reacting to a chemical gradient
[27], [59]. During this research, no baseline random measurement was done, making it not possible to
determine whether their behavior is coordinated.
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Figure 3.23: Shunting behavior as observed on sample C­99.5 after an immersion time of 8h

3.4.2. Interaction of the diatoms with IM particles

The diatoms’ travel paths were also reviewed with regards to the IM particles, an example of these
results can be seen in Figure 3.24. From these results, no definitive conclusions could be drawn on
avoidance/attraction behavior of the diatoms with regards to the IMs. All types of IM particles were
crossed by diatom paths. In addition, cells did not appear to linger on certain IMs. Cells that did linger,
did not necessarily do this on a location with an IM particle. However, there were several regions in
the were the diatoms did not appear to cross through (the orange oval in Figure 3.24). These regions
were generally low in IMs, however, more research is required to draw solid conclusions. For additional
information on the identification of the IMs and all the IM maps with diatom tracks, see Appendix A.

Figure 3.24: Example (C­2024) of a color coded IM map with the diatom tracks overlaid; green = AlCu, red = AlCuMg, blue =
AlCuFeMn, yellow = AlCuFeMnSi, cyan = other; immersion time was 4h; the orange oval shows a region that the diatoms did
not appear to cross and is low IMs
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There are several factors apart from the chemistry of the surface that may be of influence. One
phenomenon that was observed when studying the raw data and that clearly influenced the diatoms’
path, but not related to the chemical characteristics of the substrate, was the mechanical interaction
between cells. Cells were observed to collide with each other and to stay interlocked for a while before
separating again. In addition, some diatoms are able to react to chemical concentration gradients and
to local cell concentrations [27]. The surfaces were prepared to have a roughness of 1 µm, but it was
visually observed that there were imperfections, which may result in a physical barrier for the cells.
However, this is unlikely, as the results in subsection 3.3.2 indicate that relatively large topologies can
be overcome. Finally, it is important to note that the substrate also undergoes chemical and physical
changes upon exposure to an electrolyte. Corrosion processes may locally release ions and create
a concentration gradient or locally cause a pH change. Additionally, physical changes such as the
creation of holes or accumulations of corrosion products can change the topology of the surface.

3.4.3. Post­processing

Based on literature, it is plausible that during motility, Cylindrotheca fusiformis secretes organic material
in the form of trails. Although it has not been reported for this diatom species. Whether this organic
material adheres to the surface and what the chemical and physical characteristics are, is unknown.
AB staining, fluorescence microscopy and Raman spectroscopy were used to post­mortem investigate
the samples used for the motility study. In addition, post­mortem SEM images of sample C­2024 can
be found in subsection B.2.2.

Alcian Blue (AB) staining

The results of the staining with AB to detect organic material can be seen in Figure 3.25. For this
technique, the A samples form the motility study were used, meaning that they have been exposed
to a relatively low concentration cell suspension for 24h. There appears to be a difference between
the Al99.5 and AA2024 sample. The AA2024 shows a clear blue hue, which becomes even more
pronounced on the magnified image, this blue hue is absent on the Al99.5 sample. This indicates that
there is a difference in the organic matter that is secreted on both substrates. It could be that more
EPS is secreted on the AA2024, or perhaps that the organic matter is more adhesive on the AA2024,
meaning less of it is washed away during rinsing. One should keep in mind that AB is used to stain a
specific type of EPS, namely acid polysaccharides (TEP), meaning the difference could also be in the
composition of the EPS.

This method was used to indicate whether there is organic material left on the surface after diatom
motility, and it appears to be successful. Comparing it with samples only exposed to medium (see
Figure 3.26), there appears to be stained material on the diatom exposed AA2024 sample, which is
absent on the medium only sample.
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Figure 3.25: Images of an Al99.5 and AA2024 sample stained with AB after 24h exposure to a diatom cell suspension; the red
arrows indicate the blue hue on the AA2024­T3 sample

Figure 3.26: Image a AA2024­T3 sample stained with AB after 24h exposure to only mix Si medium
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Raman spectra

An attempt was made to detect potential motility trails using Raman spectroscopy. The samples used
for this technique, were the B & C samples from the motility study, meaning that they have been ex­
posed to a relatively low concentration cell suspension for 24h. An advantage is that the Raman setup
allows for mapping, meaning it is possible to get an overview of a small specific region. For ease of
comparison, one representative spectrum for each of the investigated samples was chosen, the re­
sults can be seen in Figure 3.27 and Figure 3.28. The bands of interest are the same as for FTIR, so
the amide I, II and III regions (1700 cm­1 ­ 1200 cm­1), the carbohydrate region (<1200 cm­1) and the
O H stretch around 3350 cm­1. The spectra as displayed here have been processed by subtracting
the baseline, filtering out cosmic rays and have been smoothed for clarity.

