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Summary

Bacterial biofilms are widespread and threaten health and the environment. Besides,
biofilms cause severe financial losses in various industrial sectors. Biofouling,
provoked by bacterial biofilms, is responsible for considerable damage, especially in
the marine sector and drinking water supply systems. Due to the high tolerance against
chemical agents as well as antibiotics by the bacteria present in a biofilm and the
increasing antibiotic resistance, the demand for alternative solutions to treat bacterial
biofilm formation is tremendous. Since biofilm formation is a consequence of bacterial
communication named quorum sensing (QS), blocking this communication offers a
promising non-biocidal alternative to classical treatments, a process termed quorum
quenching (QQ). Thus, this work aimed to establish an effective tool to analyze the
biofilm formation of marine and drinking water bacteria under native conditions and
identify putative biofilm-preventing drugs as well as surfaces less susceptible to biofilm

formation.

microfluidic flow cells are recommended for analyzing biofilms under native and
realistic conditions. However, the analysis of biofilms could not be performed
microscopically and macroscopically with the already available flow cell solutions.
Therefore, as the first step of this work, prototypes of optimized microfluidic flow cells
were designed and manufactured using CNC. These could be used for microscopic as

well as macroscopic biofilm analyses.

It is already known that external factors such as the surfaces, the nutrient composition,
and the bacterial community affect a bacterial biofilm. However, these studies were
often only carried out with model organisms. The next step included the investigation
of certain marine and drinking water bacteria. It was demonstrated that steel, in
particular, positively influenced the biofilm formation of the marine bacterium P.
gallaeciensis. A closer analysis of the composition of steel identified, among others,

Fe?* and Mn?* as biofilm-inducing elements.

Furthermore, the studies on the influence of nutrient composition identified B. nasdae
and P. gallaeciensis as producers of biofilm inhibiting and biofilm dispersing
compounds, respectively. However, the chemical nature of these substances remains

to be elucidated.
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Entomopathogenic bacteria of the genera Photorhabdus and Xenorhabdus provide a
large arsenal of secondary metabolites due to their complex life cycle. Therefore, these
natural products were screened for the potential of biofilm inhibition leading to the
identification of several compounds, such as phenylethylamides or xenofuranones,
which inhibited the biofilm formation of several bacteria. Moreover, it could be shown
that after the impregnation of plastic surfaces with selected compounds, the biofilm
inhibiting effect did not diminish. Additionally, the phenylethylamides inhibited
pyocyanin production in P. aeruginosa, which implied that the underlying mechanism
could be QQ. As some natural products are known to act as QQ drugs, the potential
QQ effect of natural products from entomopathogenic bacteria is discussed in this

work.

Finally, classes of tungsten oxides and cerium oxides were investigated for their
potential to inhibit biofilms. In this context, it was shown that the tungsten oxides exhibit
a haloperoxidase-like function and photothermal activity. Furthermore, in applying the
cerium oxides, besides the observable biofilm inhibition in Gram-negative bacteria, a
novel mechanism of action was identified in P. aeruginosa. In this process, the HQNO
was brominated, accompanied by reduced biofilm formation. It is assumed that
tungsten oxides and cerium oxides also interfere with bacterial QS in Gram-negative

bacteria.

In summary, the novel designed flow cells emerged to be highly suitable for future
biofilm inhibitory drug research. Furthermore, different natural compounds and
nanoparticle classes were identified as promising non-biocidal QQ drugs to prevent

bacterial biofilm formation in various application areas in the future.
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Zusammenfassung

Bakterielle Biofilme sind allgegenwartig und bedrohen die Gesundheit als auch die
Umwelt. AuRerdem verursachen Biofilme in verschiedenen Industriezweigen schwere
finanzielle Schaden. Biofouling, welches durch bakterielle Biofilme entsteht, ruft vor
allem im maritimen Bereich und in Trinkwasserversorgungssystemen erhebliche
Beeintrachtigungen hervor. Aufgrund der hohen Toleranz der im Biofilm vorhandenen
Bakterien gegeniber chemischen Agenzien und Antibiotika, sowie der zunehmenden
Antibiotikaresistenz, ist der Bedarf an alternativen Strategien, um bakterielle
Biofilmbildung zu inhibieren, immens. Bakterielle Biofilmbildung ist eine Konsequenz
von bakterieller Kommunikation, ein Prozess, der als ,Quorum sensing® (QS)
bezeichnet wird. Die Unterbindung der bakteriellen Kommunikation, als ,Quorum
quenching“ (QQ) bezeichnet, bietet daher eine vielversprechende nicht-biozide
Alternative zu klassischen Behandlungsmethoden. Ziel dieser Arbeit war es daher, ein
effizientes Werkzeug zur Analyse der Biofilmbildung von marinen und
Trinkwasserbakterien unter nativen Bedingungen zu entwickeln. Weiterhin sollten
maogliche Wirkstoffe zur Vermeidung der Biofilmbildung sowie Oberflachen identifiziert
werden, die fir die Biofilmbildung weniger anfallig sind.

Die Analyse von Biofilmen unter naturnahen Bedingungen erfolgt tblicherweise in
mikrofluidischen Durchflusszellen. Allerdings kann mit den herkdmmlichen
Durchflusszellen keine mikroskopische und makroskopische Biofilm-Analyse
durchgefiihrt werden. Daher wurden im ersten Schritt dieser Arbeit Prototypen von
optimierten mikrofluidischen Durchflusszellen entworfen und mittels CNC gefertigt.
Diese wurden dann sowohl fur die mikroskopische als auch die makroskopische

Analyse verwendet.

Es ist bekannt, dass externe Faktoren wie Oberflachen, Nahrstoffzusammensetzung
des Mediums oder Bakteriengemeinschaft des Biofilms den Aufbau des Biofilms
beeinflussen. Diese Studien wurden jedoch oft nur mit Modellorganismen
durchgefuhrt. Daher wurden ausgewahlte marine und Trinkwasserbakterien auf die
Biofilmbildung unter verschiedenen Bedingungen untersucht. Es zeigte sich, dass vor
allem Stahl die Biofilmbildung des Meeresbakteriums P. gallaeciensis positiv
beeinflusst. Bei naherer Analyse der Zusammensetzung von Stahl wurden unter

anderem Fe2* und Mn?* als Biofilm-induzierende Faktoren identifiziert.

X1V



Dariiber hinaus wurden in den Untersuchungen zum Einfluss der
Nahrstoffzusammensetzung sowohl B. nasdae als auch P. gallaeciensis als
Produzenten von biofilmhemmenden bzw. biofilmauflosenden Substanzen identifiziert.

Die chemische Natur dieser Substanzen muss jedoch noch geklart werden.

Entomopathogene Bakterien der Gattungen Photorhabdus und Xenorhabdus bieten
aufgrund ihres komplexen Lebenszyklus ein grol3es Spektrum an verschiedenen
Sekundarmetaboliten. Diese Naturstoffe wurden auf ihr Potenzial zur Biofilmhemmung
hin untersucht, wobei unterschiedliche Verbindungen wie z.B. Phenylethylamide oder
Xenofuranone identifiziert wurden, welche die Biofilmbildung verschiedener Bakterien
inhibierten. Zudem konnte gezeigt werden, dass nach der Impragnierung von
Kunststoffoberflachen mit ausgewéahlten Substanzen die biofilmhemmende Wirkung
nicht nachlasst. Ferner hemmten die Phenylethylamide die Pyocyaninproduktion in P.
aeruginosa, was den Schluss zulasst, dass der zugrunde liegende Wirkmechanismus
QQ sein konnte. Da bereits QQ-Naturstoffe bekannt sind, wird in dieser Arbeit die
Moglichkeit eines potenziellen QQ-Wirkmechanismus von Naturstoffen aus
entomopathogenen Bakterien diskutiert.

Weiterhin wurden verschiedene Klassen von Wolfram- und Ceroxiden auf ihr Potenzial
zur Inhibierung von Biofilmbildung untersucht. Dabei zeigte sich, dass Wolframoxide
eine Haloperoxidase-ahnliche Funktion und eine photothermische Aktivitat austiben.
Bei der Anwendung der Ceroxide wurde neben der beobachteten Biofilmhemmung von
Gram-negativen Bakterien auch ein neuartiger Wirkmechanismus auf P. aeruginosa
identifiziert. Bei diesem Verfahren wurde das HQNO bromiert, was mit einer
reduzierten Biofilmbildung einherging. Dies liel3 die Vermutung zu, dass Wolfram- und

Ceroxide ebenfalls das QS Gram-negativer Bakterien beeinflussen.

Zusammenfassend konnte im Rahmen dieser Arbeit gezeigt werden, dass die neuartig
gestalteten Durchflusszellen fir die zukunftige Entwicklung und Analyse von Biofilm-
inhibierenden  Wirkstoffen hervorragend geeignet sind. Weiterhin  wurden
verschiedene Naturstoffe und Nanopartikel-Klassen als vielversprechende nicht-
biozide QQ-Wirkstoffe identifiziert, welche fir die Inhibierung der bakteriellen
Biofilmbildung in verschiedenen Anwendungsbereichen in Zukunft eingesetzt werden

kdnnen.
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1 Introduction
1.1 Bacterial biofilms — a complex way of life
1.1.1 Properties of bacterial biofilms

In nature, bacteria exist in two different lifestyles. These are the planktonic cells, which
move freely, and the sessile counterparts, which together as a unit, form the so-called
biofilm (Berlanga and Guerrero, 2016; Hall-Stoodley et al., 2004; van Gestel et al.,
2015). The transfer process from one type of lifestyle to the other is bidirectional
(McDougald et al., 2012). However, the biofilm lifestyle is the most widespread and
successful way of life. Approximately up to 80% of the bacteria on earth are organized
in biofilms (Flemming and Wuertz, 2019; Stoodley et al., 2002; Watnick and Kolter,
2000).

Unlike their free-swimming planktonic counterparts, bacteria in biofilms are mainly
encountered on abiotic and biotic surfaces (Hall-Stoodley et al., 2004; Sweet et al.,
2011; Yin et al., 2019). The transition between the surface and the liquid media offers
perfect conditions for the adhesion and growth of the microorganisms (Donlan, 2002).
In addition to the surface attachment, the bacteria are surrounded by a self-produced
matrix consisting of extracellular polymeric substances (EPS) (Dunne, 2002;
Muhammad et al., 2020; Roche et al., 2012). The EPS matrix mostly accounts for up
to 90% of the total biofilm, while the embedded microorganisms represent only
approximately 10% (Costerton et al., 1987; Flemming and Wingender, 2010). The EPS
matrix not only ensures the stability and maintenance of the biofilm structure but also
functions as a protective layer against external toxic agents, impacts, and forces
(Flemming and Wingender, 2010; Penesyan et al., 2020; Sharma et al., 2019). Unlike
planktonic cells, bacteria organized in biofilms can withstand extreme environments
and survive under severe conditions due to the embedment in the EPS matrix (Van
Houdt and Michiels, 2010; Yin et al., 2019). In fact, it is already widely known that the
biofilm provides protection to bacteria from external influences such as extreme
temperature, high pressure, lack of nutrients, high salt levels, UV exposure, high pH
fluctuations, disinfectants, and treatment with various antibiotics (de Carvalho, 2017,
Harrison et al., 2007; Hathroubi et al., 2017; HoStacka et al., 2010; Hou et al., 2018;
Kim and Chong, 2017; Marsden et al., 2017; Norwood and Gilmour, 2001; Peng et al.,
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2002; Yin et al., 2019). Bacteria residing in a biofilm exhibit a 100 to 1000-fold
increased resistance to antibiotics in contrast to their planktonic counterparts (Sharma
et al., 2019). Moreover, the biofilm also shelters the bacteria from various predatory
protozoa that ingest the bacteria and from various immunological response
mechanisms of the host (Matz and Kjelleberg, 2005; Whiteley et al., 2001).

Besides the enhanced tolerances to environmental extremes, bacteria in biofilms also
differ from planktonic cells in terms of gene expression (Costerton et al., 1995;
Sanchez et al., 2019). In contrast to their planktonic counterparts, the expression of
various genes is upregulated or downregulated in the bacteria embedded in the biofilm.
The expression of genes coding, e.qg., for the synthesis of secondary metabolites, the
breakdown of iron or lipids, the transport of amino acids, or stress response, are
upregulated in the biofilm. Genes that, in turn, are responsible for DNA repair appear
to play a subordinate role in the biofilm, as they are downregulated (Berlanga and
Guerrero, 2016; Guilhen et al., 2016; Nakamura et al., 2016; Rumbo-Feal et al., 2013).

A biofilm may consist of only one bacterial strain or several different bacterial species.
Moreover, it is also likely that other organisms become part of a biofilm, such as
archaea, algae, fungi, yeasts, and protozoa (Bogino et al., 2013; Costa-Orlandi et al.,
2017; Muhammad et al., 2020; Raghupathi et al., 2018; Silva et al., 2014; Tomaras et
al., 2003). The fact that a biofilm is composed of multiple cells frequently draws
analogies to multicellular organisms (Penesyan et al., 2021). A certain division of labor
can often be observed within a biofilm composed of multiple species. As a result, a
surplus value is created for all participants since individual tasks, such as different
metabolic pathways, do not have to be carried out by all. Single cells thus can
specialize on one particular task and trade metabolites such as amino acids or various
saccharides amongst each other rather than having to perform the burden of a double
workload (Flemming et al., 2016; Fredrickson, 2015; van Gestel et al., 2015; Zelezniak
et al., 2015). The consortium of the phototrophic cyanobacterium Nostoc punctiforme
and the rock-growing fungus Sarcinomyces petricola is an exemplary case of a
synergistic division of labor in a biofilm consisting of different organisms. Here, the
bacteria supply the fungus with crucial nutrients, while the fungus, in return, distributes
substantial metals obtained from the stone (Gorbushina and Broughton, 2009).
Further, it might also be necessary that different types of metabolism are required in a
biofilm since different electron acceptors are available due to spatial constraints. One
example is the availability of oxygen in a biofilm. While the upper cell layers perform
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aerobic metabolism, the sub-surface microorganisms, in turn, apply anaerobic
metabolism. This kind of heterogeneity and division of labor is also known in biofilms
consisting of only one species (Boles et al., 2004; Dragos et al., 2018; Flemming et al.,
2016; Kragh et al., 2016; von Ohle et al., 2010). Nevertheless, not only cooperation
occurs between microorganisms in a biofilm, it also leads to competitive behavior.
Using different tactics, the microorganisms attempt to prevent the competitors from
gaining access to important nutrient sources or surfaces (Nadell et al., 2016;
Rendueles and Ghigo, 2015). Therefore, the microorganisms strive to surpass the
competition, e.g., by accelerated growth or by production of matrix components to
prevent access to desired sectors (Pfeiffer et al., 2001; Schluter et al., 2015; Xavier
and Foster, 2007). Furthermore, toxins and antibiotics have become more widespread
as warfare strategies to keep the competition at bay and eliminate other species
(Deschaine et al., 2018; Kobayashi and Ikemoto, 2019; Riley and Wertz, 2002; Schmitt
and Breinig, 2006).

Even though biofilms can be beneficial and partly be used for new biotechnological
applications, biofilms pose a significant threat to human health and generate high costs
in various industrial fields such as food production, shipping, oil, water distribution
systems, and medical facilities due to their tolerance of extreme conditions (Bott, 1998;
Busscher and Der Mei, 1995; Galié et al., 2018; Garrett et al., 2008; Halabi et al., 2001;
Kumar and Anand, 1998; Muhammad et al., 2020; Mukhi and Vishwanathan, 2022;
Nemati et al., 2001; Yin et al., 2019). Furthermore, it is estimated that due to rising
microbial resistance to antibiotics, the death toll will exceed 10 million annually by 2050
if alternative approaches are not considered (Rossi et al., 2020; Shallcross et al.,
2015).

1.1.2 |Initiation and development of bacterial biofilm formation and subsequent
detachment

The regulation mechanisms that are responsible for initiating the formation of biofilms
are diverse. Secondary messengers such as cyclic AMP and cyclic-di-GMP have a
major role to contribute, in addition to different environmental parameters, such as
extreme temperature, pH and oxygen levels, salt concentration, and UV irradiation.

Moreover, bacterial communication, known as quorum sensing (QS), also has a
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decisive influence on the formation of biofilms (Alotaibi and Bukhari, 2021; Amaning
Danquah et al., 2020; Galié et al., 2018; Goller and Romeo, 2008; Hall-Stoodley et al.,
2004; Lopez et al., 2010; Muhammad et al., 2020; O’Toole et al., 2000; Toyofuku et
al., 2016).

Cyclic-di-GMP was initially identified in Gluconoacetobacter xylinus as an initiator of
cellulose synthesis for the production of an extracellular cellulose matrix (Aloni et al.,
1982; Cotter and Stibitz, 2007; Ross et al., 1987). Furthermore, cyclic-di-GMP was
detected in other bacteria such as Pseudomonas aeruginosa, Vibrio cholerae, and
Salmonella enterica and has been assigned a major role in the induction of biofilm
formation (Hengge, 2009; Nair et al., 2017; Srivastava and Waters, 2012; Valentini and
Filloux, 2016). In P. aeruginosa, cyclic-di-GMP leads to a reduction of motility of the
bacteria as it binds to FleQ, which is a transcription factor that regulates the movement
of flagella. Since flagellar rotation regulates the first step in biofilm formation in P.
aeruginosa, biofilm initiation occurs (Baraquet and Harwood, 2013; Ha and O’Toole,
2015; Liang et al.,, 2007). Nevertheless, it is already known that cyclic-di-GMP
intervenes and also acts in later phases of biofilm development. In P. aeruginosa,
cyclic-di-GMP is indirectly involved in the final stage of biofilm development, referred
to as dispersion (Ha and O’'Toole, 2015; Nair et al., 2017; Roy et al., 2012; Yoon et al.,
2002). As cyclic-di-GMP, cyclic AMP is a secondary messenger involved in the process
of biofilm development. It was demonstrated in P. aeruginosa that cyclic AMP modifies
the hydrophobicity of the cell surface, affecting the stage of the irreversible attachment.
Moreover, it appears that cyclic AMP can affect the flagellar motor and thus regulate
surface adhesion (Ono et al., 2014; Schniederberend et al., 2019).

The process of bacterial biofilm development can be split into five phases (Fig. 1.1).
The first stage involves the reversible attachment of planktonic cells onto an aqueous
surface. Irreversible adhesion subsequently occurs in the second step. During the third
stage, the production of the extracellular matrix proceeds. This is followed by the
maturation of the biofilm in the fourth phase and finally by the last step, referred to as
detachment or dispersion (Berne et al., 2015; Hall-Stoodley et al., 2004; Hoffman et
al., 2015; Limoli et al., 2015; Muhammad et al., 2020; O’'Toole and Kolter, 1998;
Rumbaugh and Sauer, 2020).



Reversible Irreversible Growth Maturation Dispersion
attachment attachment

Fig. 1.1 The different steps of biofilm formation. Biofilm formation has five distinct steps:
reversible attachment, irreversible attachment, growth, maturation, and dispersion. Modified
from (Muhammad et al., 2020). Created with BioRender.com

Prior to the attachment of bacterial cells, however, a slight layer consisting of several
molecules is formed on biotic and abiotic surfaces that are exposed to an aqueous
solution, the so-called conditioning film (Bhagwat et al., 2021; Donlan, 2002; Loeb and
Neihof, 1975; Muhammad et al., 2020; Tuson and Weibel, 2013). Such compounds
may include various organic substances, for instance, polysaccharides, nucleic acids,
lipids, proteins, glycoproteins, carbohydrates, amino acids, or exopolysaccharides (Al
et al., 2020; Bakker et al., 2004; Berman and Passow, 2007; Bhagwat et al., 2021,
Compére et al., 2001; Jain and Bhosle, 2009; Rittle et al., 1990; Taylor et al., 1997).
Those compounds may alter the surface tension, roughness, or even the chemical
composition of the surface (Barth et al., 1989; Francius et al., 2017; Hogt et al., 1985;
Oga et al., 1988; Xu and Logan, 2005). Thus, such conditioning films often represent
an essential precondition for the formation of a complex microbial biofilm (Bhagwat et
al., 2021; Cooksey and Wigglesworth-Cooksey, 1995).

The initial stage of biofilm generation commences with the attachment of planktonic
cells to various surfaces. In this process, the bacteria might reach the surface either
passively, such as by Brownian motion, deposition, or by the flow of the fluid, or
actively, such as by, e.g., chemotaxis. The conditioning film on the surface can thereby
provide a positive stimulus attracting the bacteria (Lawrence et al., 2015; Palmer et al.,
2007; Porter et al., 2011; Vladimirov and Sourjik, 2009). Crucial for adhesion, however,
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is the hydrophobicity of the material surface as well as the bacterial cell surface. This
may differ from one bacterial genus to another, as it was shown that, e.g.,
Streptococcus mutans settles on surfaces with higher hydrophobicity, while, e.g.,
Listeria monocytogenes prefers to adhere to more hydrophilic surfaces (Chavant et al.,
2002; Katsikogianni and Missirlis, 2004; Vacheethasanee et al., 1998; Yu et al., 2016).
However, the adhering bacteria can detach at any time from the surface by own
movement or by the shear forces of the fluid stream (Carniello et al., 2018; Li and Tang,
2009).

The second phase of biofilm development involves the irreversible attachment of the
bacteria to the surfaces. Organelles such as flagella and pili or fimbriae are of key
importance in this process. (Berne et al., 2015; Petrova and Sauer, 2012). In L.
monocytogenes, mutants lacking flagella were shown to be unable to adhere to the
surface during certain incubation durations, in contrast to the wild type
(Vatanyoopaisarn et al., 2000). Besides it was observed that Streptococcus pyogenes
in the absence of developed pili was unable to attach to the surface of human cells,
such as mandelar epithelium or keratinocytes (Abbot et al., 2007; Beitelshees et al.,
2018). Apart from flagella and fimbriae, however, non-fimbrial adhesins also participate
in adherence to surfaces. In Gram-negative bacteria, non-fimbrial adhesins can be
distinguished into two categories. First, non-fimbrial adhesins, which are released by
a type 1 secretion system, and second, non-fimbrial adhesins, which are secreted by
a type 5 secretion system (Berne et al., 2015; Chagnot et al., 2013; Gerlach and
Hensel, 2007). Alongside the various adhesins, polysaccharides are also found to be
involved in attachment to surfaces. Basically, these can be divided into capsular
polysaccharides and extracellular polysaccharides. Briefly, capsular polysaccharides
form a type of capsule which is affiliated with the bacterial cell surface. In contrast,
extracellular polysaccharides are excreted into the environment (Berne et al., 2015;
Guo et al., 2008; K.-J. Lee et al., 2013; Vozza et al., 2016; Whitney and Howell, 2013).
For instance, in P. aeruginosa, the extracellular polysaccharides Pel and Psl take a
significant part during the phase of attachment (Colvin et al., 2012). At this stage of
biofilm development, QS additionally may have a tremendous impact on adherence
(Abraham, 2016; Muhammad et al., 2020; Zhou et al., 2020).

Further, during the third phase of the biofilm process, the adherent bacterial cells
initiate division, form so-called microcolonies, and produce the EPS (Muhammad et
al., 2020; Toyofuku et al., 2016). In this regard, the extracellular polysaccharide Psl
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has been shown to be instrumental in the organization of adherent cells into
microcolonies in P. aeruginosa (Zhao et al., 2013). Along with polysaccharides, the
EPS matrix also contains proteins, nucleic acids like extracellular DNA and RNA, lipids,
lipopolysaccharides, and biopolymers such as humic substances. Humic matter is
organic soil material, which can consist of proteins, carbohydrates, or lignin (Chatterjee
and Chaudhuri, 2006; Flemming et al., 2016; Flemming and Wingender, 2010;
Karygianni et al., 2020; Kelleher and Simpson, 2006; Poulin and Kuperman, 2021,
Wingender et al., 1999). Furthermore, within the EPS matrix, flagella, pili, or fimbriae
can be applied by the bacteria for stabilization reasons (Flemming and Wingender,
2010; Zogaj et al., 2001). However, depending on various environmental parameters,
such as temperature or oxygen content, the EPS matrix composition may differ
(Ahimou et al., 2007; Fang et al., 2013; Loustau et al., 2021; Toyofuku et al., 2016;
Yawata et al., 2008). While mechanically stabilizing and shielding the bacteria from
external extremes, the EPS matrix also serves as a water reservoir and carbohydrate
store. In the EPS matrixes of, e.g., Bacillus subtilis and P. aeruginosa, water channels
are incorporated to supply fresh nutrients to the cells and discard waste materials.
Furthermore, nutrient-rich sources can be isolated and occupied through the EPS
matrix. Additionally, a symbiotic relationship with animals and plants can be
established and a genetic exchange among the microorganisms can occur. As a result,
resistance genes to antibiotics, for instance, can be transferred via the EPS matrix
(Acosta-Jurado et al., 2021; Costa et al., 2018; Flemming et al., 2007; Hu et al., 2019;
Muhammad et al., 2020; Salama et al., 2016; Toyofuku et al., 2016; Yin et al., 2019).

The fourth phase of biofilm development is known as biofilm maturation. At this stage,
strong global alterations in gene expression occur, as genes responsible for motility or
the formation of adhesins and pili are down-regulated, and genes that promote sessile
coexistence in a bacterial community, such as the transport of carbohydrates, are up-
regulated (Beitelshees et al., 2018; Berlanga and Guerrero, 2016; Kostakioti et al.,
2013; Muhammad et al., 2020). Up to 50% of proteins within the same bacterial species
may differ between sessile cells embedded in a biofilm and the planktonic counterpart
since a novel environment may arise within the biofilm and different concentrations of,
e.g., nutrients, communication signals, or oxygen levels predominate (Sauer et al.,
2002; Stewart and Franklin, 2008). Following the completion of biofilm maturation, the
EPS matrix leads to spatially different gradients of nutrients and oxygen, which result

in so-called heterogeneity and a patrticular division of labor within the bacterial cells
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(Beitelshees et al., 2018; Penesyan et al., 2021; van Gestel et al., 2015). Once then
the biofilm reaches a certain bulk, the exterior cell layer eventually departs from the

mature biofilm (Dunne, 2002).

The final step in the process of biofilm growth is referred to as dispersion. At this stage,
the bacterial cells depart the mature biofilm and head off to colonize new surfaces.
Phenotypically, these cells differ from their sessile and planktonic counterparts (Chua
et al., 2014; Singh et al., 2017; Uppuluri and Lopez-Ribot, 2016). Cell and particle
detachment by mechanical impact, e.g., shear forces, can be passive. (Choi and
Morgenroth, 2003; Loosdrecht et al., 1997). Beyond that, grazing is another cause of
loss of biofilm mass. During this process, eukaryotic organisms and the biofilm-feeding
protozoa nourish on the cells in the biofilm (Petrova and Sauer, 2016; Seiler et al.,
2017; Stewart, 1993). Further reasons for a passive detachment include abrasion,
erosion, and so-called sloughing. When abrasion occurs, parts of the biofilm become
detached due to the collision of environmental particles. Conversely, in erosion, parts
of the biofilm are removed by friction. The term sloughing describes the process where
complete intact sections of the biofilm or even the entire biofilm is completely removed
(Ageel and Liss, 2022; Rochex et al., 2009; Rumbaugh and Sauer, 2020; Telgmann et
al., 2004; Walter et al., 2013; Water Environment Federation, 2014). Contrary to this,
dispersion refers to an active procedure in which the sessile cells abandon the biofilm
due to environmental changes such as nutrient surplus, e.g., overflow of glutamate and
iron, nutrient shortage, e.g., limitation of iron or carbon sources, increase of
temperature, toxic product increase such as fermentation-formed acids, limitation of
oxygen levels, pH-level changes or enzymatic degradation of the EPS matrix (Basu
Roy and Sauer, 2014; Fleming and Rumbaugh, 2017; Gjermansen et al., 2010, 2005;
Glick et al., 2010; Guilhen et al., 2017; Kaplan, 2010; Lanter et al., 2014; Lee and Yoon,
2017; Nguyen et al., 2015; Pettigrew et al., 2014; Reddinger et al., 2016; Serra and
Hengge, 2014; Thormann et al., 2005; Uppuluri et al., 2010; Williamson et al., 2012).
Additionally, the dispersion can also be initiated by internal signaling molecules, such
as the concentration level of the secondary messenger cyclic-di-GMP within the biofilm
or by the production of certain fatty acids (Davies and Marques, 2009; Dean et al.,
2015; Dow et al., 2003; Kaplan, 2010; Marques et al., 2015; Wille and Coenye, 2020).
Throughout this final stage of biofilm development, genes encoding motility, virulence,
or EPS matrix degradation are upregulated, whereas genes responsible for adhesion

and EPS matrix production are downregulated (Bridges et al., 2020; Kostakioti et al.,
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2013; Pettigrew et al., 2014; Sauer et al., 2004; Toyofuku et al., 2016). However,
dispersion from the mature biofilm, apart from the advantage of settlement on novel
surfaces, also brings the disadvantage of surrendering certain attributes, such as
tolerance to antimicrobial agents (Bester et al., 2005; Fleming and Rumbaugh, 2018;
Rumbaugh and Sauer, 2020; Wille and Coenye, 2020). Nevertheless, detached
bacteria often pose a threat, as dispersed cells from the biofilm often extend or intensify
prevalent infections (Fleming and Rumbaugh, 2018; Marks et al., 2013). Cells of P.
aeruginosa detached from the biofiilm were capable of eliminating human
macrophages, which are involved in phagocytosis, more efficiently than the planktonic
variations (Chua et al., 2014).

1.2 Consequences of bacterial biofilms

1.2.1 Benefits of biofilms

Despite the risks, burdens, and threats, however, bacterial biofilms frequently find their
use in biotechnological implementations due to their specific properties (Berlanga and
Guerrero, 2016; Muhammad et al., 2020). For instance, biofilms can be grown in a
controlled environment in specific bioreactors enabling the fermentation products
generated by the biofilm cells, such as ethanol or lactic acid, to be subsequently
obtained on a large industrial scale (Ercan and Demirci, 2015; Maksimova, 2014;
Qureshi et al., 2005). Such special bioreactors are required to get access to particular
bacterial compounds, as it could be demonstrated that, e.g., Bacillus licheniformis did
not produce certain antimicrobial substances in liquid culture under shaking conditions
but in special bioreactors within the biofilm (Morikawa, 2006; Yan et al., 2003). Another
application sector suitable for deploying bacterial biofilms is sewage water processing
and bioremediation. Due to their higher tolerance, the microorganisms within the
biofilm help to degrade pollutants. Wastewater contains a large number of hazardous
organic and inorganic compounds, which can be eliminated using technology that
relies on biofilms. Frequently, bacterial metabolism is involved, which can break down
the hazardous substances into harmless side products by using, e.g., specific
enzymes. (Karigar and Rao, 2011; Naidoo and Olaniran, 2013; Turki et al., 2017; Van

Dillewijn et al., 2009; Yamashita and Yamamoto-lkemoto, 2014). Further applications
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of bacterial biofilms can be found in agriculture. Due to their tolerance to drought, salt
stress, or pH changes, biofilms offer several advantages and serve as biofertilizers.
They increase the growth of the plants, thus improving the quality of the harvest. In
addition, biofilms can act as a shield against pathogens (Das et al., 2017; Muhammad
et al., 2020; Pandit et al., 2020; Premarathna et al., 2022).

1.2.2 Effects of bacterial biofiims on human health

Bacterial biofilms are, in fact, responsible for over 60% of bacterial infections and up
to 80% of all chronic infections. In the USA alone, more than 1.7 million infections
contracted in hospitals result from bacterial biofilms annually. It is evaluated that over
500.000 people die per year in the USA only due to the consequences of infections
caused by bacterial biofilms (Fleming and Rumbaugh, 2017; Jamal et al., 2018; Lewis,
2001; Moscoso et al., 2009; Penesyan et al., 2021; Rémling et al., 2014; VanEpps and
Younger, 2016; Wi and Patel, 2018; Wolcott et al., 2010; Zhou et al., 2020). In many
cases, infections caused by bacterial biofilms develop relatively slowly and cannot be
controlled by antimicrobial treatments or the immune system (Vestby et al., 2020).
Harmful biofilms mostly accumulate on the surfaces of medical devices or on living and
dead host tissues (Dongari-Bagtzoglou, 2008; Guzman-Soto et al., 2021; Koo et al.,
2017; Wi and Patel, 2018). Such medical devices include, for example, pacemakers,
catheters, contact lenses, orthopedic implants, heart valves, dental implants, breast
implants, and tracheal tubes (Fig. 1.2) (Arciola et al., 2015; Beloin et al., 2017; Donlan,
2001; El-Ganiny et al., 2017; Guzméan-Soto et al., 2021; Jamal et al., 2018; Lebeaux
et al., 2014; Murugan et al., 2016; Rieger et al., 2013; Santos et al., 2011; VanEpps
and Younger, 2016; Veerachamy et al., 2014; Zimmerli and Sendi, 2017). The most
abundant bacteria that can be encountered in biofilms on medical devices are
Enterococcus faecalis, Staphylococcus epidermidis, Staphylococcus aureus,
Klebsiella pneumoniae, and P. aeruginosa. Among the most frequent, particularly in
developing countries, hospital-acquired infections, such as circulatory bloodstream
infections, derive from S. aureus and S. epidermidis. Additionally, up to 2/3 of the
bacterial infections that originate from implanted medical devices are the result of
Staphylococcus species (M. Chen et al., 2013; Chessa et al., 2015; Darouiche, 2001,
Donlan, 2001; Khatoon et al., 2018; Muhammad et al., 2020; Oliveira et al., 2018;
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Rupp, 2014; Schroll et al., 2010; Zheng et al., 2018). Staphylococcus spec. are Gram-
positive bacteria that often colonize human skin and mucosa (Baron, 1996; Rossi et
al., 2020; Tong et al., 2015). Other infections and diseases that can arise due to
colonization of bacterial biofiilm on organs and tissues are, e.g., urethritis,
osteomyelitis, endocarditis, bacterial vaginosis, cystic fibrosis, respiratory tract
infections, otitis media, and oral diseases such as periodontitis and caries (Akyildiz et
al., 2013; Filardo et al., 2019; Guzman-Soto et al., 2021; Hamilos, 2019; Khatoon et
al., 2018; Lebeaux et al., 2014; Masters et al., 2019; Muhammad et al., 2020; Southey-
Pillig et al., 2005). For instance, in cystic fibrosis, a mutation in a gene encoding a
transmembrane regulator leads to the formation of excessively thick and sticky mucus,
which can subsequently be colonized by pathogenic bacteria. These include the
bacteria S. aureus, P. aeruginosa, and the Burkholderia cepacia complex, with P.
aeruginosa being crucial for chronic inflammation in later stages. It could be shown
that epithelial cells affected by cystic fibrosis were significantly less capable of
phagocytosis against P. aeruginosa than healthy epithelial cells (Bhagirath et al., 2016;
Malhotra et al., 2019; Pier et al., 1997). In addition, P. aeruginosa also poses quite a
threat in colonizing water-bearing pipes and forming biofilms in plumbing systems of
hospitals, residential buildings, and office buildings. Together with Mycobacterium
avium, Legionella pneumophila, Acinetobacter baumanii, Aeromonas hydrophila,
Stenotrophomonas maltophila, and Methylobacterium spec., P. aeruginosa ranks
among the so-called opportunistic premise plumbing pathogens (OPPPs), which can
cause severe courses of bloodstream or respiratory infections such as bacterially
provoked pneumonia or septicemia (Falkinham, 2015; Falkinham et al., 2015; Hayward
et al., 2022; Kanamori et al., 2016; Loveday et al., 2014; Masaka et al., 2021,
Szwetkowski and Falkinham, 2020). Pathogenic bacteria are also likely to spread
directly on food or other surfaces that are involved in the food industry and form
biofilms, meaning that diseases can be contracted by the consumption of bacterial
biofilms (Camargo et al., 2017; Galié et al., 2018; Mizan et al., 2015). Besides, biofilms
can also indirectly represent a health hazard. Due to colonization of, e.g., dental
implants, corrosion might occur, and particles such as TiO2 can eventually detach from
the surface and cause inflammation in the oral cavity, e.g., peri-implantitis (Apaza-
Bedoya et al., 2017; Mombelli et al., 2018; Noronha Oliveira et al., 2018).
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Fig. 1.2 Biofilm formation on various medical devices. (A) A knee prosthesis is covered on
one side with biofilm. The biofilm was stained with Congo red. Modified from (Schoenmakers
et al., 2021). (B) A prototype of a coated urinary catheter with biofilm presence. Modified from
(Levering et al., 2016). (C) A cross-section of a silicone catheter. The interior area is exposed
to biofilm. Modified from (Stickler, 2008).