The Raman spectra for Al99.5 can be seen in Figure 3.27. When analyzing the Al99.5 spectra it is
clear that there are peaks on the diatom exposed samples, which are not on the medium only exposed
sample. Most noticeable are the larger peaks that appear in the region of 800­1850 cm­1. A peak that
is present on both diatom exposed substrates is the peak around 890 cm­1, which is in the fingerprint
region, meaning it is difficult to identify the exact cause for this peak. However, it is notably absent in
the sample that has been exposed to medium only and it lies in the region that indicates carbohydrates.
Another prominent peak which remained unidentified but is present on the diatom exposed samples
but absent on the medium only exposed sample is around 1830­1850 cm­1. There are several peaks
in the region of 1700 cm­1 ­ 1200 cm­1, these can be indicative of proteins as they correspond to amide
groups. A peak that is noticeably absent, is the broad one around ±3350 cm­1 which indicates the
O H stretch. The spectra obtained from the Al99.5 samples indicate that there is organic material
left on the substrate after 24h exposure.

Figure 3.27: Raman spectra for Al 99.5 samples exposed to diatoms suspension or medium only for 24h; sample B & C are
those used in the motility study

The Raman spectra for 2024 show some interesting results, as can be seen in Figure 3.28. Several
peaks appear on the medium exposed sample, these are located at 585 cm­1, 885 cm­1, 1431 cm­1,
1735 cm­1 and 1853 cm­1. These are assumed to be caused by the underlying substrate and the
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medium. The next result to note is the difference between both the diatom exposed samples: sample
B shows almost no signal, while sample C shows some clear peaks. This could be caused by the fact
that the EPS coverage may not be homogeneous, meaning that there could be parts of the substrate
which are not covered with EPS. On sample C, peaks to note are located around 900­1150 cm­1, 1300­
1450 cm­1, 1600­1860 cm­1 and two large ones around 2900 cm­1 and around 3500 cm­1. Similar to the
FTIR spectra, the broad peak on sample C around 3500 cm­1 is likely caused by O H bonds. The
peaks around 2889 cm­1 and 2937 cm­1 are consistent with research done on the mucilage of Navicula
sp. [60]. In this research, two Raman peaks were found at 2882 cm­1 and 2936 cm­1. These were
identified as the CH2 and CH3 asymmetric and symmetric stretches, which could be
indicative of carbohydrates. In addition, the peaks between 1700­1200 cm­1 could be prescribed to
either the amide I, II or III regions, which could indicate the presence of proteins. Finally, some peaks
can be found in the region indicative of carbohydrates on sample C­2024, which are also absent on
sample B­2024.

Figure 3.28: Raman spectra for AA2024 samples exposed to diatoms suspension or medium only for 24h and one sample that
has had the same pre­treatment of polishing and UV­treatment but no exposure

Several points should be taken into account when analyzing these Raman spectra. The signal is
not very strong, making it difficult to distinguish the exact location of the peaks. This may be tweaked
by altering the settings on the machine or by post­processing. However, too rigorous smoothing may
result in information being lost. It might be that the material left by the diatoms is simply too little to give
a strong signal and is limited by the detection limit of the machine. Secondly, the surface of AA2024
is not homogeneous which can result in different Raman spectra for different locations, this was not
accounted for in these analyses. Additionally, it was not investigated how corrosion products could
potentially influence the spectra.

The main objective of taking these spectra, was to see whether it was possible to determine whether
there was organic material on the substrates after 24h exposure to a low concentration cell suspension.
These spectra show clear indications that there is indeed organic material on the surface in the form of
peaks in the carbohydrate and amide (protein) regions, which corresponds with what would be expected
in Cylindrotheca fusiformis motility trails.
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Fluorescence microscopy

The results from the fluorescence microscopy can be found in Figure 3.29. Several things can be
observed from this image, the first being that the negative control (medium exposure only) also shows
fluorescence. This may be caused by the settings of the microscope. Alternatively this may be caused
by something on the aluminum substrate or the conditioning layer exhibiting fluorescence. Another
observation is that the positive control (visible biofilm) shows the least fluorescence. Which could
mean that the layer of biofilm is blocking the signal from underneath. However, on the Al99.5 sample
with the visible biofilm, several fluorescent clouds can be seen, which are suspected to be some kind
of EPS. In addition, a fluorescent signal can be seen from the cells on both the biofilm samples and the
AA2024 5­day LC exposure sample.

This method was intended to see whether it was possible to detect if there are trails left during
Cylindrotheca fusiformis motility. From the image it becomes clear that either this method of detection
or sample preparation is not suitable or that Cylindrotheca does not leave trails during motility, as no
trails were detected. However, the latter is unlikely, as both the AB staining and the Raman spectra
indicate the prescence of organic material on the surface after 24h low concentration diatom exposure.

Figure 3.29: Fluorescent images taken of various substrates under various conditions; LC indicates low concentration, HC
indicates high concentration
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3.5. Direct comparison of Al99.5 and AA2024­T3
In order to eliminate biological factors between samples and to confirm the potential preference for
AA2024 over Al99.5, a direct comparison was made between a Al99.5 and AA2024 sample exposed
to the same cell suspension.

3.5.1. High concentration trial

Figure 3.30 shows an image taken of the two materials. From this image it is not directly clear whether
the cells have a preference as both substrates have cells on them. However, from visual inspection of
this high concentration trial, it appears that there are more cells on the AA2024 substrate. In addition,
there are also cells that settled on the epoxy gap and an agglomerate can be seen at the bottom of
the image. Which could mean they could prefer the epoxy over either metal. The average general
motility was also monitored immediately after immersion, resulting in similar averages of 3.1% and
2.9% motility for Al99.5 and AA2024 respectively.