1.2.3 Consequences of biofilms for the environment

Apart from endangering human health, biofilms also constitute an immense burden for
a variety of environmental sectors (Muhammad et al., 2020; Vishwakarma, 2019). In
agueous environments, such as the marine one, biofilm formation can be the precursor
to so-called biofouling (Fig. 1.3) (de Carvalho, 2018; Fletcher, 1994; Qian et al., 2022).
Two types of fouling can be distinguished: microfouling and macrofouling. The former
describes the attachment of, e.g., bacteria, microalgae, and diatoms. Macrofouling, on
the other hand, refers to the attachment of larger organisms such as mussels, oysters,
barnacles, or algae (Agostini et al., 2019; Cao et al., 2011; de Carvalho, 2018;
Kanematsu and Barry, 2020). Bacteria of the Rhodobacteriaceae family, such as
Phaeobacter spec., are well known to be primary colonizers of, e.g., harbor surfaces
and thus able to initiate biofilm formation (Dang et al., 2008; de Carvalho, 2018; Garrity
et al., 2015; Gram et al., 2015). Biofouling often occurs on man-made surfaces such
as ship hulls or pipes (de Carvalho, 2018; Muhammad et al., 2020; Qian et al., 2022;
Railkin, 2003). Due to fouling on hulls, surface roughness and friction are increased,
resulting in additional fuel consumption to maintain the same speed. This, in turn, has
a negative impact on the environment and climate change through increased CO2
emissions (Demirel et al., 2017; Hakim et al., 2019; Schultz, 2007; Schultz et al., 2011).

A further concern with biofouling on ship hulls is the spread of alien species, which
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then compete with the native ones for special niches. Due to predation and
competitiveness, the native ecosystem may no longer be in balance, impacting,
therefore, the marine environment (Hakim et al., 2019; Minchin and Gollasch, 2003;
Muhammad et al., 2020; Ulman et al., 2019).

However, biofouling can also pose issues on plastic surfaces. Fouling can impact the
buoyancy of microplastics that are present in the ocean, causing the particles to sink
and settle in the sediment. Another challenge of overgrown microplastics is the
ingestion of the particles by, for example, oysters, which intend to feed on the bacteria
and thus also indirectly ingest microplastics, which can have a negative effect on the
metabolism and therefore lead to health concerns. Furthermore, microplastics can
introduce alien species that pose a threat to native species due to transportation (Fabra
et al., 2021; Kaiser et al., 2017; Lobelle and Cunliffe, 2011; Qian et al., 2022; Song et
al., 2022).

Another major challenge associated with biofouling is the fouling of reverse osmosis
membranes, which are used for the treatment and desalination of, e.g., wastewater
and seawater (Fig. 1.3). Due to the microorganisms, clogging of the membrane can
occur, which subsequently requires significantly more energy to purify the water or
generally results in lower flow rates and reduced permeability. In addition, biofouling
reduces the service lifetime of the membranes due to damages, requiring them to be
exchanged more often. The formation of biofilms on such membranes is frequently
initiated by Sphingomonas spec. (Abd El Aleem et al., 1998; Al-Abri et al., 2019;
Bereschenko et al., 2010; Flemming, 2002; Maddah and Chogle, 2017; Matin et al.,
2011).

Further environmental concerns caused by biofilms include microbially induced
corrosion (Fig. 1.3). In this process, pipe materials such as metals or even concrete
are damaged by the bacterial production of sulfuric acid or other corrosive metabolites
or by electrons released from the metals. These kinds of damages can result in leakage
of the pipe contents, causing an environmental hazard such as the 2006 Alaskan spill
of 750,000 liters of oil due to biocorrosion. Another example of microbially induced
corrosion is the 2015 leakage of 100,000 tons of methane (Chaudhari et al., 2022;
Conley et al., 2016; Dou et al., 2021, Little et al., 2020).
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Fig. 1.3 Influence of biofilm and biofouling on a range of environmental domains. (A) A
ship's hull affected by biofouling. The hull covered with barnacles was laid bare on the dry
dock. Modified from (Callow and Callow, 2011). (B) A pipeline affected by microbially induced
corrosion. The bacteria have contributed to the material damage. Modified from (Makhlouf and
Botello, 2018). (C) A reverse osmosis membrane is subject to biofouling. Biofouling clogs the
channels and results in dysfunctional membranes. Modified from (Voutchkov, 2017).

1.2.4 Economic consequences of biofilms

Besides affecting health and the environment, biofilms adversely impact healthcare
and several industrial sectors in financial terms. Approximately the financial impact of
biofilms globally is estimated to be almost $4,000 billion per year (Fig. 1.4) (Camara et
al., 2022; Hofer, 2022). In the U.S., up to 500,000 intravascular implant infections occur
annually. For these, treatment costs can rise to as much as $56,000 per infection (M.
Chen et al., 2013; Maki et al., 2006; Uckay et al., 2009). In addition, hospital-acquired
infections result in an approximate cost of over $11 billion in the U.S. alone (R6mling
et al., 2014; Wi and Patel, 2018). Collectively, the global healthcare system expense
for infections attributed to biofilms approached $281 billion in 2017 (Camara et al.,
2022).

Apart from the healthcare system, other areas are also subject to biofilms, such as the
food industry and water distribution (Camara et al., 2022; Carrascosa et al., 2021;
Chan et al., 2019; Fish et al., 2016; Galié et al., 2018). Thus, the estimated cost of an
infection caused by OPPPs is about $500 million per year (Falkinham, 2015).
Moreover, annual expenditures in the U.S. for foodborne pathogen infections are
reported to be approximately $78 billion (Bai et al., 2021). Consumables in the EU
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contaminated with L. monocytogenes cost the manufacturer about $30 million,

including callback, transportation, and annihilation (Camara et al., 2022).

Biofilms and biofouling generate high costs in the marine sector as well. In aquaculture,
for example, biofouling leads to annual expenses of up to $3 billion (de Carvalho, 2018;
Fitridge et al., 2012). In addition, fouled ship hulls require 15-20% more fuel to sustain
velocity (Camara et al., 2022; Farkas et al., 2020). Besides, biofouling on ship hulls
costs the U.S. Navy roughly $56 million per year solely for the DDG-51 destroyer class
(Schultz et al., 2011).

Latterly, the oil and gas sectors are also tormented by high financial burdens due to
the formation of biofilms. Microbial-induced corrosion accounts for 20-30% of the
corrosion cases in the oil and gas industry. Approximately 70-95% of leaking pipelines
reportedly originate from microbial-induced corrosion (Camara et al., 2022; de
Carvalho, 2018; Skovhus et al., 2017). In total, corrosion contributes to two-thirds of

the overall costs incurred by biofilm formation (Hofer, 2022).

$3,967bn $1,283bn
(excluding corrosion)

B Medical and human health
M Personal care
Oral care
B Homecare
M Built environment
M Food and agriculture
m Water and waste water
m Energy and waste
Marine
® Qil and gas
Other mech. & civil eng.

Fig. 1.4 The financial relevance of biofilms in different sectors. All affected sectors,
including corrosion, are plotted on the left side of the pie charts. On the right side, the corrosion
has been skipped for illustrative purposes. Modified from (Camara et al., 2022).
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1.3 Quorum sensing — the way of bacterial communication

The formation of bacterial biofilm is frequently regulated by cell-to-cell communication,
referred to as QS. By means of QS, the entire bacterial population's behavior can be
coordinated. Besides biofilm formation, these include, e.g., the production of
secondary metabolites or the formation of common goods, bioluminescence,
sporulation, the production of virulence factors, or even the generation of antibiotics.
Initially, QS was studied based on the bioluminescence of the marine bacterium Vibrio
fischeri. As QS is not lucrative for an individual bacterial cell, it only occurs above a
threshold population cell density. The process of QS includes the synthesis, clearance,
assembly, and sensing of extracellular signaling molecules, termed autoinducers (Als).
Receptors present in the bacteria can detect these signal molecules, thereby activating
the expression of QS-controlled genes. Moreover, the expression of genes coding for
the autoinducer synthase usually are also activated, resulting in an increased
production and thus increased concentration levels of the signal molecules.
Furthermore, bacteria can communicate not only within their own genus but often also
across species, using different autoinducers. The QS systems among Gram-positive
and Gram-negative bacteria are different, however, they have a similar mechanism
and fulfill similar functions (Barnard et al., 2007; Bassler et al., 1994, Bassler and
Losick, 2006; Bronesky et al., 2016; Coquant et al., 2020; de Kievit and Iglewski, 2000;
Eickhoff and Bassler, 2018; Engebrecht et al., 1983; Liu et al., 2007; Miller and Bassler,
2001; Mukherjee and Bassler, 2019; Nealson et al., 1970; Ng and Bassler, 2009;
Papenfort and Bassler, 2016; Pena et al., 2019; Rutherford and Bassler, 2012; Tobias
et al., 2020; Waters and Bassler, 2005; Wu and Luo, 2021).

1.3.1 Quorum sensing in Gram-positive bacteria

In Gram-positive bacteria, peptides are used as Als for QS. Initially, precursor peptides
are produced by the ribosomes, which subsequently undergo various posttranslational
modifications, such as isoprenylation, for e.g., improved stability (Le and Otto, 2015;
Monnet and Gardan, 2015; Novick and Geisinger, 2008; Okada et al., 2017; Sturme et
al., 2002; Verbeke et al., 2017). The peptide length can range from 5 to 17 amino acids.

Furthermore, those peptides can be found in linear and cyclic forms (Bouillaut et al.,
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2008; Okada et al., 2005; Rutherford and Bassler, 2012; Thoendel et al., 2011; Wu
and Luo, 2021).

As the peptides are not membrane permeable, custom transporters are required.
Consequently, release involves a membrane-bound ATP-binding cassette (ABC)
transporter. In Gram-positive bacteria, the receptors consist of a two-component
system featuring a membrane-bound histidine sensor kinase and a response regulator
protein in the cytoplasm. Typical examples include the Fsr system in E. faecalis which
is most likely responsible for the virulence and biofilm development, and the Agr
systemin S. aureus, which regulates pathogenesis. At a certain threshold, the peptides
bind to the receptors, resulting in autophosphorylation of the histidine kinase. The
phosphate group is then transferred to the response regulator protein. The
phosphorylated response regulator protein then binds to the DNA and activates the
expression of specific genes (Fig. 1.5). Additionally, self-induction occurs by activation
of the genes encoding for precursors, transporters, receptors, and regulators.
Moreover, peptides in S. aureus tend to show variability and have undergone evolution
along with their corresponding receptors, enabling peptides from other strains to exhibit
an inhibitory effect (Ali et al., 2022, 2017; Eickhoff and Bassler, 2018; Geisinger et al.,
2009; Ji et al., 1995; Lyon et al., 2002; Michiels et al., 2001; Miller and Bassler, 2001;
Monnet and Gardan, 2015; Ng and Bassler, 2009; Pinkston et al., 2011; Pomerantsev
et al., 2009; Simon et al., 2007; Sturme et al., 2002; Verbeke et al., 2017; Waters and
Bassler, 2005; Wu and Luo, 2021; Zschiedrich et al., 2016).
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Fig. 1.5 The prototypical QS system of Gram-positive bacteria. In Gram-positive bacteria,
peptides are used as signal molecules secreted by active export. When accumulated in the
medium, the signal molecule is sensed by histidine sensor kinase. The sensor kinase then
transfers the phosphoryl group to the cognate response regulator, which then binds to DNA
and activates or deactivates the expression of specific genes. Modified from (Ng and Bassler,
2009; Sankar Ganesh and Ravishankar Rai, 2018). Created with BioRender.com

1.3.2 Quorum sensing in Gram-negative bacteria

In contrast to Gram-positive bacteria, the signaling molecules in Gram-negative
bacteria belong largely to the category of so-called acyl homoserine lactones (AHLS).
Those are characterized by an N-acylated homoserine lactone ring, which is linked to
an acyl chain. The length of the chain may vary between 4 and 18 carbons, thus often
influencing the stability. Moreover, various modifications at the Cs position of the acyl
chain might occur (Coquant et al., 2020; Galloway et al., 2011; Ng and Bassler, 2009;
von Bodman et al., 2008; Wu and Luo, 2021).

QS-driven gene expression in Gram-negative bacteria often utilizes the regulatory
Luxl/ LuxR system. It was first described in V. fischeri, and homologs were since then
found in abundant different bacteria. In this process, the AHLs are synthesized by LuxI

and subsequently released into the environment. Exceeding a certain autoinducer level
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induces binding to the LuxR receptor with ensuing activation of specific genes (Fig.
1.6). Furthermore, activation of the genes encoding for the LuxI synthase and the LuxR
receptor also takes place. Hence, a positive feedback loop is established, which is
necessary for the synchronization within the bacterial population (Case et al., 2008;
Coquant et al., 2020; Engebrecht and Silverman, 1984; Ng and Bassler, 2009; Parsek
et al., 1999; Sifri, 2008; Verbeke et al., 2017).

Furthermore, Luxl synthases do not represent an exclusive way to synthesize AHLSs.
For example, in Vibrio harveyi, a LuxM synthase has been identified, which is not
homologous to Luxl and is involved in the production of AHLs (Bassler et al., 1994,
1993; Ng and Bassler, 2009; Wu and Luo, 2021). In addition, bacteria also possess
LuxR receptors without the corresponding Luxl synthase. Consequently, it is possible
for bacteria to detect a signal molecule without synthesizing this substance on their
own. These receptors are referred to as LUuxR orphans or LuxR solos (Brameyer et al.,
2014; Coquant et al., 2020; Hudaiberdiev et al., 2015; Patankar and Gonzalez, 2009;
Prescott and Decho, 2020; Subramoni and Venturi, 2009; Tobias et al., 2020).

However, there can be found bacteria that do not use AHLs for the QS system. For
example, in the bacterial genus Photorhabdus, the QS system regulates cell clumping.
For this purpose, Photorhabdus luminescens utilizes photopyrones as signal
molecules, while Photorhabdus asymbiotica, a human-pathogenic bacterium, uses
dialkylresorcinols. The photopyrones are synthesized by the synthase PpyS, while the
dialkylresorcinols are produced by the DarABC operon (Brameyer, 2015; Brameyer

and Heermann, 2016).
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Target genes

lux promoter

Fig. 1.6 The prototypical QS system of Gram-negative bacteria. Luxl synthase produces
the acyl homoserine lactones, which diffuse out of the cell. At high accumulation, the AHLs
bind to the LuxR receptor, which then binds to the promoter region of specific genes modulating
gene expression. Modified from (Ng and Bassler, 2009; Sankar Ganesh and Ravishankar Rai,
2018). Created with BioRender.com

1.3.3 Quorum sensing in Pseudomonas aeruginosa

Besides the prototypical QS system of Gram-negative bacteria, the communication’s
molecular mechanisms can deviate or be more complex. One example of a complex
QS system is the Gram-negative opportunistic human pathogenic bacterium P.
aeruginosa, which is frequently used as a model organism for biofilm formation (Ding
et al., 2018; McDougald et al., 2008; Mulcahy et al., 2014; Tuon et al., 2022). Four
diverse QS systems have been identified in P. aeruginosa until now, all of which are

organized hierarchically (Fig.1.7) (J. Lee et al., 2013; Papenfort and Bassler, 2016).

Right at the top of the order is the las system. In this system, a Luxl/LuxR homolog is
involved, which uses the 3-oxo-Ci2 homoserine lactone synthesized by Lasl and
sensed by LasR as a signal molecule. In addition to its own lasl synthase gene, the

LasR-3-o0x0-Ci2-AHL complex activates the expression of rhll and rhIR, which encode
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the second rhl QS system. Furthermore, the expression of the genes pqsABCDH and
pgsR, which encode the third PQS (Pseudomonas quinolone signal) QS system, are
also induced. Finally, the fourth 1QS (integrated quorum sensing) QS system is also
affected by the las system if cultivation occurs in a rich medium. Additionally, the las
system is involved in the formation of biofilm as well as being accountable for the
production of virulence factors such as elastase, protease, and phospholipase C
(Chugani and Greenberg, 2010; de Kievit, 2009; Déziel et al., 2004; Groleau et al.,
2020; J. Lee et al., 2013; Lee and Zhang, 2015; Lee and Yoon, 2017; Malgaonkar and
Nair, 2019; Papenfort and Bassler, 2016; Sakuragi and Kolter, 2007; Seed et al., 1995).

Similarly, the rhl system is also a Luxl/LuxR homolog. In this case, the signal molecule
Cs-AHL is produced by the Rhll synthase and detected by the RhIR receptor. Likewise,
that system is capable of autoinducing its own synthase rhll gene, thus providing a
loop. Furthermore, RhIR can inhibit the gene expression of pgsABCDH and pgsR,
thereby blocking the PQS system. Besides biofilm formation, the rhl system is also
involved in the production of further virulence factors, including rhamnolipids,
phenazines, and pyocyanin (Cao et al., 2001; de Kievit et al., 2002; Ding et al., 2018;
Groleau et al., 2020; Lau et al., 2004; Lee and Yoon, 2017; Malgaonkar and Nair, 2019;
Mukherjee et al., 2017; Papenfort and Bassler, 2016; Soberon-Chavez et al., 2021,
Ventre et al., 2003; Winson et al., 1995).