Figure 3.30: Image of the Al99.5, AA2024 and the epoxy, taken with the KeyenceWide­Area 3DMeasurement SystemController,
VR­5000 at 40x magnification after about 1h of immersion; left is the Al99.5 substrate, middle is the epoxy resin, right is the
AA2024 sample; the closeup is taken at 160x magnification
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3.5.2. Direct comparison of the diatoms’ motility

A direct comparison experiment was done using the same conditions as the motility study, the results
of which are displayed in Figure 3.31. Initially, there is more motility on the Al99.5 substrate, but this
decreases rapidly. Themotility of the AA2024 also decreases over time, but less steeply than for Al99.5.
This is only partly in agreement with earlier measurements.As in previous experiments it was observed
that the motility stayed constant or even increased over 24h on AA2024 (except for sample A­2024 from
section 3.4), while in this direct comparison it decreases to essentially no movement over the course
of 6h. Figure 3.31 shows that the motility of the Al99.5 decreases more rapidly than for AA2024. In
addition, the starting general average motility on Al99.5 is less than observed in section 3.4 and more
decreases rapidly.

This could potentially be explained by the fact that the Al99.5 and AA2024 are exposed to the same
cell suspension. This means that any (toxic) products that are released in the electrolyte can diffuse
throughout the entire electrolyte, affecting cells on both substrates. In addition, it should be noted that
effect of the epoxy was not further investigated, but this may also influence the cells’ behavior, as the
agglomerates as in Figure 3.30 might suggest.

Figure 3.31: The average general motility of Al99.5 and AA2024­T3 over 24h in a direct comparison
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3.6. General discussion
This section contains some general discussion points regarding the relation betweenmotility and biofilm
formation and the diatoms’ interaction with the substrate that came up during the course of this project.

3.6.1. Motility vs. biofilm formation

During this research, the diatoms’ motility and biofilm forming capabilities were investigated separately.
It was observed that the combination of the low volume (1 mL) and the relatively low concentration (<3
x 104 cells/mL) used in the motility studies did not cause a biofilm to grow, independently of the surface
composition and topology. This combination of factors was required due to several limitations of the
setup used to observe motility. During the motility trials, it was found that the low volume was required
to get good quality data for motility observation. Additionally, the low concentration was required to be
able to study the motility of individual cells on a substrate. It was also observed that increasing the
volume and the concentration, does lead to biofilm formation.

Rather than forming biofilms, it was observed that white aggregations formed over time for the low
volume, low concentration samples. These aggregates are suspected to contain (dead) diatoms, as
the cells were not observed to be on the surface anymore. These aggregates most likely also contain
EPS as cells under nutrient stress or during cell lysis excrete high concentrations of TEP, which plays a
role in aggregation [20]. Finally, it likely also contains precipitates from the medium. These precipitates
also formed when there were no diatoms present in the medium, but does not form in the bottles the
medium is kept in. This suggests that the medium and the metal undergo some kind of interaction
to form these precipitates. However, it was not possible with optical microscopy to discern individual
components. Additional chemical analysis could perhaps determine the individual components.

An important step into unraveling diatom motility and their interaction with the substrate is to under­
stand why diatoms move. From a biological point of view, it would be logical that it is part of a survival
strategy. For example, to be able to migrate to a region with a more beneficial climate for survival
and reproduction. In nature, benthic diatoms’ motility serves to move towards the light during daylight
hours, while settling back into the nutrient rich sediment at night [61]. Experiments have shown that
diatoms are capable of chemotaxis, for example as reaction to concentrations of certain sugars [62]
and dissolved silicic acid [58]. The authors suggest that dSi­directed movement may be the cause of
the patchy nature of biofilms. This is an important aspect to investigate, as this may be a key fac­
tor in forming homogeneous biofilms. Another key factor in creating homogeneous biofilm is the cell
concentration. In a study using Amphora coffaeaformis, it was reported that cells moved away from
cell aggregates [27]. The effect of cell concentration on motility and on biofilm formation should be
investigated for Cylindrotheca fusiformis.
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3.6.2. Interaction with the substrate

Interestingly, in this study, the motility trend appears to be substrate related, while in an earlier motility
study on glass and PDMSE, the motility trend appeared to be mainly species specific, see Figure 3.32
[63]. Also note, that for this study the motility became equal on glass and PSMSE after 5h. This is
partly contrary to what was observed during this thesis, as the motility between Al99.5 and AA2024
diverged more over time when investigated separately in section 3.4. When investigated in the same
cell suspension as in section 3.5, the Al99.5 and AA2024 showed a similar equalizing effect at 6h. It
should be noted that the number of cells tracked in [63] were significantly higher (1074­2474 cells)
compared to this project (max. 30 cells).