The third QS system is the PQS system. The signaling molecules here are not AHLSs,
but the 2-heptyl-3-hydroxy-4-quinolone (PQS). Quinolones are widely reported to have
antibiotic properties, which in turn demonstrates that certain signaling molecules can
fulfill multiple functions. Subsequently, the genes pgsABCDE encode for the synthesis
of 2-heptyl-4-quinolone (HHQ), the precursor of PQS. Hydroxylation of HHQ is
subsequently carried out with the enzyme PqgsH, resulting in the formation of PQS.
PQS binds to the receptor PgsR allowing the complex to activate the expression of
several genes such as rhill and rhIR. As a result, the PQS system acts as a link between
the rhl and las QS systems. Moreover, the PQS system is considered responsible for
biofilm formation and the synthesis of virulence factors (Allegretta et al., 2017,
Cornforth and James, 1956; Heeb et al., 2011; Kostylev et al., 2019; Lee and Zhang,
2015; Lightbown and Jackson, 1956; Lin et al., 2018; McKnight et al., 2000; Papenfort
and Bassler, 2016; Pesci et al., 1999; Pezzoni et al., 2015).
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The fourth QS system, most recently described in P. aeruginosa, is known as 1QS.
This system can incorporate environmental stress into the QS network. The signal
molecule consists of 2-(2-hydroxyphenyl)-thiazole-4-carbaldehyde and is synthesized
by the expression of the gene cluster ambBCDE. Moreover, the IQS system is involved
in the production of virulence factors such as pyocyanin, elastase, and rhamnolipids.
In addition, under low phosphate conditions, the IQS system can replace the functions
of the las system through the activation of 1QS by the phosphate starvation protein
PhoB (Eickhoff and Bassler, 2018; J. Lee et al., 2013; Lee and Zhang, 2015; Papenfort
and Bassler, 2016).

Lastly, P. aeruginosa also carries a LuxR solo homolog, termed QscR, without
corresponding synthase. This receptor has a broader ligand specificity and can
therefore bind an array of AHLs such as Cs-AHL, Cio-AHL, 3-0x0-Cio-AHL, Ci2-AHL,
3-0x0-C12-AHL and Ci4-AHL (Ding et al., 2018; Fuqua, 2006; Lee et al., 2006;
Papenfort and Bassler, 2016).
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Fig. 1.7 QS in Pseudomonas aeruginosa. The QS system in P. aeruginosa contains four
different mechanisms, which are arranged hierarchically. At the top is the Las system, which
can control the other QS systems. Madified from (Papenfort and Bassler, 2016). Created with
BioRender.com

1.4 Quorum quenching — the counterpart of quorum sensing

Due to the rising bacterial resistance to antibiotics, it is essential to explore alternatives.
One option provides the interference of bacterial communication, known as quorum
quenching (QQ). As there is no inhibition of bacterial growth, less selection pressure
is applied, resulting in reduced resistance (Maeda et al., 2012; Paluch et al., 2020;
Zhong and He, 2021).

QQ refers to a natural mechanism, which, however, has also found usage in various
fields such as agricultural science, medicine, and various biotechnological applications
(Bzdrenga et al., 2017; Dong et al., 2007; Grandclément et al., 2016).

There are several ways QQ can affect the QS system (Fig. 1.8). On the one hand, the

synthesis of the autoinducer can be inhibited. On the other hand, inactivation or even
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degradation of the signal molecule is another possible mechanism for QQ. While
lactonases and acylases can degrade, e.g., AHLS, oxidases, and reductases merely
modify the signal molecule. Further, blocking the transport of the signal molecule and
using antagonists to prevent binding to the receptor is a further possible mechanism
for QQ. Finally, prevention of signal transduction is another QQ approach, e.g., by
blocking the formation of the signal molecule-receptor complex (Delago et al., 2016;
Grandclément et al., 2016; Hornby et al., 2001; Lade et al., 2014; Mclnnis and
Blackwell, 2011; Meschwitz et al., 2019; Ni et al., 2009; Paluch et al., 2020; Rampioni
et al., 2014, Roy et al., 2010).

QQ thus represents a promising alternative for controlling bacterial infections and
biofilms (F. Chen et al., 2013; Paluch et al., 2020; Zhou et al., 2020). The advantage
of QQ is that no toxic substances are used, as has been the case in the past, and
therefore bacterial growth is not affected. Furthermore, QQ might be an
environmentally friendly alternative, which, unlike traditional methods, may not impact
non-target organisms (Lade et al., 2014). In addition, using QQ exerts less selection
pressure on the microorganisms than previous antimicrobial solutions (Beckmann et
al., 2012; Maeda et al., 2012; Santhakumari and Ravi, 2019).

AHL degradation
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Fig. 1.8 Molecular mechanisms of QQ in Gram-negative bacteria. Either the production of
the signal can be inhibited, the signal can be degraded, or an antagonist can prevent the signal
molecule from binding to the receptor. Modified from (Paluch et al., 2020). Created with
BioRender.com
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1.5 Natural compounds from entomopathogenic bacteria as biofilm inhibitors

For the interruption of bacterial communication via QQ, natural substances often
produced biologically as well as synthetically are applied (Carette et al., 2020; Paluch
et al., 2020; Rossiter et al., 2017; Seghal Kiran et al., 2017).

The entomopathogenic bacteria of the genera Photorhabdus and Xenorhabdus belong
to the family of the Enterobacteriaceae and display an extensive armory of secondary
metabolites (Bode, 2009; Forst et al., 1997; Tobias et al., 2018). Besides, a wide range
of biosynthetic gene clusters is projected in both genera for the synthesis of natural
products, enabling the discovery of new active compounds (Bode, 2009; Chaston et
al., 2011; Tobias et al., 2018).

Photorhabdus inhabits a symbiotic relationship with the nematode Heterhorhabditis
(Waterfield et al., 2009), while Xenorhabdus is symbiotic with Steinernema nematodes
(Han and Ehlers, 2000). During the infective juvenile phase, the nematodes infect the
insects and deliver the bacteria into the hemocoel (Bode, 2009). Subsequently, the
bacteria produce various natural compounds and toxins in order not only to Kill the
insect and to provide therefore nutrients but also to stop other competitive
microorganisms from entering the carcass (Bode, 2009; Tobias et al., 2018). Once the
nutrients are depleted, the nematodes reabsorb the bacteria and move on in search of
further insects (Han and Ehlers, 2000; Tobias et al., 2016).

Since Photorhabdus features numerous LuxR solos, more than any further described
bacterial genus (Brameyer, 2015; Brameyer and Heermann, 2016), and possesses a
considerable repertoire of secondary metabolites (Bode, 2009), it can be assumed that
Photorhabdus can sense and potentially influence the communication of various
bacteria. Due to this fact, this work focused on the secondary metabolites from

entomopathogenic bacteria.
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1.6 Nanoparticles as a strategy to inhibit biofilm formation

Another promising novel approach to inhibit biofilms and thus reduce the harm to health
is the use of nanotechnology. Based on the chemical and physical attributes, which
are unique, as well as their antimicrobial characteristics, the effect of nanoparticles on
microbial infections and bacterial surface settlement is under research. As a result, it
IS gaining more and more recognition in various fields, such as medicine, materials
science, biomedical technology, and the food industry. For example, materials such as
platinum, iron, silver, titanium, gold, and zinc are used extensively in biomedical
diagnostics. Moreover, several metal oxide nanoparticles such as Fe3O0a4, ZnO, or even
TiO2 count among the most promising prospects. Furthermore, transition metal oxide
nanoparticles such as FeO or CuO also exhibit a meaningful anti-bacterial activity
(Alavi and Rai, 2019; Altaf et al., 2021; Asghar et al., 2020; Bhardwaj and Kaushik,
2017; Mirzaei et al., 2021; Paddle-Ledinek et al., 2006; Rau et al., 2017; Samuel and
Guggenbichler, 2004; Shkodenko et al., 2020).

Apart from the above, there are first examples that nanoparticles can be applied to
prevent bacteria directly or indirectly from communicating by using QQ (Elshaer and
Shaaban, 2021; Hayat et al., 2019; Masurkar et al., 2012; Qais et al., 2018).
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1.7 Scope of the thesis

Bacterial biofilms cannot only cause health hazards but also great damage to the
environment. Furthermore, financial losses across different industrial sectors are
substantial. The increasing antibiotic resistance results in a growing demand for
alternatives. Moreover, to tackle biofilms, an analysis under realistic conditions is
essential. Therefore, the main goal of this thesis is not only to develop a suitable
microfluidic way to analyze biofilms microscopically and macroscopically but also to

identify putative drugs for biofilm inhibition.

The first step should consist in designing and constructing optimized flow cells using
CAD, compensating for the disadvantages of the microfluidic solutions already
available in the state of the art. By using CNC milling, two different prototypes for
microscopic and macroscopic biofilm analyses should be developed based on one
precursor. Operating such a microfluidic system might provide a hint for further

improvements and developments concerning process automatization.

As itis already known that different external factors can affect the formation of bacterial
biofilm in model organisms and that the marine sector and drinking water supply
heavily suffer from biofilms, the second part of this thesis should include the
investigation of marine and drinking water bacteria involved in biofilm formation. For
this purpose, the effect of nutrient composition, incubation period, surface materials,
and the assembly of the biofilm itself should be analyzed. A closer examination of the
constitution of the affected surface materials could provide insight into the extent to
which bacterial biofilm formation may be accelerated by the commercial use of biofilm-

prone surfaces.

Considering that in nature, the answer to biofilm formation is often already provided
and that bacteria compete against each other, the next step should be the analysis of
biofilm-forming bacteria from the marine and drinking water sectors regarding their
ability to inhibit biofilms. Besides, it should be evaluated whether bacteria from these
sectors are able to disperse an already existing biofilm. If an effect emerged to be
evident, the properties of the potential agent should be analyzed, and the loss or
retention of function should be documented using different procedures. This could

provide further information on the nature of the respective candidate molecule.
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As bacteria of the genera, Photorhabdus and Xenorhabdus, have a large repertoire of
secondary metabolites due to their complex life cycles, the next step should include a
screening of various natural products on their ability to inhibit biofilm in marine and
drinking water bacteria. A variety of culture fluids from Photorhabdus and Xenorhabdus
should be utilized for this purpose. Should compounds exhibit an effect on biofilm
formation but no inhibiting or biocidal activity on planktonic cells, the virulence factor
pyocyanin from P. aeruginosa should serve as a readout as this might give a hint on
potential QQ as a putative molecular mode of action. In the case that natural
substances that can inhibit biofilm formation could be discovered, it should be
examined whether these substances retain an effect even after impregnation on plastic
surfaces. A realistic drinking water simulation station should be used for this study.
Additionally, a long-term experiment with pigment-coated plastic plates placed in the

microfluidic setup could provide information on the durability of the impregnation.

The increasing application of nanoparticles to address biofilm formation should be
explored as a further step by examining different tungsten oxide and cerium oxide
nanoparticles as another biofilm suppression strategy. Should nanoparticles display an
effect on biofilm formation but not affect planktonic cells, experiments with biosensors
should provide insights into eventual QQ activity. In the case that QQ activity could be
confirmed, the molecular mechanism should be enlightened by LC-MS analysis.

Furthermore, the impact of nanoparticle-coated surfaces should be investigated.
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2 Material and Methods

All chemicals used in this thesis had the highest degree of clarity and were labeled p.a.

(pro analysis), which stands for analytically pure. Unless otherwise stated, the

laboratory equipment and all the chemicals were obtained from Carl Roth (Karlsruhe),
Merck (Darmstadt), or Thermo Fisher (USA).

2.1 Cultivation media and buffers used in this work

The cultivation media and the respective buffers used in this work are listed in Table

2.1.1.

Table 2.1.1 The cultivation media used in this work. The nutrient media were used both for
cultivation of the bacteria and for biofilm formation.

Designation

Composition

LB

1% (w/v) tryptone, 0,5% (w/v) yeast extract, 1% (w/v) NaCl

2216

0,5% (w/v) peptone, 0,1% (w/v) yeast extract, 0,01% (w/v)
CeHsFeOv7, 1,945% (w/v) NaCl, 0,59% (w/v) MgClz, 0,324%
(w/v) Na2S04, 0,18% (w/v) CaClz, 0,055% (w/v) KCI,
0,016% (w/v) NaHCOs3, 0,008% (w/v) KBr, 0,0034% (w/v)
SrClz, 0,0022% (w/v) HzBO3s, 0,0004% (w/v) sodium
silicate, 0,00024% (w/v) NaF, 0,00016% (w/v) (NH4)NOs3,
0,0008% (w/v) Na2HPO4

M1

0,5% (w/v) soy peptone, 0,3% meat extract

MM

1% (w/v) tryptone, 0,5% (w/v) yeast extract, 2,5% (w/v)
NaCl

TSY

1,7% (w/v) casein peptone, 0,3% (w/v) soy peptone, 0,25%
(w/v) glucose, 0,5% (w/v) NaCl, 0,25% (w/v) K2HPOa4, 0,3%
(w/v) yeast extract, pH = 7.0

RS

0,025% (w/v) K2S0Oa4, 1% (w/v) MgCl2, 1% (w/v) glucose,
0,01% (w/v) casamino acids, 0,5% (w/v) yeast extract,
0,3% (w/v) Tris, adjust pH with HCI to 7,3, after autoclaving
addition of: 0,2% (v/v) trace element solution, 0,0005%
(w/v) KH2PO4, 2 mM CaClz

Trace element
solution for RS

0,04% (w/v) ZnClz2, 0,2% (w/v) FeCls x 6H20, 0,01% (w/v)
CuCl2 x 2H20, 0,01% (w/v) MnCl2z x 4H20, 0,01% (w/v)
Naz2B407 x 10H20, 0,01% (w/v) (NH4)6M07024 X 4H20

HD 1% (w/v) tryptone, 0,5% (w/v) yeast extract, 0,8% (w/v)
NaCl, 0,5% (w/v) glucose, pH =7
M9 0,4% (v/v) glucose, 1 mM MgSOa4, 0,3 mM CaClz, 0,75%

(w/v) Na2HPO4, 0,3% (w/v) KH2PO4, 0,5% (w/v) NacCl,
0,5% (w/v) NH4ClI
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PBS

137 mM NacCl, 2,7 mM KCI, 10 mM NazHPO4, 1,8 mM

KH2PO4, pH=7,4

Buffer Z

60 mM Na2HPO4, 40 mM NaH2PO4, 1 mM MgSO4, 50 mM

B-mercapto-EtOH

2.2 Bacterial strains and extracts used in this work

The bacterial strains used in this work and the resulting extracts are listed in Table

2.2.1.

Table 2.2.1 The microbes and the respective bacterial extracts used in this work.

Strain Modification Reference
Phaeobacter Wwild type (Ruiz-Ponte et al.,
gallaeciensis DSM 1998), (Buddruhs et al.,
26640 2013)

Phaeobacter inhibens | Wild type (Martens et al., 2006),

DSM 16374 (Vandecandelaere et
al., 2008), (Dogs et al.,
2013)

Pseudomonas Wwild type (He et al., 2004)

aeruginosa DSM 19882

Staphylococcus aureus | Wild type (Schleifer and Kocur,

subsp. aureus DSM 1973), (Wetzstein,

11823 2005)

Sphingomonas Wild type (Yabuuchi et al., 1990),

adhaesiva DSM 7418 (Feng et al., 2018)

Sphingomonas Wild type (Denner et al., 2001)

pituitosa DSM 13101

Brevundimonas nasdae | Wild type (Li et al., 2004)

DSM 100487

Brevundimonas Wild type (Segers et al., 1994)

diminuta DSM 7234

Methylobacterium Wild type (Green and Bousfield,

mesophilicum DSM 1982)

1708

Halotalea alkalilenta Wild type (Ntougias et al., 2007)

DSM 17697

Halomonas aquamarina | Wild type (Tindall, 2003)

DSM 4739

Bacillus licheniformis Wild type (Gibson, 1944)

DSM 1913

Exiguobacterium Wild type (Collins et al., 1983)

aurantiacum DSM 6209
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Agrobacterium
tumefaciens A136

Lacking the Ti Plasmid;
Insertion of pCF218-traR and
pCF372-tral::lacZ; TetR,
SpecR

(Watson et al., 1975),
(Zhu et al., 1998),
(Tang et al., 2013)

Klebsiella pneumoniae
subsp. pneumoniae
DSM 4270

Wild type

(Sproer et al., 1999)

Escherichia coli DH10B
MtaA-pCOLA-Para-Ptaci

Insertion of pCOLA with a Para
and Piac promoter serving as a
control

B (Gocthe-

Universitat Frankfurt am
Main)

Escherichia coli DH10B
MtaA-pCX39

Insertion of pCX39 for the
overproduction of secondary
metabolite class xenortides

B (Gocthe-

Universitat Frankfurt am
Main

Escherichia coli DH10B
MtaA-pCX39

Insertion of pCX39 for the
overproduction of secondary
metabolite class of
xenortides/tryptamines

(Goethe-
Universitat Frankfurt am
Main)

Escherichia coli DH10B
MtaA-pCX4

Insertion of pCX4 for the
overproduction of secondary
metabolite class of
nevaltophines

B (Gocthe-

Universitat Frankfurt am
Main)

Escherichia coli DH10B
MtaA-pCX41

Insertion of pCX41 for the
overproduction of secondary
metabolite class of
rhabdopeptides

B (Gocthe-

Universitat Frankfurt am
Main)

Escherichia coli DH10B
MtaA-pCX41

Insertion of pCX41 for the
overproduction of secondary
metabolite class of
rhabdopeptides/tryptamines

B (Gocthe-

Universitat Frankfurt am
Main)

Escherichia coli DH10B
MtaA-pCX47

Insertion of pCX47 for the
overproduction of secondary
metabolite class of
nematophines/tryptamines

B (Gocthe-

Universitat Frankfurt am
Main)

Escherichia coli DH10B
MtaA-pCX65-pCX61

Insertion of pCX65 and pCX61
for the overproduction of
secondary metabolite class of
putrescines

B (Gocthe-

Universitat Frankfurt am
Main)

Escherichia coli DH10B

Insertion of pCX71 for the

B (Gocthe-

MtaA-pCX71 overproduction of secondary Universitat Frankfurt am
metabolite class of Main)
leurhabdopeptides

Photorhabdus Wild type (Glaeser et al., 2017),

luminescens subsp. (Machado et al., 2018)

namnaonensis PB45.5

Photorhabdus Ahfq B Gocthe-

luminescens subsp.
namnaonensis PB45.5
Ahfq

Universitat Frankfurt am
Main)
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Photorhabdus
luminescens subsp.
namnaonensis PB45.5
Ahfg + pct83_145-
147/1

Ahfg; Production of secondary
metabolite class of kollosins

B (Gocthe-

Universitat Frankfurt am
Main)

Photorhabdus
luminescens subsp.
namnaonensis PB45.5
Ahfg + pct87_6/1

Ahfqg; Production of so far
unknown secondary
metabolites

B (Gocthe-

Universitat Frankfurt am
Main)

Photorhabdus
luminescens subsp.
namnaonensis PB45.5
Ahfq + pct87 7/1

Ahfq; Production of so far
unknown secondary
metabolites

B (Gocthe-

Universitat Frankfurt am
Main)

Photorhabdus
luminescens subsp.

Ahfq; Production of so far
unknown secondary

B (Gocthe-

Universitat Frankfurt am

namnaonensis PB45.5 | metabolites Main)
Ahfg + pct87 8-10/2
Photorhabdus Wild type (Fischer-Le Saux et al.,

luminescens subsp.
laumondii TTO1

1999)

Photorhabdus
luminescens subsp.
laumondii TTO1 +
antJ+++

Overexpression of antJ

B (Gocthe-

Universitat Frankfurt am
Main)

B (Gocthe-

Universitat Frankfurt am
Main

Photorhabdus AantJ
luminescens subsp.

laumondii TTO1 AantJ
Photorhabdus Ahfq

luminescens subsp.
laumondii TTO1 Ahfg

(Goethe-
Universitat Frankfurt am
Main

Photorhabdus
luminescens subsp.
laumondii TTO1 Ahfq
pCEP-KM-plu2670

Ahfq; Production of the
secondary metabolite class of
kolossins

(Goethe-
Universitat Frankfurt am
Main)

Photorhabdus
luminescens subsp.
laumondii TTO1 Ahfq
pCEP-KM-plu3130

Ahfqg; Production of so far
unknown secondary
metabolites

B (Gocthe-

Universitat Frankfurt am
Main)

Photorhabdus
luminescens subsp.
laumondii TTO1 Ahfq
pCEP-plul881

Ahfq; Production of the
secondary metabolite class of
glidobactins

B (Gocthe-

Universitat Frankfurt am
Main)

Photorhabdus
luminescens subsp.
laumondii TTO1 Ahfq
pCEP-plu3123

Ahfq; Production of the
secondary metabolite class of
ririwpeptides

B (Gocthe-

Universitat Frankfurt am
Main)

Photorhabdus
luminescens subsp.
laumondii TTO1 Ahfq
pCEP-plu3263

Ahfq; Production of the
secondary metabolite class of
GameXPeptides

B (Gocthe-

Universitat Frankfurt am
Main)
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Xenorhabdus doucetiae
DSM 17909

Wild type

(Tailliez et al., 2006)

Xenorhabdus doucetiae
DSM 17909 Ahfq

Ahfq

B (Gocthe-

Universitat Frankfurt am
Main

Xenorhabdus doucetiae
DSM 17909 Ahfq pBAD
70082

Ahfq; Production of so far
unknown secondary
metabolites

(Goethe-
Universitat Frankfurt am
Main)

Xenorhabdus doucetiae
DSM 17909 Ahfq pBAD
DC

Ahfq; Production of the
secondary metabolite class of

phenylethylamides/tryptamides

B (Gocthe-

Universitat Frankfurt am

Xenorhabdus doucetiae
DSM 17909 Ahfqg pBAD
gXpsA

Ahfq; Production of the
secondary metabolite class of
GameXPeptides

Main
ﬁ (Goethe-

Universitat Frankfurt am
Main)

Xenorhabdus doucetiae
DSM 17909 Ahfq pBAD
XabA

Ahfq; Production of the
secondary metabolite class of
xenoamicins

B (Gocthe-

Universitat Frankfurt am
Main

Xenorhabdus doucetiae
DSM 17909 Ahfq pBAD
XacA

Ahfq; Production of the
secondary metabolite class of
Xenoautocins

(Goethe-
Universitat Frankfurt am
Main

Xenorhabdus doucetiae
DSM 17909 Ahfq
pBAD PAX-KM

Ahfq; Production of the
secondary metabolite class of
PAX peptides

(Goethe-
Universitat Frankfurt am
Main

Xenorhabdus doucetiae
DSM 17909 Ahfq
pBAD_xcnA-KM

Ahfq; Production of the
secondary metabolite class of
Xenocoumacins

(Goethe-
Universitat Frankfurt am
Main

Xenorhabdus doucetiae | Ahfq; Production of the (Goethe-
DSM 17909 Ahfq secondary metabolite class of | Universitat Frankfurt am
pBAD_ xrdA-KM xenorhabdins Main)

Xenorhabdus Wild type (Thomas and Poinar,
nematophila DSM 3370 1979)

Xenorhabdus Ahfq - (Goethe-
nematophila DSM 3370 Universitat Frankfurt am
Ahfg Main

Xenorhabdus Ahfq; Production of the (Goethe-
nematophila DSM 3370 | secondary metabolite class of | Universitat Frankfurt am
Ahfg PAX PAX peptides Main)

Xenorhabdus Ahfq; Production of the (Goethe-
nematophila DSM 3370 | secondary metabolite class of | Universitat Frankfurt am
Ahfq PAX PAX peptides Main

Xenorhabdus Ahfg; Production of the (Goethe-

nematophila DSM 3370
Ahfqg pCEP-KM-
Xenoamicine

secondary metabolite class of
PAX peptides

Universitat Frankfurt am
Main)

Xenorhabdus
nematophila DSM 3370
Ahfg pCEP-KM-
Xenocoumacine

Ahfg; Production of the
secondary metabolite class of
Xenocoumacins

B (Gocthe-

Universitat Frankfurt am
Main)
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Xenorhabdus
nematophila DSM 3370
Ahfq pCEP-KM-
Xenortide

Ahfq; Production of the
secondary metabolite class of
xenortides

B (Gocthe-

Universitat Frankfurt am
Main)

Xenorhabdus
nematophila DSM 3370

Ahfq; Production of the
secondary metabolite class of

B (Gocthe-

Universitat Frankfurt am

Ahfq pCEP-KM- xenotetrapeptides Main)

Xenotetrapeptide

Xenorhabdus Wwild type (Lengyel et al., 2005)
szentirmaii DSM 16338

Xenorhabdus Ahfq - (Goethe-
szentirmaii DSM 16338 Universitat Frankfurt am
Ahfg Main

Xenorhabdus Ahfq; Production of the (Goethe-

szentirmaii DSM 16338
Ahfg pCEP-KM-0346

secondary metabolite class of
GameXPeptides

Universitat Frankfurt am
Main)

Xenorhabdus
szentirmaii DSM 16338
Ahfg pCEP-KM-0377

Ahfqg; Production of so far
unknown secondary
metabolites

(Goethe-
Universitat Frankfurt am
Main

Xenorhabdus
szentirmaii DSM 16338
Ahfq pCEP-KM-1979

Ahfq; Production of the
secondary metabolite class of
dipeptides

(Goethe-
Universitat Frankfurt am
Main

Xenorhabdus
szentirmaii DSM 16338
Ahfg pCEP-KM-3397

Ahfq; Production of the
secondary metabolite class of
rhabdopeptides

(Goethe-
Universitat Frankfurt am
Main

Xenorhabdus
szentirmaii DSM 16338
Ahfq pCEP-KM-3460

Ahfq; Production of the
secondary metabolite class of
szentiamides

(Goethe-
Universitat Frankfurt am

Xenorhabdus
szentirmaii DSM 16338
Ahfg pCEP-KM-3663

Ahfq; Production of so far
unknown secondary
metabolites

Main
ﬁ (Goethe-

Universitat Frankfurt am
Main)

Xenorhabdus
szentirmaii DSM 16338
Ahfg pCEP-KM-3680

Ahfg; Production of the
secondary metabolite class of
xenobactins

B (Gocthe-

Universitat Frankfurt am
Main

Xenorhabdus
szentirmaii DSM 16338
Ahfg pCEP-KM-3942

Ahfq; Production of the
secondary metabolite class of
rhabduscins

(Goethe-
Universitat Frankfurt am
Main)

Xenorhabdus
szentirmaii DSM 16338
Ahfg pCEP-KM-5118

Ahfg; Production of the
secondary metabolite class of
jenamidins

B (Gocthe-

Universitat Frankfurt am
Main

Xenorhabdus
szentirmaii DSM 16338
Ahfq pCEP-KM-fcIC

Ahfq; Production of the
secondary metabolite class of
fabclavins

(Goethe-
Universitat Frankfurt am
Main

Xenorhabdus
szentirmaii DSM 16338
Ahfg pCEP-KM-xfsA

Ahfq; Production of the
secondary metabolite class of
xenofuranones

(Goethe-
Universitat Frankfurt am
Main

Xenorhabdus Ahfg; Production of the (Goethe-
szentirmaii DSM 16338 | secondary metabolite class of | Universitat Frankfurt am
Ahfg-hmwp?2 yersiniabactins Main)
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2.3 Technical and craft techniques

2.3.1 Fabrication of the state-of-the-art flow cells, the Panta Rhei flow cells, and the
Panta Rhei bracket

For the manufacturing of the current flow cells, the already existing design solutions
were used as a guideline (Tolker-Nielsen and Sternberg, 2011). The previously
described flow chambers, as well as the Panta Rhei flow cells (Panta Rhei D2 and
Panta Rhei P) and the Panta Rhei bracket, were first created as technical drawings
using the CAD program FreeCAD 0.18.4 (Machado et al., 2019). The design of the
various components was then carried out using the same CAD software. The files were
then transferred to the Tebis 4.0 software (Tebis — Technische Informationssysteme
AG, Martinsried) in cooperation with Klaus Kunststofftechnik GmbH (Aitrach). Using
this program, the individual parts were transferred to the CAM module of the Tebis 4.0
software (But, 2019) for further processing. The G code was then created to enable
processing using a 5-axis P-T-F (10-10) CNC milling machine (HG GRIMME SysTech
GmbH, Wiedergeltingen). The individual preforms were attached to the work board by
means of vacuum during CNC milling. Unplasticized polyvinyl chloride (UPVC),
polystyrene (PS), acrylonitrile butadiene styrene (ABS), and polycarbonate (PC)
materials were used for the already common flow cells. Polyethylene (PE) and
polypropylene (PP) were chosen to produce the Panta Rhei flow cells, and PE was
selected for the Panta Rhei bracket. Using a plastic adhesive (3M, USA), different
materials could be attached to the surface of the Panta Rhei D2. A silicone pad and
screws (Bauhaus AG, Switzerland) were used to mount a plastic viewport to the Panta
Rhei P cell. All polymer materials were provided by Klaus Kunststofftechnik GmbH.
The milling components were manufactured with the approval of || | | | I and in

collaboration with || | | | N and I from Klaus Kunststofftechnik GmbH in

Aitrach.
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2.3.2 Manufacturing of the peristaltic pump designed for the Panta Rhei system

A CP86 peristaltic pump with a NEMA 17 stepper motor and integrated UIM243 stepper
motor controller (Gemke Technik GmbH, Ennepetal, Germany) was successfully used
to create a peristaltic pump. The connections were then wired, and an external
potentiometer (Conrad Electronic, Hirschau) was installed. Thus, the pump could be
switched on, and a run could be initiated or terminated. In addition, the total speed was
divided into a low-speed and a high-speed run by means of a further switch. The
direction of flow was also adjustable from left to right or vice versa. The potentiometer
was used to regulate the flow speed. A suitable synthetic enclosure was provided by
Klaus Kunststofftechnik GmbH. Cutouts for the peristaltic pump and the respective
connections were cut using a jigsaw (Robert Bosch GmbH, Stuttgart). A recess was
also created for the installation of a cooling fan (Conrad Electronic, Hirschau) to ensure
the proper ventilation of the stepper motor. The wiring was fixed inside the housing,

and the cover was bolted together.

2.3.3 Assembly and commissioning of the Panta Rhei system

For the assembly of the components of the Panta Rhei system, a previously published
method of a microfluidic system without the use of an air bubble trap was followed
(Crusz et al., 2012). Two 1 L laboratory bottles (Schott AG, Mainz) were used to store
the nutrient medium and to collect the already consumed medium. A borehole was cut
in the lid of each bottle with a drilling machine (Robert Bosch GmbH, Stuttgart) to
accommodate the tubing. A silicone pipe with an internal diameter of 3 mm and an
outer diameter of 5 mm was inserted through the lid. A connector was used to join the
end of another silicone hose. The opposite end was connected to the inlet of the Panta
Rhei flow cell. A frame joint (Bauhaus AG, Switzerland) was used to adjust different
angles when operating the Panta Rhei system. Therefore, one end was attached to a
table, while the other end supported the Panta Rhei bracket. Rubber bands were used
to attach the Panta Rhei flow cells to the Panta Rhei bracket. Another silicone tube
was attached to the outlet of the flow cells, while the other end was connected to the
peristaltic pump. Further silicone tubing led from the peristaltic pump to the vessel
containing the spent media. Each tubing connection was equipped with tubing clamps

to stop the flow of the culture medium. The silicone hoses, as well as the hose
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accessories, were purchased from Burkle GmbH (Bad Bellingen). To commission the
complete Panta Rhei system, the bacteria and the surface necessary for the particular
experiment were selected and placed in the Panta Rhei flow cells. Subsequently, the
connection to the silicone tubing was carried out. The hose clamps were used to
prevent the medium from leaking. Then the pump was switched on, the flow velocity
and direction were set, and the respective experiment was executed. Finally, after the
experiment was completed, the Panta Rhei flow cell was removed from the system.
Beforehand, the hose clamps were provided to prevent the nutrient medium from
spilling out. The Panta Rhei flow cells could be processed further in successive steps.

2.3.4 Design of the advanced Panta Rhei flow cells, the refined Panta Rhei Atlas,
the BlAttiva Panta Rhei concepts and the associated block diagram

In the creation of the revised versions of the Panta Rhei flow cells and the Panta Rhei
bracket (renamed to Panta Rhei Atlas), as well as the designs of the biofilm analyzer
devices BlAttiva Panta Rhei Pente and BlAttiva Panta Rhei Pentet"®™° the CAD
software FreeCAD 0.18.4 (Machado et al., 2019) was used. For the creation of the
block diagram, the software tool Lucidchart (Lucid Software Inc., USA) (Sanford and

Faulkner, 2018) was utilized.

2.3.5 Precutting and preparation of surfaces and common drinking water pipes for
subsequent biofilm examination

The respective surfaces construction steel S235 (Bauhaus AG, Switzerland),
polystyrene (PS), polycarbonate (PC), polyethylene tetraphtalate glycol (PETG) and
polyethylene (PE) (Klaus Kunststofftechnik GmbH, Aitrach) were cut to a square, 1 cm?
shape using a hacksaw (Scheppach GmbH, Ichenhausen) and a jigsaw (Robert Bosch
GmbH, Stuttgart). The materials were then placed in 70% EtOH (v/v) for 24 h. The
small plates were then dried under a clean bench (ibs tecnomara, Fernwald) and

collected into previously autoclaved containers for further use.
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The eight various drinking water pipes (Geberit AG, Switzerland) were provided by the
Kebos Group in Munich. By utilizing a hacksaw and a jigsaw, slices were first cut, which
were then trimmed into square 1 cm? pieces. The different materials were then placed
in 70% EtOH (v/v) for 24 h. Under the clean bench, the pieces were then dried, and
the outer side was taped using Parafilm (Bemis Company, USA) so that bacteria could
only grow on the inner side of the tubes for later use. Storage was in vessels that had

already been autoclaved.

2.3.6 COz-impregnation of the polymer platelets

For the coating of the plastic plates, already known methods (Mélders et al., 2018;
Nikitin et al., 2003; von Schnitzler and Eggers, 1999) were considered. The selected
plastic materials were HDPE T, PP, HDPE H, and TPU (Table 2.3.1). To briefly
summarize, CO2 was introduced to permeate the polymer surface of the platelets to
enable the additive (silver nitrate, antibiotics, natural compounds) to be incorporated.
During this process, only the upper layer of the material was impregnated, thus
conserving resources. Furthermore, impregnation could be carried out at temperatures
of approximately 40 °C, meaning that the stability of the respective additives was not
affected. After the dwell time of the CO2 containing the additive in the material had
elapsed, the pressure was reduced to allow the COz2 to be released, while the additive
retained its position on the polymer surface. Impregnation was performed with and
without EtOH as an entrainer. The entire CO2-impregnation operation was carried out

in close cooperation with || | |l and I from Fraunhofer Institute for

Environmental, Safety and Energy Technology UMSICHT in Oberhausen.
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Table 2.3.1 The plastic discs used for COz-impregnation process in this thesis.

Material Reference

HDPE T I (~raunhofer UMSICHT,
Oberhausen)

PP B (- aunhofer UMSICHT,
Oberhausen)

HDPE H I (~raunhofer UMSICHT,
Oberhausen)

TPU B (-aunhofer UMSICHT,
Oberhausen)

2.3.7 Extended-time experimentation to determine the efficiency of CO2-
impregnation

The HDPE T and PP plastic platelets impregnated with the Solvaperm Red pigment
(Heubach GmbH, Langelsheim) as described above were disinfected with 70% EtOH
(v/iv) and placed in the Panta Rhei P flow cell. Beforehand, the platelets were
photographed for a pre/post comparison (Samsung Electronics, South Korea). Then,
the flow cells were connected to the Panta Rhei system, which was already filled with
water. The long-term experiment was set for several months at a flow rate of 10 ml/h.
The experiment was then stopped after eight months as loss of pigment impregnation
was visually evident. The platelets were removed from the flow cells, and the intensity

of the red coating was recorded by photography.

2.3.8 Assembly of the drinking water simulation setup

A simulation center was set up by Kebos Group in Munich to simulate the COq-
impregnated platelets under realistic conditions. In the process, the simulation center
was connected to the building's drinking water supply system to fill the 60 L system
with drinking water. However, the simulation center could be operated completely self-
sufficiently and independently of the building supply. By means of connection to the
local network and remote control, the temperature, pressure, and water temperature
could thus be monitored. A platelet adapter was designed and manufactured using 3D

printing, which could hold up to 80 plastic discs. Furthermore, a special reactor with a
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sight window was developed, which could accommodate the platelet adapter. Specific
valves enabled the reactor to be installed in the simulation center and rapidly removed
again. The valves also ensured the reactor was always filled with water and prevented
the samples from drying out. A special insulated lockable suitcase was manufactured
to transport the reactor to the laboratory in Mainz. The platelets were then analyzed as
described in 2.5.7. After completion of each experiment, the reactor required elevated
temperature and subsequent treatment with an H202 solution to be cleaned and
prepared for the next experiment. The drinking water simulation of the impregnated
specimen was carried out in close collaboration with || || | | I ano I from
Kebos Holding GmbH in Munich and Kebos Hygienic Solutions GmbH in Bergkirchen,

respectively.