Figure 3.32: The motility of three diatom species monitored on acid washed glass and PDMSE over the course of 24h; ♦ = glass,
♢ = PDMSE [63]
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It is expected that there is an interaction between the materials’ corrosion processes and the di­
atoms (MIC). However, the alloys did not corrode as fast as expected in the medium. This effect was
observed both with and without the diatoms present for AA2024, suggesting that it there is a buffer ef­
fect caused by (a component of) the medium and the alloy. One thing that was observed with regards to
corrosion, is that the cells avoided a relatively large corrosion spot that originated in one of the indents
in sample B­2024, see Figure 3.33a. Cells have been observed moving to the edge of the spot and
either staying there or continue moving in a different direction, this may be caused by chemical and/or
physical changes in this area. Post­mortem SEM imaging of that location shows a clear deposit which
may have been a physical barrier for the diatoms, see Figure 3.33b. However, additional research is
required to unravel the exact interaction between Cylindrotheca fusiformis and AA2024 corrosion.

(a) Optical image of the corrosion spot on sample B­2024 (b) SEM image of the corrosion spot on sample B­2024 (mag:270x)

Figure 3.33: Corrosion spot located near the indent on sample B­2024; the cells appear to avoid the location

The effect of aluminum in seawater and diatoms has been studied in the context of seawater con­
tamination. It was found that different diatom species have different sensitivities for aluminum toxicity.
In addition, a species dependent effect was discovered with respect to the roles of dissolved aluminum
and precipitated aluminum [64]. During this project, the tests were performed on solid aluminum sub­
strates, but over the course of exposure it is possible dissolved aluminum was released in the medium,
see Figure 3.34. As toxicity is concentration related, this may explain why the cells appeared to have
died in the motility studies conditions. The motility study was performed with a very low volume (1 mL),
leading to a very high substrate/liquid ratio. This may have caused the concentration of dissolved Al
to be high enough to kill the cells. This would also be consistent with the observation that the cul­
tures used for the biofilm formation experiment did not collapse, as these were performed at higher cell
concentrations and volumes.

Figure 3.34: Corrosion on AA2024 could lead to Al being released into the medium; adapted from [65]
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It has been reported that a higher starting cell density led to an increased sensitivity to aluminum
toxicity in diatoms C. closterium and P. triconutum [64]. This is contrary to other studies done for
microalga Selenastrum capricornutum for copper, zinc and cadmium [57]. In this particular study the a
higher cell concentration led to a decrease in sensitivity. The latter would be consistent with what was
found during this project: that a low cell concentration in combination with a low volume did not lead to
biofilm formation because of Al toxicity, while biofilm formation was possible at higher concentrations
(and volumes). This decrease in toxicity was hypothesized to come from lower metal accumulation
rates or by less metal bound per cell [57]. While an increase in sensitivity with cell concentration was
thought to come from nutrient depletion, which stresses the cells and could have led to increased
sensitivity [64]. It should be noted that the volume and concentration effect have not been investigated
separately during this project, meaning it might be either one or a combination of both.

While not investigated, the authors of the aforementioned study stress the possible effect the metal
speciation may have [64]. This could be a reason for the difference observed between Al99.5 and
AA2024. Al99.5 might cause the Al to be in a more toxic speciation than AA2024, causing a more rapid
decline of motility. This would also be consistent with the observation during the test where the two
metals were exposed to the same cell suspension (section 3.5), in which the cells on AA2024 followed
a similar decline in motility as those on Al99.5, as in this case they were connected through the liquid
allowing molecules to diffuse throughout. Aluminum (III) speciation in seawater is partly pH dependent,
see Figure 3.35 [66]. The pH of the medium is ±7, and can rise for growing diatom cultures, e.g. a
randomly sampled culture was found to have a pH of ±8. In addition, local corrosion processes can
also cause the pH to locally rise up to 9.5 above AlCu IMs [35]. However, this is less likely as only
limited corrosion was observed during the motility studies. Nevertheless, a (locally) varying pH may
cause a change in Al speciation.

Figure 3.35: The Al(III) species distribution in seawater; adapted from [66]

Previous research showed that different species interact differently with substrates, which can result
in different biofilms. It is also known that different species excrete different EPS, which has an effect
on coating properties. In recent research it was shown that Cylindrotheca fusiformis had a very rapid
growth rate compared to A. coffeaeformis and N.incerta, two other biofilm forming species. This may
cause the biofilm to be unstable, due to the fact that a nutrient­limited environment is created which
leads to the internal nutrient transport rate to increase. In addition, the TEP production of C. fusiformis
was less after 70h compared to two other marine species [20]. As it is suspected that TEP plays an
important role in biofilm formation, it might be useful to investigate other species on aluminum alloys.
While disintegration of the biofilm was not observed in this study, it is advised to keep this in mind for
future studies. Fouling species such as A. coffeaeformis and C. australis have both been researched
in the context of adhesion, their adhesive material and motility, albeit on different substrates and could
perhaps serve as a good reference.



4
Conclusions

The research objective of this project was to assess the potential of using diatoms for coating purposes
on aerospace aluminum alloys by investigating the interaction between the cells and the aluminum
alloy substrate. The following questions with various aspects were formulated to serve as a guideline:

RQ1. In what way does the aluminum alloy composition affect the biofilm formation by Cylindrotheca
fusiformis?

To answer this question, the biofilm formation of the diatoms was studied in relation to the three different
factors: surface chemistry, surface preparation and growth medium.

Based on microscopical inspection, it is observed that C. fusiformis exhibits different biofilm for­
mation behavior on aerospace aluminum alloys with different compositions. The most homogeneous
biofilm was formed on AA7075 compared to Al99.5 and AA2024. The reason for this may be the com­
positional difference. In addition, a relatively adhesive EPS film was formed on three different aluminum
alloys, which could not be removed easily from either Al99.5, AA2024 or AA7075. The EPS layer had a
different appearance on the different alloys and showed inhomogeneity on all tested alloys. A covering
biofilm grew on degreased­only as well as on polished samples, leading to conclude that C. fusiformis
can form films on various surface topologies. Finally, the growth medium was also investigated as a
non­substrate factor. It was found that a growth medium is required for the cells to form a thick visible
biofilm, but that the cells were able to adhere to a polished AA2024 surface even in low nutrient and
low silica conditions.

RQ2. Do the local composition variations in aluminum alloys affect the motility behavior of Cylin­
drotheca fusiformis?

The diatoms’ motility behavior was assessed in relation to three factors: surface chemistry, surface
preparation and immersion time.

Cylindrotheca fusiformis exhibited motility on all tested substrates and all topologies, demonstrating
a good capability of interacting with different aerospace alloys. The motility of C. fusiformis showed a
decrease over time on the Al99.5 substrate, while it remained constant on AA2024, leading to conclude
that aluminum alloy composition variations have an effect. Diatoms on Al99.5 also showed a decrease
in velocity and traveled distance over time. As the surfaces were given the same pre­treatment, and all
other conditions were kept equal and constant, it can be concluded that this effect is due to composition
variations. When an Al99.5 and AA2024 substrate were immersed into the same cell suspension at
the same time, the motility trend on both substrates showed a decrease over time. This effect could be
caused by aluminum species being released into the cell suspension, which may be toxic to diatoms
at high concentrations. The aluminum speciation and/or amount may be different for Al99.5 than for
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AA2024, which would be consistent with a substrate related difference. The effect of local composition
variations was also investigated by means of an analysis of the diatom tracks with regards to the IMs,
but this did not produce any conclusive results yet.

This research proved that Cylindrotheca fusiformis is able to form covering biofilms on various alu­
minum alloys. This behavior is dependent on the aluminum alloy substrate. In addition, the biofilm
formation was found to be dependent on cell concentration and volume, as low volumes and/or low
concentrations did not lead to biofilm formation on either Al99.5 or AA2024. These findings may be
used to as a factor to improve film formation for coating purposes. As an overall conclusion, this work
demonstrated that diatom­produced coatings on aerospace aluminum alloys are promising and deserve
further evaluation.



5
Recommendations

This project was exploratory research into the interaction between diatoms and aerospace alloys with
the future intent of using diatoms to generate coatings and/or pre­treatments. This work has laid the
base by demonstrating that Cylindrotheca fusiformis can form biofilms and shows motility on various
aluminum alloys with different topologies. In order to further explore their potential, the following rec­
ommendations for future work are made.

Considering the intent to use diatom­produced films as pre­treatments or coatings, their coating
properties should be analyzed. This work proved that relatively adhesive homogeneous biofilms and
EPS layers can be formed. A key component for a coating is sufficient adhesion to the underlying
substrate. This may be evaluated by for example a pull­off test. In order to test the properties of these
biofilms as coatings, it is important that they form a cohesive and homogeneous film, therefore it is
recommended to analyze the cohesiveness of the film. In case the cohesiveness and homogeneity is
insufficient for mechanical testing, it is recommended to study the effect of growth­related conditions
such as light, temperature, and nutrients. Alternatively, hybridizing the films with other polymers can
potentially improve their quality.

In order to properly assess the role diatoms may play in corrosion protection of aluminum alloys, it
is necessary to link their behavior to the alloys’ corrosion processes. During this work, the corrosion
seemed less than expected after a 14 day immersion in the Mix Si medium with and without diatoms
present. To further investigate this phenomenon, the time frame of an immersion experiment may
be extended until corrosion is observed. It is also recommended to test the corrosion protection of
the films, by immersing a substrate with a biofilm in a NaCl solution and compare it to a non­coated
alloy. The corrosion process can be monitored visually using the same software as in subsection 2.5.2
and by electrochemical measurements. In an investigation into the use of bacterial EPS for corrosion,
three criteria were formulated: (1) low intrinsic corrosiveness, (2) sufficient adhesiveness and (3) low
biodegradability by other microorganisms [67]. These criteria can serve as a starting point for further
evaluation of the corrosion protection performance. Alternatively, a pre­corroded substrate may be
exposed to a cell suspension to study the interaction between the cells and the corrosion products.
SEM/EDS may be used to identify the different corrosion products, to determine if the interaction is
alloy composition dependent. It would be interesting to see whether Cylindrotheca fusiformis is still
able to form a biofilm on corrosion affected areas.