2.4 Synthetical methods
2.4.1 Tungsten oxides syntheses

The tungsten oxide nanoparticles used in this work were synthesized as previously

published (Doéren, 2022; Doéren et al.,, 2021b). The synthesis was performed by

I o the I -t the JGU Mainz.

2.4.2 Ceroxide syntheses

The ceria nanopatrticles used in this work were synthesized as previously published.
The syntheses of CeO2-EG, BiCeO2-EG, CeO2-HT and BiCeO2-HT were performed by
I o (e B 2t JGU Mainz (Frerichs, 2020; Frerichs et al., 2020).
The syntheses of Ce02-SG and EP60A were carried out by [l and G
of the | 2t GU Mainz (Jegel, 2022; Piitz, 2022). The syntheses of EP128a,
EP132-400. EP157 and EP151 were accomplished by [l of the |GG 2t
JGU Mainz (Putz, 2022; Putz et al., 2022). The synthesis of CeO2-FPEG was done by

B o the B - JGU Mainz (Pfitzner, 2021). The synthesis of CeO»-
NTA was performed by | N of the I 2t .GU Mainz (Jegel, 2022;

Jegel et al., 2022). The synthesis of CeO2-OLA was achieved by | ]I of the
B -t JGU Mainz (Sarif, 2021; Sarif et al., 2022).
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2.5 Microbiological methods

2.5.1 Cultivation of bacteria

Phaeobacter gallaeciensis, Phaeobacter inhibens, Halotalea alkalilenta, Halomonas
aquamarina and Exiguobacterium aurantiacum were cultured aerobically at 30 °C in
2216 medium. Pseudomonas aeruginosa, Staphylococcus aureus and Klebsiella
pneumoniae were grown aerobically at 30 °C in LB medium. Sphingomonas
adhaesiva, Sphingomonas pituitosa, Methylobacterium mesophilicum and Bacillus
licheniformis were aerobically cultivated at 30 °C in M1 medium. Brevundimonas
nasdae and Brevundimonas diminuta were grown aerobically in TSY medium at 30 °C.
A. tumefaciens A136 was cultured in LB medium supplemented with tetracycline (10

pg/ml) and spectinomycin (50 pg/ml) aerobically at 30 °C.

2.5.2 Secondary metabolite production and extract obtainment

To overproduce secondary metabolites, the strains of entomopathogenic Xenorhabdus
doucetiae, Xenorhabdus nematophila, Xenorhabdus szentirmaii, Photorhabdus
luminescens TTO1 and Photorhabdus luminescens PB45.5 as well as the Escherichia
coli strains (Table 2.2.1) were created and cultivated as previously published (Bode et
al., 2019, 2015; Cai et al., 2017), followed by the preparation of the cell-free extracts.
Briefly, the respective wild type bacteria as well as the generated mutants were
cultured aerobically at 30 °C for 24 h in LB medium. Accordingly, 50 pg/ml kanamycin
was added as an antibiotic for the mutant strains. Subsequently, to produce the
respective secondary metabolites, the precultures were added to 100 ml LB at a final
concentration of 0.1% (v/v). Moreover, the integrated promoter Para Was induced using
0.1% arabinose (v/v). Aerobic incubation was performed for 48 h at 30 °C. Bacteria
were then centrifuged in 50 ml Falcons (3500 x g, 30 min). The cell-free culture fluids
were then freeze-dried and collected in 10 ml of distilled water. Until further use, the
extracts were stored at -20 °C. The secondary metabolites production was carried out
in collaboration with ||l from Goethe University, Frankfurt am Main.
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2.5.3 Analysis of bacterial biofilm formation in 96-well microtiter plates using crystal
violet staining

For the determination of biofilm formation in 96-well microtiter plates (Sarstedt AG &
Co. KG, Numbrecht) by crystal violet staining, previously published methods were
followed (O’Toole, 2011; Zamora-Lagos et al., 2018). Briefly summarized, following
incubation, bacteria were tapped out from the microtiter plate on paper towels. The
plate was then washed for the removal of any remaining planktonic cells. Next, the
microtiter plate was dried upside down in a laboratory fume hood for 20 minutes.
Addition of an aqueous 1% (v/v) crystal violet solution to each well was then carried
out. Crystal violet is suitable for staining the extracellular matrix of polysaccharides due
to its property as a protein staining agent (Petrachi et al., 2017). Subsequently,
incubation was performed for 30 minutes at room temperature. The crystal violet was
then flopped out on paper tissues and the plate was washed twice each time in a tub
of water to remove the unbound crystal violet. The microtiter plate was then dried
upside down in a lab fume hood for at least 6 hours. Subsequently, 135 pl of 30% (v/v)
acetic acid was added to the wells to allow the bound crystal violet to re-solve. If
necessary, the microtiter plate containing the dried crystal violet was first
photographed. After treatment with acetic acid, absorbance was measured at 575 nm
in a Tecan Spark (Tecan Group AG, Switzerland). If required, the individual intensities
of crystal violet staining were subsequently recorded photographically. Analysis was
performed using Microsoft Excel 2019 (Microsoft Corp., USA) and Graphpad Prism
9.2.0 (Graphpad Software, USA).

2.5.4 Influence of nutrients on bacterial biofilm formation

Initially, the drinking water bacteria S. adhaesiva, B. nasdae, and M. mesophilicum and
the marine bacteria P. gallaeciensis, H. alkalilenta, and H. aquamarina were cultured
overnight in their respective cultivation medium. ODsoo was then determined and
adjusted to ODsoo = 0.5, followed by centrifugation of the bacteria (2000 x g, 3 min)
and discarding the culture fluid. The microorganisms were then washed in PBS buffer
and centrifuged one more time (2000 x g, 3 min). PBS buffer was then discarded. The
addition of the respective culture media, M1, MM, TSY, RS, HD, 2216, LB, and M9,

was then performed and the cells were resuspended. 135 pl were dispensed into each
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of ten wells of 96-well microtiter plates (Sarstedt AG & Co. KG, Nuimbrecht). Plates
were then sealed with Parafilm and aerobically cultured for 72 h at 30 °C. After
incubation, the respective bacterial biofilm formation was analyzed as described in
2.5.3.

2.5.5 Analysis of the effect of incubation period on biofilm development

To assess the extent to which the incubation period can influence biofilm formation,
the drinking water bacteria S. adhaesiva, B. nasdae and M. mesophilicum and the
marine bacteria P. gallaeciensis, H. alkalilenta and H. aquamarina were cultured in
microtiter plates for a period of 120 h and the biofilm was analyzed every 24 h to
determine the effect on biofilm formation. For this purpose, precultures of the bacteria
were prepared in their respective cultivation medium. ODsoo was then measured and
adjusted to 0.5. The bacterial cells were then centrifuged (2000 x g, 3 min) while the
culture fluid was discarded. A wash step with PBS buffer was performed to remove the
remaining culture fluids of the cultivation media. The bacterial cells were then
centrifuged again (2000 x g, 3 min) and the buffer was discarded. The nutrient medium
responsible for stimulating biofilm formation was now added, as previously found out,
using 2.5.4. S. adhaesiva was resuspended in HD medium in this case. For B. nasdae,
RS medium was used. M. mesophilicum and H. alkalilenta were both resuspended in
TSY medium. 2216 medium was selected for P. gallaeciensis and H. aquamarina.
Aerobic incubation was conducted at 30 °C for a total period of 120 h, during which
biofilm formation progression was performed after 24 h, 48 h, 72 h, 96 h and 120 h,

respectively, as described in 2.5.3.
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2.5.6 Impact of different material surfaces on bacterial biofilm formation

After processing the materials as already described in 2.3.5, all materials were placed
in separate wells of sterile 24-well microtiter plates (Sarstedt AG & Co. KG,
Numbrecht). P. gallaeciensis and M. mesophilicum were incubated overnight in the
respective cultivation medium at 30 °C. ODeoo was then measured and adjusted to 0.5
for a final volume of 1 ml. The bacterial cells were then centrifuged (2.000 x g, 3 min)
and the culture fluid was discarded. To remove the remaining cultivation medium, the
cells were washed in PBS buffer. Another centrifugation step was then performed
(2.000 x g, 3 min) and the buffer was removed. P. gallaeciensis was resuspended in
2216 medium, while TSY medium was selected for M. mesophilicum. In each case, 1
ml of the bacterial suspension was added to the materials. In the case of P.
gallaeciensis, incubation was performed for 72 h at 30 °C, while M. mesophilicum was
cultured together with the materials at 30 °C for 144 h. The bacterial suspension was
then introduced to the medium. After successful incubation, biofilm colonization on the
materials was determined as adapted from previously published methods (Arnold,
2008). This was done by removing the bacteria from the wells and lifting out the
individual materials using tweezers. The materials were then transferred to a new 24-
well microtiter plate. The addition of 1 ml of distilled water to remove the planktonic
cells was followed. The water was then withdrawn, and 1% (v/v) aqueous crystal violet
solution was added. Incubation was held out for 30 minutes at room temperature. The
crystal violet solution was thereafter removed, and the materials were washed twice
with the addition of 1 ml of water each so that unbound crystal violet could be removed.
After removal of the water, the materials were dried in a fume hood for 6 hours. Then,
1 ml of 30% (v/v) acetic acid was added to the materials to resolve the bound crystal
violet. The acetic acid containing the crystal violet was transferred to 96-well microtiter

plates and measured and analyzed in the plate reader as described in 2.5.3.
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2.5.7 Biofilm formation on CO2-impregnated polymer discs using crystal violet
staining and confocal laser scanning microscopy (CLSM)

To investigate the effect of the impregnated additive against bacterial biofilm, the
plastic platelets were impregnated using CO:2 as described in 2.3.6. Prior to using the
plastic platelets, the entire Panta Rhei system was properly disinfected using 70% (v/v)
EtOH at a flow rate of 100 mL/h. Sterile distilled water was then pumped through the
system at the same flow rate to remove the remaining EtOH. Plastic platelets were
then sterilized with 70% (v/v) EtOH and placed in the Panta Rhei P flow cells. A
separate flow cell was used for each small platelet. One impregnated and one
uncoated control platelet was used for each experimental run. The two Panta Rhei P
flow cells were installed in parallel in the Panta Rhei system using Y-connectors (Burkle
GmbH, Bad Bellingen), allowing the same culture medium and pump to be used for
both samples. P. aeruginosa was cultured overnight in LB medium at 30 °C and
adjusted to an ODeoo of 0.5 the following day. The bacterial cells were then centrifuged
(2.000 x g, 3 min) and the culture fluid was collected. A washing step of the cells was
performed using PBS. Finally, the cells were centrifuged one more time and the buffer
was removed. The bacterial cells were resuspended in LB medium and added to the
Panta Rhei P flow cells containing the plastic platelets by syringe. Bacteria were
incubated in the flow cells at 30 °C without flow for 2 h, allowing them to attach to the
surfaces. A flow rate of 5 ml - 8 ml was then set. After 72 h, the flow was stopped, and
the plastic platelets were removed from the Panta Rhei P flow cells. The Panta Rhei
system was disinfected with 70% (v/v) EtOH at a flow rate of 100 mi/h. Finally, the
system was rinsed with sterile distilled water. For analysis by crystal violet, the method
was performed as already described for the materials in 2.5.6. For quantification by
CLSM, the removed plastic platelets were washed in water and then placed in 24-well
microtiter plates. An addition of 1 ml of a SYTO9/propidium iodide solution
(FILMTRACER LIVE/DEAD Biofilm Viability Kit, Invitrogen AG, USA) was carried out
to stain the entire biofilm on the plastic platelet. The staining here was fluorescent, as
SYTQO9 can attach to the DNA of both live and already dead cells. Propidium iodide, in
turn, can only pass into membranes that are already damaged and no longer
functional. Together, these two fluorescent dyes are used to determine all cells as well
as the respective live and dead ones (Deng et al., 2020). Incubation for 30 minutes at
30 °C was followed. Subsequently, the plastic plates were washed with water one more

time to remove the unbound dyes. The plastic discs were then mounted on microscope
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slides and the biofilm was analyzed using the LSM 880 microscope (Carl Zeiss AG,
Oberkochen). A 40x water objective was used to do so. The excitation of SYTO9 was
performed with an argon laser (Carl Zeiss AG, Oberkochen) (488 nm), while propidium
lodide was visualized with a helium-neon laser (Carl Zeiss AG, Oberkochen) (543 nm).
The images obtained were then analyzed using Zen blue software 3.1 (Carl Zeiss AG,
Oberkochen) and ImageJ 1.53c (Schneider et al., 2012).

2.5.8 Impact of metal ions on biofilm formation of P. gallaeciensis using crystal violet
staining and CLSM

To further determine whether metal ions stimulate biofilm formation of P. gallaeciensis,
an overnight culture of P. gallaeciensis was prepared in 2216 medium at 30 °C. ODsoo
was then determined and adjusted to 0.5. The bacterial cells were centrifuged (2.000
X g, 3 min) and the culture fluid was withdrawn. This was followed by a wash step with
PBS buffer. The cells were again centrifuged (2.000 x g, 3 min) and the buffer was
removed. The bacteria were then resuspended in 2216 medium and 50 uyM FeClz,
MnClz, CuClz, ZnClz, CoClz, CaClz were respectively added. Water was supplemented
instead of the salts as a control. The bacterial suspensions were pipetted into 96-well
microtiter plates and aerobically cultured for 72 h at 30 °C. After incubation, biofilm
formation was performed as described in 2.5.3. For quantification by CLSM, slides
were placed in petri dishes and covered with a P. gallaeciensis bacterial suspension
adjusted to ODeoo = 0.5. Additionally, 50 uM FeClz and MnCl2 were added, respectively.
For the control, water was added. The analysis of the biofilm by CLSM was carried out

as already described in 2.5.7.

2.5.9 Fluorescence microscopy of P. gallaeciensis biofilm grown in the Panta Rhei
D2 flow cell

Initially, the Panta Rhei D2 flow cell was equipped with two microscope slides each.
The flow cell was then connected to the Panta Rhei system. The system was then
flushed and disinfected with 70% (v/v) EtOH at a flow rate of 100 ml/h. This was
followed by washing with distilled sterile water. An overnight culture of P. gallaeciensis
was set to an ODsoo = 0.5 and washed with PBS buffer as described in 2.5.8. The
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bacterial suspension was resuspended in 2216 medium and added to the Panta Rhei
D2 flow cell using a syringe. No flow was set for 2 h at this point, allowing the bacterial
cells to adhere to the surface. The Panta Rhei system was then set to a flow rate of 5
ml/h and the Panta Rhei D2 flow cell was positioned inside the Panta Rhei bracket at
an angle of 90°. Incubation was performed in 2216 medium for 72 h at 30 °C. After
incubation, SYTO9/propidium iodide was added using a syringe. This was followed by
an incubation of 30 minutes without flow, allowing the dyes to enter the bacterial cells.
A flow rate of 5 ml/h was then set again for 2 hours to remove the dyes. Then, the
Panta Rhei D2 flow cell was decoupled and mounted on a Leica DMi8 fluorescence
microscope (Leica Microsystems GmbH, Wetzlar). A FITC cube (Leica Microsystems
GmbH, Wetzlar) (480 nm) was used to visualize SYTQO9. For propidium iodide, a TXR
cube (Leica Microsystems GmbH, Wetzlar) (560 nm) was utilized. Images were
acquired using a Leica DFC9000GT digital camera (Leica Microsystems GmbH,
Wetzlar). Analysis was carried out using the Leica application suite X 3.6.0.20104

software (Leica Microsystems GmbH, Wetzlar).

2.5.10 Impact of bacterial composition and primary colonizer on overall biofilm
formation

To determine the extent to which the bacterial composition in the biofiim had an
influence on the total biofilm formation, the drinking water bacteria S. adhaesiva, B.
nasdae, and M. mesophilicum were each cultured individually and in a consortium. For
the marine bacteria, this was repeated for P. gallaeciensis, H. alkalilenta, and H.
aquamarina, each individually and in a composite. Bacteria were cultured overnight in
their respective cultivation medium and associated conditions. Subsequently, the
bacteria were washed with PBS as previously described in 2.5.8. The ODeoo was set
to 0.5. When culturing together in the consortium, only one-third of the bacterial cells
were used from each of the three different bacterial species. The bacteria were pipetted
into 96-well microtiter plates in the different assemblies. The drinking water bacteria
were each cultured individually and in a consortium for 24 h at 30 °C in TSY medium.
Then, 2216 medium was selected for the marine bacteria. Incubation was performed
for 24 h at 30 °C. After incubation was complete, the biofilm was determined as
described in 2.5.3. For the analysis of the influence of the primary colonizer on the total
biofilm formation, S. adhaesiva and B. nasdae were used for the drinking water
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bacteria. P. gallaeciensis and H. alkalilenta were applied for the marine bacteria.
Preculture of the bacteria was adjusted to an ODsoo = 0.25. After washing with PBS, S.
adhaesiva or B. nasdae was resuspended in TSY medium. P. gallaeciensis and H.
alkalilenta, respectively, were resuspended in 2216 medium. The bacterial suspension
of S. adhaesiva or B. nasdae and P. gallaeciensis or H. alkalilenta was pipetted into
96-well microtiter plates and cultured for 6 h at 30 °C. Subsequently, the planktonic
cells were removed by pipetting, leaving only the attached cells in each well. Then, the
other bacterial species was adjusted to an ODeoo = 0.25 and resuspended in the
respective medium TSY or 2216 after washing in PBS. The bacterial suspension was
then pipetted into the wells with the biofilm already present and incubated for further 6
h at 30 °C. Subsequently, the biofilm formation was determined using crystal violet as
described in 2.5.3.