With the current setup, the diatoms had to be taken out of the incubator for observation, causing
the cells to become re­suspended in the liquid and causing a change in lighting and temperature. The
temperature was measured for a 1 mL medium sample which was taken out of the incubator and left
out at room temperature for 1h. The temperature was found to rise from 14.5 ∘C to a stable 19.5 ∘C over
the course of the measurement. While it did not appear to kill the diatoms, the frequently changing cir­
cumstances may have an effect on their behavior. In order to minimize these effect, it is recommended
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to build the observation setup in a controlled environment such as in the incubator or a climate cham­
ber, allowing for constant observation without disturbances. The experimental setup can be further
optimized to enable monitoring of the motility behavior prior to biofilm formation. As during this work,
the biofilm formation and motility behavior had to be investigated in separate experiments. A biofilm
formation experiment in such controlled conditions can shed some light on where the diatoms decide
to settle to start forming the biofilm. This information can be combined with SEM/EDS to potentially re­
late the colonization behavior to the chemical composition of the surface. This experiment can provide
crucial information on the diatoms’ preferences, and subsequently its results can be valuable input to
the improvement of the biofilm formation process.

To investigate the hypothesis that the cells are unable to form a biofilm due to aluminum toxicity, an
post­aluminum­exposure analysis of the cell suspension is recommended. This may for example be
done using inductively coupled plasma­mass­spectroscopy (ICP­MS), which enables the detection of
low concentrations of elements (parts per billion). It can confirm the presence of dissolved aluminum in
the suspension and whether there is a difference between suspensions exposed to Al99.5 compared
to suspensions exposed to AA2024. In addition, the sensitivity of Cylindrotheca fusiformis to Al toxicity
can be evaluated by performing an experiment using dissolved aluminum. The combined results should
be able to show whether the Al toxicity hypothesis is plausible.

Interesting to explore would be a motility experiment under Si depleted conditions. As Si is also
present in IMs in AA2024, this experiment could indicate whether the diatoms are able to sense the
Si when it is bound into a solid and not in the chemical compound of silicic acid, which is the source
for diatom silica formation [58]. It has been reported that Si depletion has an influence on the motility
behavior. In a Si­poor environment, Seminavis robusta exhibited a sort of ”searching behavior” whereby
the gliding speed of the diatoms increased. The cells also displayed directed motility towards dSi
sources when introduced [58]. It is interesting to investigate if this chemotaxis could possibly be used
to guide cells across a substrate, ensuring that the whole surface is covered in EPS/biofilm.

While the corrosion software and MTrackJ are able to quantify motility behavior, there are several
factors to take into account when analyzing the results. The first being that cells may have moved out
of the ROI making it impossible to track them. If they subsequently moved back into the frame, they
were considered as as a new cell track, leading to an overestimation of the number of cells that are
motile. Another limitation of the applied method is the inability to confirm whether cells actually are
attached to the substrate or floating above it. Cells may float just above the surface if excreted poly­
mers are unable to attach to the substrate properly. In addition, detach/re­attach behavior can also be
initiated by diatoms. This behavior was previously observed for motile species Amphora coffeaeformis
on a hydrophobic substrate [27]. And while the aluminum substrates in this work are hydrophilic, this
behavior was very likely also observed during the motility studies. The diatoms showed rapid orienta­
tion changes, sometimes combined with the cell becoming out of focus, which suggests that the cell
(temporarily) detaches from the surface and later re­attaches. It might also be possible for diatoms to
pivot around a point of contact, rather than being fully attached to the substrate. In order to analyze
this hypothesis, it is recommended to enhance the test setup, enabling cell tracking in 3D.

The techniques for quantifying TEP and chl­a are established, but the existing protocols had to be
tailored for the labs at TU Delft. For example, the filter setup used for the extraction of TEP and chl­a
from liquid cultures was custom built for this project. This setup was not functioning optimally, resulting
in inconsistent outcomes. Therefore, not all TEP and chl­a results are included in this thesis. However,
in order to link liquid culture characteristics to biofilm formation, it is advised to further analyze and
optimize these techniques.

Another technique that did not produce the intended results was the staining of the motility trails
using Stains­All (by Sigma­Aldrich). In literature, this carbocyanine dye was used to visualize the trails
left by the diatoms [12], [60]. However, this was done on glass and silica and not on ametallic substrate.
Attempts to use this dye on aluminum substrates during this project were unsuccessful. It is most likely
that Cylindrotheca fusiformis leaves trails during motility, however, different methods of visualization
and quantification are required. Trails have been successfully visualized using atomic force microscopy
[19], quartz crystal microbalance with dissipation monitoring [12] and using a combination of staining,
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freeze­drying and SEM [60]. These alternative techniques can serve as a basis to explore and further
develop methods for visualizing the trails on aluminum substrates.

A final recommendation is to increase the sample size as there was a considerable difference ob­
served during the motility study for the three samples of AA2024. While all three samples showed a
somewhat similar trend, the absolute numbers were quite different. Even if sample A­2024, the sample
which did not show any motility, is disregarded, there is still a considerable difference between samples
B and C, as average general motility was around 4x higher on sample C than on sample B. Whether
this is due to biological factors, the method or perhaps the differences between the aluminum alloy
samples remains unknown. Increasing the sample size can reduce this variation and uncertainty and
can perhaps also explain the differences between individual samples.





A
Appendix

A.1. Intermetallics identification
The intermetallics were identified based on their EDS spectra. See Figure A.1 for the four different
types of intermetallics and their spectra.
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A.2. Microstructural analysis of the substrate surface
The spectra of the IMs taken from the AA2024 samples used in the motility study were analyzed and
categorized into 4 categories:

1. AlCu (𝜃­phase)
2. AlCuMg (S­phase)
3. AlCuFeMn
4. AlCuFeMnSi

The results for each can be seen in Figure A.2. All samples were cut from the same plate, please
note that the compositions are given as a percentage of the analyzed IMs and not of the total number
of IMs on the sample. In all samples, the S­phase makes up the biggest part of the measured IMs.
However, in the characterization of the IMs it was decided to focus on the largest IMs, which might
introduce bias. Within the regions of interest, the IMs make up 1.6­2.5% of the total area. It is impor­
tant to check the nearest neighbor distance to ensure that it was possible for the diatoms to reach a
considerable number of IMs during the measurement time to investigate their influence. Using the nnd
plugin for ImageJ and visual confirmation, it was found that the distance between the particles varied
between 9.4 µm and 9.9 µm, which is small enough compared to the traveled path of the diatoms. The
total number of particles registered by during nnd plugin were 318 for sample A, 245 for sample B and
276 for sample C.

Figure A.2: The composition of the various measured IMs for the samples used in the motility study; the percentage is relative
percentage of the IMs analyzed; for sample A 55 IMs were analyzed, for sample B 59 IMs were analyzed, for sample C 70 IMs
were analyzed; the category ”other” contains IMs with compositions that could not be sorted into one of the categories
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A.3. Motility & intermetallics
This section contains the diatoms’ tracks overlaid with the IM map on the AA2024 samples used in
section 3.4. The color coding is as follows: green = AlCu, red = AlCuMg, blue = AlCuFeMn, yellow =
AlCuFeMnSi, cyan = other. The red oval indicate areas that appear to be avoided by the diatoms.

(a) Optical image of the tracks on B­AA2024 after 1h (b) Tracks on B­AA2024 after 1h on the intermetallics mask

Figure A.3: B­2024 tracks at the 1h measurement

(a) Optical image of the tracks on B­AA2024 after 16h (b) Tracks on B­AA2024 after 16h on the intermetallics mask

Figure A.4: B­2024 tracks at the 16h measurement
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(a) Optical image of the tracks on B­AA2024 after 20h (b) Tracks on B­AA2024 after 20h on the intermetallics mask

Figure A.5: B­2024 tracks at the 20h measurement

(a) Optical image of the tracks on C­AA2024 after 4h (b) Tracks on C­AA2024 after 4h on the intermetallics mask

Figure A.6: C­2024 tracks at the 4h measurement
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(a) Optical image of the tracks on C­AA2024 after 8h (b) Tracks on C­AA2024 after 8h on the intermetallics mask

Figure A.7: C­2024 tracks at the 8h measurement

(a) Optical image of the tracks on C­AA2024 after 24h (b) Tracks on C­AA2024 after 24h on the intermetallics mask

Figure A.8: C­2024 tracks at the 24h measurement
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A.4. Paths of the diatoms on Al99.5
This section contains the diatoms’ tracks on the Al99.5 samples used in section 3.4.

Figure A.9: Tracks on A­99.5 after 2h

Figure A.10: Tracks on B­99.5 after 1h
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Figure A.11: Tracks on C­99.5 after 4h

Figure A.12: Tracks on C­99.5 after 8h
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B.1. FTIR results
An FTIR spectrum was taken of the medium to compare to the biofilm spectra, see Figure B.1. The
medium spectrum shows three clear peaks. The peak around 3350 cm­1 is the O H stretch, which
is consistent with the medium being water based. The peak at 1640 cm­1 may be due by compounds in
the medium or to scissoring of H O H of H2O. A smaller broad peak is centered around 2100
cm­1, which is not present in the spectra taken from the biofilms.

Figure B.1: FTIR spectra of the dried biofilm on various substrates compared with the liquid Mix Si medium
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FTIR spectra were also obtained for the bare Al99.5 and AA2024 plates, see Figure B.2. The
only peak that stands out it the peak registered on the bare AA2024 around 935 cm­1, which remains
unexplained..

Figure B.2: FTIR spectra of the dried biofilm on various substrates compared with the bare substrates



B.2. SEM images 73

B.2. SEM images

B.2.1. Surface after biofilm removal

After biofilm removal, the surfaces of the Al99.5, AA2024­T3 and AA7075­T6 substrates were also
sputtered and imaged using the SEM. They all show a similar structure on the surface, which may be
the remaining EPS layer. The porous structure may be caused by damage done during the removal of
the biofilm layer. To confirm, additional chemical analysis should be performed.

Figure B.3: Surface of Al99.5 after biofilm removal imaged with the SEM (mag:4000x)

Figure B.4: Surface of AA2024­T3 after biofilm removal imaged with the SEM (mag:5000x)



74 B. Appendix

Figure B.5: Surface of AA7075­T6 after biofilm removal imaged with the SEM (mag:3300x)

B.2.2. Surfaces of samples exposed to a low concentration cell suspension for
24h

Figure B.6: Surface of C­2024 imaged with the SEM (mag:400x)
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Figure B.7: Surface of C­2024 imaged with the SEM (mag:2000x), a broken frustule can be seen, likely kept in place by EPSs

B.2.3. Surfaces of the samples in the biofilm experiment exposed to medium
with diatoms