2.5.11 Effect of P. gallaeciensis culture fluid on biofilm formation of Phaeobacter
spec. and P. aeruginosa

To identify whether the culture fluid of P. gallaeciensis influenced biofilm formation, a
culture of P. gallaeciensis was first aerobically cultured in 2216 medium at 30 °C for
72 h. The cells were then centrifuged (2000 x g, RT, 10 Minutes) and the culture fluid
was collected. The culture fluid was then filtered (0.22 ym) and stored at 4 °C for further
use. Precultures of P. gallaeciensis, P. inhibens, and P. aeruginosa were prepared in
the respective medium and cultivation conditions. Bacteria were then adjusted to an
ODesoo of 0.5 and washed in PBS. P. gallaeciensis and P. inhibens were then
resuspended in the culture fluid of P. gallaeciensis. Resuspension in 2216 medium
served as a control. The bacterial suspensions were pipetted into microtiter plates and
incubated for 72 h at 30 °C. For P. aeruginosa, only 5% (v/v) of the culture fluid of P.
gallaeciensis was used due to the increased salinity in 2216 medium. The addition of
5% (v/v) 2216 medium served as a control. The dilutions were performed in LB
medium. 135 pl of the bacterial suspension was pipetted into microtiter plates each.
The plate was incubated for 72 h at 30 °C. After incubation, the effect on biofilm

formation was measured using the procedure described in 2.5.3.
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2.5.12 Enrichment of the biofilm inhibiting molecule from P. gallaeciensis culture fluid.

The culture fluid of P. gallaeciensis was extracted as described in 2.6.1. After
fractionation, as detailed in 2.7.1, 135 pul of a P. aeruginosa culture adjusted to ODsoo
= 0.5 in LB medium was added to each well containing the respective fractions.
Incubation for 72 h at 30 °C proceeded. The biofilm was then analyzed as previously
described in 2.5.3.

2.5.13 Effect of B. nasdae late stationary culture fluid on the own biofilm formation

A culture of B. nasdae was aerobically grown for 72 h in RS medium at 30 °C. Cells
were then centrifuged (2.000 x g, RT, 10 min), and the culture fluid was collected and
filtered (0.22 ym). The storage was done at 4 °C. A preculture of B. nasdae was
subsequently prepared under the specific cultivation conditions and the culture was
adjusted to an ODsoo of 0.5. After the washing step with PBS, resuspension was
performed in the culture fluid of B. nasdae. Resuspension in RS medium was also
performed as a control. The bacterial suspensions were pipetted into 96-well microtiter
plates and incubated for 72 h at 30 °C. The biofilm was then analyzed as described in
2.5.3.

2.5.14 Investigation of the biofilm disrupting effect of B. nasdae on the B. diminuta
biofilm formation

First, B. nasdae was incubated in RS medium for 72 h at 30 °C. Subsequently, the
cells were centrifuged (2.000 x g, RT, 10 min) and separated by filtration (0.22 pm).
The culture fluid obtained was freeze-dried (Martin Christ Gefriertrocknungsanlagen
GmbH, Osterode am Harz, Germany) in 50 ml Falcons. After completion of
lyophilization, the dried culture fluid was concentrated 10x by the addition of water.
Drying of only RS medium served as a control. A culture of B. diminuta set to ODsoo =
0.5 in LB Medium as described in 2.5.8 was then grown in microtiter plates (135 pl) for
24 h at 30 °C. Subsequently, 1.35 pl of 10x concentrated B. nasdae culture fluid was
added to each well containing B. diminuta. The addition of 10x concentrated RS
medium functioned as a control. The microtiter plate containing the bacteria was then
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incubated for an additional 24 h at 30 °C. The effect on the biofilm was subsequently

analyzed as described in 2.5.3.

2.5.15 Treatment of P. gallaeciensis and B. nasdae culture fluid

To obtain an initial indication of the properties of the candidate molecules within the
culture fluid of P. gallaeciensis and B. nasdae, the culture fluids were treated differently
to be subsequently tested a further time for biofilm inhibitory activity. For P.
gallaeciensis, the culture fluid was obtained as described in 2.5.11. For B. nasdae, the
culture fluid was obtained as described in 2.5.14. Subsequently, the culture fluid was
acidified with HCI to a pH of 1 or alkalized with NaOH to a pH of 13. After the acidic or
alkaline treatment, the pH was neutralized again so that a falsified effect of pH on the
biofilm could be excluded. In addition, the culture fluid of P. gallaeciensis and B.
nasdae were each heated at 90 °C for 10 min or treated with proteinase K (400 pug/ml).
Treatment with proteinase K involved overnight incubation at 56 °C followed by
inactivation by heating at 75 °C for 20 minutes. Finally, the addition of the treated
culture fluids and subsequent determination of the bacterial biofilm was performed as

previously described in 2.5.11 and 2.5.13, respectively.

2.5.16 Biofilm inhibitory properties of secondary metabolites from entomopathogenic
bacteria

To determine whether the secondary metabolites of entomopathogenic bacteria of the
genera Photorhabdus and Xenorhabdus have a biofilm inhibitory effect, the extracts
were prepared as described in 2.5.2. Then, 20 pl of the secondary metabolites were
added to a well of a 96-well microtiter plate. Under a sterile bench, the extracts were
then allowed to dry. Then, 50 ul of 70% (v/v) EtOH was added to the extracts to prevent
contamination. The microtiter plate was dried one more time under a sterile bench until
all EtOH was evaporated. The addition of only water served as a control. Dilutions of
the extracts were prepared in water and also pipetted into the wells of the microtiter
plate as described. Subsequently, 135 pl of the bacteria to be tested were added. Both
drinking water and marine bacteria were used for these experiments consisting of B.

licheniformis, B. nasdae, S. adhaesiva, S. pituitosa, M. mesophilicum, P. aeruginosa,
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P. gallaeciensis, P. inhibens, E. aurantiacum, and H. aquamarina. Bacteria were
cultured as described in 2.5.1 and then adjusted to an ODsoo = 0.5 as described in
2.5.8. For B. licheniformis and B. nasdae, resuspension in RS medium and incubation
at 30 °C for 72 h was performed. S. adhaesiva and S. pituitosa were resuspended in
HD medium and incubated for 72 h at 30 °C. M. mesophilicum was resuspended in
TSY medium and incubated for 7 days at 30 °C. P. aeruginosa was resuspended in LB
medium and incubated for 72 h at 30 °C. P. gallaeciensis, P. inhibens, E. aurantiacum,
and H. aquamarina were all resuspended in 2216 medium, respectively. For P.
gallaeciensis and P. inhibens, incubation was performed at 30 °C for 72 h, whereas for
E. aurantiacum and H. aquamarina, incubation was performed at 30 °C for 96 h. After
the incubation process of the bacteria supplemented with secondary metabolites was

completed, the determination of the biofilm was performed as described in 2.5.3.

2.5.17 Examination of the biofilm inhibitory effect of phenylethylamides/tryptamides in
the Panta Rhei system

To produce phenylethylamides/tryptamides, the method already described in 2.5.2 was
followed. Here, Xenorhabdus doucetiae DSM 17909 Ahfq pBAD DC was cultured in a
20 L fermenter so that the secondary metabolites were produced on a large scale for
later use in the Panta Rhei system. Cultivation of the bacteria without induction by 0.1%
(v/v) arabinose served as a control. The Panta Rhei system was prepared as described
in 2.5.9, and P. aeruginosa was set to an ODeoo = 0.5 and added to the Panta Rhei D2
flow cell. Here, the bacteria were incubated for 30 min at 30 °C without flow. The
secondary metabolites obtained from the previous step were now attached to the
Panta Rhei system. The control, which was not induced, was connected to a second
Panta Rhei system. Bacteria in the Panta Rhei D2 flow cells were incubated for 24 h
at 30 °C. The flow rate was set to 8 ml/h. After incubation, the Panta Rhei D2 flow cells
were disconnected from the Panta Rhei system and examined on a light microscope
(Leica Microsystems GmbH, Wetzlar, Germany) using phase contrast. Images were
acquired using a Leica DFC9000GT digital camera (Leica Microsystems GmbH,
Wetzlar). Analysis was performed using the Leica application suite X 3.6.0.20104

software (Leica Microsystems GmbH, Wetzlar).
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2.5.18 Quantification of pyocyanin production in P. aeruginosa

To investigate whether the secondary metabolites influence the QS system of P.
aeruginosa, the intensity of the pyocyanin that was produced was quantified. A
previously published method was used for this purpose (O’Loughlin et al., 2013).
Briefly, P. aeruginosa was prepared as described in 2.5.16 and pipetted into the wells
containing the respective secondary metabolite. The microtiter plate was then
aerobically cultured for 24 h at 37 °C. Bacteria were separated by centrifugation (1.000
X g, 15 min), and the culture fluid was transferred to a new microtiter plate. A plate
reader (Tecan Group AG, Switzerland) was utilized to measure the absorbance at 695
nm. If required, the individual intensities of the pyocyanin were subsequently recorded
photographically. Analysis was performed using Microsoft Excel 2019 (Microsoft Corp.,
USA) and Graphpad Prism 9.2.0 (Graphpad Software, USA).

2.5.19 Examination of biofilm formation on drinking water pipes

The drinking water pipes to be tested were processed as described in 2.3.5. Then, for
P. aeruginosa, the method was modified as in 2.5.6. Briefly, LB medium was used for
the cultivation of P. aeruginosa. The bacteria were cultured on the surfaces for 72 h at
30 °C. Subsequently, the parafilm was removed from the covered outer surfaces, and

the biofilm on the inner sides was analyzed as described in 2.5.6 and 2.5.3.

2.5.20 Investigation of the biofilm inhibitory effect of secondary metabolites
impregnated on platelets under realistic conditions in the simulation center

The impregnated platelets were mounted in the simulation center by the Kebos Group
in Munich. The bacteria P. aeruginosa, S. adhaesiva, M. mesophilicum, and B. nasdae
were cultured in the appropriate media as described in 2.5.1. Cells were then washed
in PBS and adjusted to a total ODeoo = 0.01 in a volume of 15 ml. Bacterial cells were
added to the simulation center and cultured in the system and on the platelets for 3
weeks at 30 °C. Monitoring of the experiments and setting of the correct parameters
was performed by Kebos Group. After incubation was completed, the platelets were

further processed, and the biofilm was analyzed as described in 2.3.8 and 2.5.7.
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2.5.21 Analysis of the impact of tungsten oxides and cerium oxides on biofilm
formation

For the assay of nanoparticles on bacterial biofilm, a previously published method was
applied in a modified form (Frerichs et al., 2020; Opitz et al., 2022; Putz, 2022). Briefly
recapitulated, the bacteria P. aeruginosa, K. pneumoniae, M. mesophilicum, P.
gallaeciensis and S. aureus were cultured as described in 2.5.1. Bacteria were then
adjusted to an ODeoo of 0.5. As explained in detail in 2.5.8, the bacteria were washed
with PBS and then resuspended in the appropriate medium. For P. aeruginosa, K.
pneumoniae and S. aureus, LB medium was applied. For M. mesophilicum and P.
gallaeciensis, TSY and 2216 medium were used, respectively. Then, the nanopatrticles
were added accordingly. For the tungsten oxides, 0.1 mg/ml was used whereas for the
cerium oxides, 28 ug/ml was included. No addition of nanoparticles served as a control.
In addition, 32 mM KBr and 0.8 mM H20:2 were supplemented. 135 pl of the bacterial
suspension were then pipetted into wells of microtiter plates along with the
nanoparticles. This was followed by incubation for 72 h at 30 °C. Every 24 h, 0.8 mM
H202 was supplemented. To identify whether an antibacterial effect of the tungsten
oxides can be achieved by infrared, the method was performed similarly as previous
described (Ddren, 2022) but without the addition of KBr and H202. Furthermore, the
bacterial cells in the plate reader were irradiated with an infrared beam at 950 nm every
30 minutes. No irradiation with infrared served as a control. After incubation was
complete, biofilm analysis was performed as described in 2.5.3. Beforehand, the
planktonic cells were quantified by measurement at 600 nm in the plate reader when

necessary.

2.5.22 Preparation for the determination of the bromide equilibrium by addition of
external NaBr

The test was carried out as already described (Putz, 2022; Putz et al., 2022).To
determine whether bromination occurs on the homoserine lactones due to the
nanoparticles, 30 uM external NaBr was supplemented to a P. aeruginosa culture
adjusted to ODeoo = 0.5 in LB medium. Furthermore, 0.8 mM H202 and 32 mM KBr
were added. Additionally, 28 pg/ml cerium oxides were supplemented. The absence
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of ceroxides served as a control. The bacteria were then incubated aerobically at 30
°C for 24 h. Cells were then centrifuged (2.000 x g, 5 min), and the culture fluid was
filtrated (0.22 um). The cell-free culture fluid was then shock frozen with liquid nitrogen

(Linde plc, Ireland) and stored at -80 °C until further use.

2.5.23 Effect determination on P. aeruginosa biofilm formation by addition of 3-oxo-
C12-AHL, Cs-AHL and DAHSL

The test was carried out as already described (Putz, 2022; Putz et al., 2022). To
examine the impact of the addition of 3-oxo-Ci2-AHL, Cs-AHL, and DAHSL, these
substrates were added at different concentrations (1 nM - 10 uM) to a P. aeruginosa
culture adjusted to ODsoo = 0.5 in LB medium. Subsequently, 135 pl of the bacteria
were pipetted into 96-well microtiter plates along with the supplemented substrates.
No substrate addition functioned as a control. The plate was then incubated at 30 °C

for 72 h. Biofilm formation was then analyzed as previously described in 2.5.3.

2.5.24 Analysis of biofilm on cerium oxide coated materials using crystal violet and
CLSM and quantification of pyocyanin formation by P. aeruginosa

To define the effect of cerium oxides embedded on the surfaces upon biofilm formation,
previously published methods were applied in a modified manner (Frerichs, 2020;
Frerichs et al., 2020; Jegel, 2022; Jegel et al., 2022; Sarif, 2021; Sarif et al., 2022).
Briefly, an overnight culture of P. aeruginosa was prepared in LB medium as described
in 2.5.1. ODsoo Was then set to 0.5 as previously described in 2.5.8. In each case, 1 ml
of bacterial culture was pipetted into wells of a 24-well microtiter plate. When using a
6-well microtiter plate, 3 ml was used. In addition, 0.8 mM H202 and 32 mM KBr were
supplemented. The respective cerium oxide-coated materials were placed in the wells.
Uncoated surfaces served as controls. Incubation was performed for 72 h at 30 °C.
Every 24 h, H202 was added to a final concentration of 0.8 mM. Subsequently, the
planktonic cells were removed by washing with water. For crystal violet staining or
analysis using CLSM, the method was performed as already described in 2.5.7. In the
case of using an Axio Imager 2 microscope (Carl Zeiss AG, Oberkochen, Germany),
SYTO9 was excited at 470 nm, while propidium iodide was excited at 558 nm. Zeiss
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blue software 3.1 was used for the analysis. For the quantification of pyocyanin, similar
procedures were followed as described above. However, aerobic incubation was
performed at 37 °C. Bacterial culture was then removed from the wells of the microtiter
plate and transferred to a microreaction tube (Eppendorf SE, Hamburg, Germany). The
cells were centrifuged at 16000 x g for 2 minutes. The obtained culture fluid was then
filtered (0.22 um) and transferred to a 96-well microtiter plate. Quantification at 695 nm
in the plate reader was used to determine the effect of cerium oxides on pyocyanin

formation.

2.6 Extraction methods

2.6.1 Extraction of putative P. gallaeciensis secondary metabolites

For the preparation of 50 ml culture fluid of P. gallaeciensis, the method was performed
as described in 2.5.11. The culture fluid was then shaken out three times in a
separatory funnel with ethyl acetate. The hydrophilic phase was collected, and the
hydrophobic phase was taken up in a rotary flask. For dilutions, LB medium was
selected for the hydrophilic phase, and ethyl acetate was used for the hydrophobic
phase. Using a rotary evaporator (Phoenix instrument GmbH, Garbsen), the
hydrophobic phase was concentrated at approximately 1 ml. A vacuum concentrator
was then used to evaporate the solvent. The weight of the substances obtained was
then noted and the concentration was adjusted to 20 mg/ml using MeOH. The

substances were stored at 4 °C until further use.

2.6.2 Extraction of homoserine lactones and supplemented DAHSL from P.
aeruginosa culture fluid

For determination of the amount of homoserine lactones or the externally added 10 nM
and 100 nM DAHSL (Putz, 2022; Ptz et al., 2022) (GG JGU Vainz),
P. aeruginosa was first incubated at 30 °C for 24 h in the presence and absence of
cerium oxides (28 ug/ml). Additionally, 0.8 mM H202 and 32 mM KBr were
supplemented. The control for the external supply of DAHSL did not include the adding

of the bacteria. Cells were then centrifuged at 2000 x g for 10 minutes. The culture fluid
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was then filtered (0.22 ym). Using ethyl acetate, the culture fluid was shaken out three
times in separating funnels. The hydrophilic phase was then discarded, and the
hydrophobic phase was collected in round bottom flasks. Using a rotary evaporator,
the contents were concentrated to approximately 1 ml and evaporated using a vacuum
concentrator. Subsequently, 50% (v/v) MeOH was added. Further processing was

carried out at the Bundesanstalt fiir Gewasserkunde in Koblenz in close collaboration

with N and I

2.7 Analytical methods

2.7.1 HPLC fractionation of the P. gallaeciensis culture fluid

For fractionation, a previously published slightly modified method was followed (Guan
et al., 2020). Briefly, a C18 column LiChrospher 100 RP-18 (Merck, Darmstadt) with a
DAD Type G1315B Detector was used for fractionation in a 96-well microtiter plate.
The temperature, which was set, equaled 20 °C, and the gradient started from 1%
acetonitrile and 99% water to 100% acetonitrile. The run time was 25 minutes. The
applied wavelength was 210 nm. Finally, for 3 minutes, only 100% acetonitrile was
used. The individual fractions were all collected on one plate. Four different plates were
created. Fractionation was carried out in cooperation with the IBWF in Mainz. The
effect of each fraction contained in the wells was tested on P. aeruginosa as described
in 2.5.16.