Figure B.8: Biofilm on polished AA2024­T3 exposed to diatoms in medium for 14 days (mag:180x)
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Figure B.9: Biofilm on polished AA2024­T3 exposed to diatoms in medium for 14 days (mag:1200x)

B.2.4. Surfaces of the samples in the biofilm experiment exposed to NSW with
diatoms

Figure B.10: Biofilm on polished AA2024­T3 exposed to diatoms in NSW for 14 days (mag:500x)
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Figure B.11: Several cells from the biofilm on polished AA2024­T3 exposed to diatoms in NSW for 14 days (mag:1500x); the
amorphous structures may be EPS

Figure B.12: Broken frustule on the biofilm on polished AA2024­T3 exposed to diatoms in NSW for 14 days (mag:11000x)
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B.3. Staining with Stains­All
Based on literature, Stains­All was tried to visualize the tracks left by the diatoms duringmotility. Various
protocols were tried, varying the substrate and staining procedure. A representative surface after 24h
diatom exposure and staining with Stains­All can be seen in Figure B.13. In some places a faint blue
hue can be seen, but track visualization was not achieved.

Figure B.13: Aluminum surface after 24h diatom exposure stained with Stains­All
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C.1. Substrates after 24h of medium only exposure
To study the corrosion processes on Al99.5 and AA2024 without the influence of the diatoms, a Al99.5
and AA2024 were prepared the same as the motility samples and exposed to the mix Si medium for
24h, the results can be seen in Figure C.1. Corrosion during immersion was observed to be minimal om
both substrates. There were some corrosion spots forming on the AA2024 sample (see Figure C.2),
but this seemed to be limited to local spots not progressing to global corrosion of the substrate.

Figure C.1: An Al99.5 and AA2024­T3 which were exposed to 1 mL of mix Si medium for 24h to study corrosion; the spot that
can be seen in the bottom right figure is not corrosion, but some contamination of the medium floating around
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Figure C.2: A corrosion spot observed on AA2024­T3 after 8h immersion into the medium
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C.2. Effect UV treatment
The effect of the UV treatment to remove the potential carbon build­up was tested through a corrosion
experiment. Two 30x30mm2 polished AA2024­T3 were indented. A selected area was exposed to
the SEM beam for 3h to simulate the exposure of the samples used for the motility experiment. One
of these samples was UV treated for 10 minutes, while the other was not. Subsequently, they were
exposed to a 0.05M NaCl solution for 6h. In case there is carbon build­up, there would be different
corrosion behavior for that region compared to the rest of the substrate. The UV treatment should
remove this build­up, meaning the substrate should corrode equally in the exposed area as the rest of
the substrate. The results can be seen in Figure C.3, the areas in the red rectangles were exposed to
the SEM.

Figure C.3: Effect of 10 min UV treatment on polished AA2024­T3 visualized upon exposure to 0.05M NaCl solution; the areas
in the red rectangles were exposed to the SEM beam for 3h prior to immersion

The result for this test is inconclusive. For the top row, a difference would be expected between the
area in the red rectangle and the rest of the substrate. However, no clear difference can be discerned.
Similarly, the bottom row does not show a considerable difference between the area in the red rectangle
and the area outside it. Interestingly, there appears to be a considerably less corrosion on the UV
treated sample compared to no UV treatment.
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D.1. Chl­a measurements
Figure D.1 contains the growth curve for one of the cultures as well as the concentration chl­a. As
can be seen from the figure, the chl­a concentration follows the expectations as it increases expo­
nentially during the exponential growth phase and decreases in the stationary phase.However, the
concentrations as displayed here differ considerably from earlier chl­a measurements taken for similar
concentrations of cells [16]. Additionally, it became clear during measurements that the chl­a present
in 1 mL aliquots was close to the detection limit to the machine. Therefore it is advised to use higher
volume samples for chl­a extraction in future and that this technique is further optimized and validated
before using it in future research.

Figure D.1: Growth curve of Cylindrotheca fusiformis culture C compared to the chl­a concentration
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During the motility study chl­a samples were taken of the mother­lines and cell suspensions. The
concentrations of the cells suspensions were below the detection limit of the machine, the results for
the mother­lines are displayed in Figure D.2.

Figure D.2: Cell concentrations and chl­a concentrations for the mother­lines of Cylindrotheca fusiformis used in the motility
study

A spectrum for a higher chl­a concentration taken using the Jasco J815 spectrophotometer can be
seen in Figure D.3. It shows the excitation peak at 431 nm as well as the characteristic emission peak
at 671nm.

Figure D.3: Spectrum for acetone with and without chl­a before and after acidification with HCl; note the decrease in the peak
around 671 nm upon acidification
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D.2. TEP measurements
While the TEP setup did not function optimally, a calibration curve was successfully obtained, see
Figure D.4. This indicates that with the right optimization, TEP measurements can be made in future.

Figure D.4: A successful calibration curve obtained using the Perkin Elmer Lambda 35 spectrophotometer
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E.1. Growth curve for alternative species Chaetoceros calcitrans
During the initial phases of this project, another marine species Chaetoceros calcitrans was also kept
and a growth curve was generated (see). As Cylindrotheca fusiformis showed more potential, it was
decided discontinue experiments using Chaeroceros calcitrans.

Figure E.1: Growth curve for Chaetoceros calcitrans
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