2.7.2 Reporter strain assays to quantify the effect of the nanopatrticles on
homoserine lactones

To determine whether the nanoparticles are capable of modifying homoserine
lactones, a previously described method was followed (Tang et al., 2013). Briefly, A.
tumefaciens A136 was used as the reporter strain, which cannot produce homoserine
lactones as such but can sense long-chain homoserine lactones. Fusion of the lacZ
gene to the tral gene results in the formation of the enzyme [-galactosidase upon
detection of a long-chain homoserine lactone. Thus, by adding a cleavable substrate

such as 5-bromo-4-chloro-3-indoxyl-B-D-galactopyranoside (X-Gal) or o-nitrophenyl-
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B-D-galactopyranoside (ONPG), a color change can be achieved, which can then be
photometrically quantified. For the tungsten oxides, 0.1 mg/ml nanoparticles were used
in each case. In addition, 0.8 mM H202 and 32 mM KBr were supplied. Furthermore,
external 5 yM 3-oxo-Ci12-AHL was added. The aqueous mixture was then incubated
for 12 h at room temperature. Then, the mixture was added to A. tumefaciens A136,
which was previously adjusted to an ODesoo of 1. 250 pg/ml of X-Gal was then
supplemented. No addition of X-Gal served as a negative control. Aerobic incubation
at 30 °C for an additional 8 h was performed. Bacteria were then centrifuged at 10.000
x g for 5 min. The culture fluid was transferred to 96-well microtiter plates and analyzed
using a plate reader (Tecan AG, Switzerland) at 630 nm. For the cerium oxides, 28
Mg/ml nanoparticles were used in each case. In addition, 10 uM external 3-0x0-Ci2-
AHL was applied in this case. After the addition of 0.8 mM H202 and 32 mM KBr,
incubation was carried out at room temperature for 8 h. The same method was then
used for the analysis by X-Gal as already described for the tungsten oxides. For
analysis by ONPG, the nanoparticle-homoserine lactone mixture was added to A.
tumefaciens A136, which was previously adjusted to an ODeoo of 0.5. This was followed
by incubation at 30 °C for 8 h. From each culture, 1 ml was then taken and centrifuged
at 5000 x g for 5 min. After discarding the culture fluid, 1 ml of buffer Z was added. The
cells were then resuspended in buffer Z. The use of buffer Z served as a negative
control. The ODeoo of the cells was then determined. This was followed by the addition
of 100 pl of pure chloroform and 50 yl of 0.1% (v/v) SDS. The mixture was then shaken.
The purpose of this was to allow the bacteria to lyse. This was followed by incubation
of the mixture at 30 °C for 30 minutes. 160 pl of a 4 mg/ml ONPG solution was then
added. Time was then measured until the samples turned yellow. To stop the reaction,
500 ul of a 1 M Na2COs solution was added to the mixture. The centrifugation of the
cells was then performed at 16.000 x g for 2 min. Using a plate reader, the culture fluid
was measured at 420 nm and 550 nm. The corresponding Miller units were then

calculated using the following modified equation (Miller, 1972).

0D420-1,75*0D550
t+xV+0D600

Miller Units = 1000 =

In this context, t represents the reaction time in minutes and V the reaction volume in

ml.
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2.7.3 1C-CD analysis for the calculation of the bromide level

The test was carried out as already described (Putz, 2022; Ptz et al., 2022). Bromide
concentrations of the culture fluids described in 2.5.22 were measured using a 940
Professional IC Vario lon Chromatography (Metrohm AG, Switzerland) and an
associated conductivity detector. A Metrosep A Supp 7 (250/4.0) column was adjusted
to a flow rate of 700 ul/min to perform the separation. 50 ul of each sample was loaded,
and the temperature was calibrated at 50 °C. The eluent fraction consisted of a 3.6 mM
Na2COs solution, while the suppression fraction included a 250 mM HsPOa4 solution.
The total time was 50 minutes, while the exchange time was approximately 30 and 45
minutes. All samples were diluted 100-fold for better analysis. Bromide balancing was

performed in close cooperation with || | I 2o GG o

the Bundesanstalt fir Gewéasserkunde in Koblenz.

2.7.4 LC-MS/MS analysis for the determination of homoserine lactones and DAHSL

The test was carried out as already described (Putz, 2022; Putz et al.,, 2022). To
operate the LC system, an Agilent 1260 Infinity Series (Agilent Technologies, USA)
was required. This was equipped with a pump and valve that could cut off the first two
and last seven minutes of the measurement. A Poroshell 120 C18 column (3 x 50 mm,
2.7 uym) (Agilent Technologies, USA) was used at a flow rate of 0.3 ml/min for
separation. 40 ul of each was injected and the temperature was adjusted to 40 °C. A
mixture of Milli-Q water and acetonitrile in the ratio of 90:10 (v/v) was used for the
elution phase. This was supplemented with 2 mM ammonium formate and 0.1% (v/v)
formic acid. The gradient for LC was applied from a published method (Nurenberg et
al., 2015). A mass spectrometer system (QqQ-LIT-MS, API 6500+ QTrap) (AB Sciex
LLC, USA) was used. Electrospray ionization was used for the positive ion mode for 3-
0x0-Ci2-AHL. For DAHSL, the negative ion mode was utilized. Here, the ammonium
formate was omitted, and pure acetonitrile was adopted for eluent B. LC-MS/MS

analysis was performed in close collaboration with || | |[|G_;l anc KGN

from Bundesanstalt fir Gewasserkunde in Koblenz.
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2.7.5 Degradation assays and detection of intermediates using LC-HRMS

The test was carried out as already described (Putz, 2022; Putz et al., 2022). MilliQ
water was used as the base for the degradation experiments. In addition, 30 mM NaBr,
25 pg/ml cerium oxides, and 5 yM substrate (3-ox0-Ci2-AHL and HQNO, respectively)
were added. 30 uM H202 was injected into the mixture so that the reaction could
proceed. At certain time points, samples were repeatedly taken, and the reaction
stopped immediately by Na2S203 addition. Before injection, the nanopatrticles had to
be centrifuged for 15 minutes at 4 °C (15.000 rpm Mikro 220R (Andreas Hettich GmbH
& Co. KG, Tuttlingen)). Calibration was performed using 100 nM Ces-AHL. To detect
the substrate and the products formed, LC-HRMS was used. The same procedure was
used as described in 2.7.4. The eluents were taken from the previously published
method (NUrenberg et al., 2015). A TripleTOF 5600 (AB Sciex LLC, USA) together with
electrospray ionization were utilized. Both positive and negative ion modes were
applied. LC-HRMS analysis was performed in close collaboration with || | | J il and

I - (hc Bundesanstalt fiir Gewasserkunde in Koblenz.

2.8 Bioinformatics methods

2.8.1 Identification of metal ion transporters in P. gallaeciensis

To investigate whether P. gallaeciensis is capable of taking up Fe?* and Mn?*,
bioinformatic analysis was performed using the KEGG Genome Database (Kanehisa,
2000), which compares the individual pathways in the organism and assigns genes to
the same function based on homologies to other known genes in different

microorganisms.
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3 Results

Due to the increasing antibiotic resistance in bacteria and the growing complications
in health, environmental and economic sectors (Bowler et al., 2020; Muhammad et al.,
2020; Camara et al., 2022), it is necessary to find new antimicrobial agents against
bacterial biofilms. Although dedicated flow cells (Tolker-Nielsen and Sternberg, 2014)
for the analysis of biofilms and the effect of potential agents are available (Azeredo et
al., 2017), these state-of-the-art flow cells have significant drawbacks in their entirety
and applicability. For that reason, optimized microfluidic systems for the correct and
easy analysis of bacterial biofilms are urgently needed. In addition, to treat and tackle
biofilms, it is crucial to examine the conditions that cause marine as well as freshwater
biofilms. Bacteria from these highly populated environments are frequently able to
inhibit or disperse the biofilm of competing microorganisms (Nijland et al., 2010;
Rehman and Leiknes, 2018; Simdes et al., 2007). However, several species of marine
and drinking water bacteria are still unexplored in terms of such capabilities.
Entomopathogenic bacteria of the genera Photorhabdus and Xenorhabdus produce a
variety of secondary metabolites with different characteristics during their life cycle
(Bode, 2009). However, the influence of such secondary metabolites on bacterial
biofilm formation is not well investigated to date. The use of nanoparticles to attack
microorganisms are well known (Shkodenko et al., 2020), but it is still unexplored
whether specific tungsten oxide or cerium oxide nanoparticles can interact with

bacterial QS and thereby inhibit biofilm formation.

The points listed above must be thoroughly investigated to discover new antimicrobial

agents and to be able to combat bacterial biofilms in the future.
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3.1 Panta Rhei — an optimized microfluidic system for macroscopic and
microscopic analysis of bacterial biofilms

It is indispensable to investigate biofilm analyses under native conditions since biofilms
often form a complex structure dependent on the biological habitat (Dassanayake et
al., 2020; Karygianni et al., 2020; Secchi et al., 2022). So-called microfluidic systems
provide realistic conditions for cultivating and analyzing bacterial biofilms. An essential
core component of such systems is a flow cell, in which the bacteria are placed for
cultivation and to allow biofilm formation. Another component is a reservoir containing
a fresh nutrient solution and another reservoir collecting the used medium. A highly
precise peristaltic pump must provide the necessary flow within the microfluidic system
and ensure fresh nutrients supply for the growing biofilm. The core components are
connected by tubing (Azeredo et al., 2017; Behrens et al., 2020). However, the flow
cells used to date have significant drawbacks, so one of the first steps in this thesis
was to re-design and construct an optimized microfluidic system, which circumvents

the disadvantages of the state-of-the-art flow cells.

3.1.1 State-of-the-art flow cells display major disadvantages

In order to analyze bacterial biofilms under realistic conditions, suitable and easy-to-
use flow cells were required. For this purpose, the state-of-the-art was taken as a basis,
and already known flow cells from previous studies were reproduced (Tolker-Nielsen
and Sternberg, 2014). The flow cells were designed and scaled using a computer-
aided-design (CAD) program (FreeCad 0.18.4) and then manufactured using a
computer-aided-manufacturing (CAM) program (Tebis 4.0) as well as subtractive
manufacturing like a 5-axis Computer Numerical Control (CNC) milling machine. Since
bacteria from different habitats also prefer different cultivation conditions (Lear et al.,
2021; McCaig et al., 2001; Vartoukian et al., 2010), different plastics (Fig 3.1.1) were
used for fabrication based on their properties to ensure the appropriate environment.
The plastics used were polyvinyl chloride (UPVC), polystyrene (PS), acrylonitrile
butadiene styrene (ABS), and polycarbonate (PC). The different plastics differ
significantly, e.g., in their operating temperature. For example, while ABS and PC are
intended to be used at a starting temperature of -30 °C —-40 °C, PS can be used from
-20 °C on, and UPVC from -15 °C and above (Klein, 2011).
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ABS PC

Fig. 3.1.1 Construction of state-of-the-art flow cells from different plastic materials. The
shape of the flow cells was designed as indicated in previous studies. Subtractive
manufacturing was then used to produce the flow cells with the specific sample chamber. The
plastics used for manufacturing were unplasticized polyvinyl chloride (UPVC), polystyrene
(PS), acrylonitrile butadiene styrene (ABS), and polycarbonate (PC).

However, when using these flow cells, it was noticed that due to the design, several
disadvantages came along. First, since the bottom of the cells was not transparent, it
was not possible to use a light microscope for further analyses because the light beam
could not pass through. Therefore, the bacterial biofilm inside the flow cells could only
be analyzed with the help of a special CLSM. Thus, a potentially failed experiment
could not be validated before using elaborative and time-consuming microscopy.
Additionally, when using these flow cells, it was found that there were increased
complications with the flow velocity. Due to the selected height of the sample chamber
and the tubing connections length, higher pressure within the sample chamber was
increased, damaging the biofilm, or the tubing tore off at the connections. Another
downside was that these flow cells could only be operated with the help of an additional
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bubble trap. Without a bubble trap, air bubbles that entered the system could harm the
entire biofilm and thus interfere with the entire experiment (Azeredo et al., 2017;
Gomez-Suarez et al., 2001). In addition, macroscopic analysis of the bacterial biofilm
was incompatible with these flow cells. Finally, the state-of-the-art flow cells
enormously complicate the use of high throughput analyses due to the above-listed

drawbacks.

3.1.2 The characteristics of the Panta Rhei flow cell variants

Since the conventional flow cells were not suitable for complete microscopic and
macroscopic analyses of bacterial biofilms and other expensive flow cells available on
the market also had significant limitations, such as the mandatory use of a bubble trap
(Azeredo et al., 2017; Tolker-Nielsen and Sternberg, 2011), two optimized flow cell
variants were designed and constructed after several trials and plenty of prototyping.
These flow cell variants were named Panta Rhei D2 and Panta Rhei P (Fig. 3.1.2). The
name Panta Rhei has been used only for personal use in this work; no legal claim is
made to it. First, a plastic plate was manually cut into a square shape and then
mounted for 5-axis CNC milling. Subtractive manufacturing was then used to produce
prototypes for the two Panta Rhei variants. Machining with a CNC milling machine also
offered the advantage of very high repeatability, which ensured that the scale was

maintained to produce further Panta Rhei flow cells.
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Fig. 3.1.2 Schematic representation of the optimized Panta Rhei flow cell variants. (A)
Technical drawing of the Panta Rhei D2 flow cell. (B) The Panta Rhei D2 flow cells are
manufactured with a 5-axis CNC milling machine. (C) Technical drawing of the Panta Rhei P
flow cell. (D) The Panta Rhei P flow cells are manufactured with a 5-axis CNC milling machine.
The two flow cell variants share the same point of origin since they both match the dimensions
of a specimen carrier, which makes them applicable to all variants of microscopes.

These two Panta Rhei flow cell variants have a lot of features in common and differ
only in several points. Both Panta Rhei flow cell modifications consist of polyethylene
(PE) or polypropylene (PP) and share the exact same dimensions, matching the size
of microscope slides. This feature and the handles on each frontside and backside of
the flow cells ensure compatibility for different microscopes. While choosing the
materials for those two modifications, the focus was on durability, sustainability, and
reusability. Since it is already known that polypropylene is autoclavable and therefore
used in medical technology (Lan et al., 2013), has low cost, and is physically versatile
(zaferani, 2018), the decision was consequential towards the choice of the plastic
material. In parallel, the operating temperature of PP ranges from -5 - 100 °C, which
means that different cultivating conditions can be simulated with the aid of this material
(Klein, 2011). Additionally, both variants show the same extended inlets and outlets,

which can be connected to a different kind of tubing material, e.g., silicone or polyvinyl
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chloride (PVC), to ensure the supply of fresh nutrient solutions inside the sample
chamber and remove the used nutrients. Due to the lengthening of the connections,
the problem of sliding off the tubing could thereby be addressed. To counteract the
pressure and shear forces, the height of the sample chamber was elevated (8 mm),
and the diameter of the connections was widened (2,5 mm).

Using the following Bernoulli-equation (Alexander, 2017; Qin and Duan, 2017):

1 2 1 2
Pt 5pvit pghi = p, t5pv; + pgh,

where p stands for pressure, p represents the density of the fluid, v is the velocity of

the fluid, g represents the gravitational acceleration, and h is the elevation and
furthermore using the following equation (Killer et al., 2019):

p:

Y

where p represents the pressure, while F is the force and A4 is the area, the pressure
could be reduced, while at the same time the surface area was expanded.
Furthermore, the enlargement of the sample chamber height had the advantage that
no bubble trap was necessary for the system anymore. Due to the height, indrawn air
bubbles during an experiment were trapped at the cover side and did not interfere with
the biofilm growing on the base of the Panta Rhei flow cells.

Although sharing the basic structure, the two modifications differ in their usability. The
Panta Rhei D2 cell was designed basically with no sample chamber at the top and
bottom so that the core of the cells is accessible. This feature creates opportunities to
attach different surfaces to the Panta Rhei D2 flow cell and thus perform individual
experiments. While using a specific glue for plastic attachment (3M, USA), the surfaces
are also detachable and re-attachable. Therefore, a micro- and macroscopic analysis
of the biofilm structure is possible. In the Panta Rhei P flow cell, the sample chamber
is attached to the bottom, and the top cover is missing. Therefore, a groove and screw
holes were placed to attach a transparent top cover. This allows the opportunity to put
several samples with different geometry inside the sample chamber, then seal the top

cover and perform macroscopic biofilm analyses.
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In summary, the Panta Rhei flow cells were not only designed and constructed to
overcome the limitations and disadvantages of already known devices but also to

combine their advantages.

3.1.3 The Panta Rhei flow cells can be operated at different angles

As previously listed, Panta Rhei flow cells were designed to eliminate the need for a

bubble trap due to the raised sample chamber, among other features.

In addition, the attached retaining elements not only allowed the attachment of the cells
to a microscope stage but also to a specially manufactured bracket, which, in
combination with a frame joint, allowed the Panta Rhei flow cells to be used at different
angular settings and inclinations. As no other flow cells with the characteristics to adjust
the angle exist, a special bracket was designed and manufactured to design the cells

for space-saving high throughput analyses.

First, a cuboid-shaped piece of plastic was cut to size manually. This was followed by
clamping onto the CNC milling machine and subsequent machining (Fig. 3.1.3A;
3.1.3B). The Panta Rhei holder was designed to accommodate at least two or more
Panta Rhei flow cells (Fig. 3.1.3C). With the help of elastic bands, the Panta Rhei flow
cells could then be attached to or removed from the Panta Rhei bracket (Fig. 3.1.3D).
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Fig. 3.1.3 The Panta Rhei bracket containing the Panta Rhei flow cells D2 and P. (A) The
CAD construction of the Panta Rhei bracket holds two or more Panta Rhei flow cells. (B) The
Panta Rhei bracket after manufacturing by a 5-axis CNC milling machine. (C) Two or more
Panta Rhei flow cell variants can be mounted on the Panta Rhei bracket. (D) Elastic bands are
used to attach the flow cells to the bracket.

The Panta Rhei flow cells could thus be operated between 0° - 180° using the Panta
Rhei bracket in combination with a frame joint. This allowed the bacteria to be placed
in the sample chamber at a horizontal position of 0°. Once the bacteria had adhered
to the surface, the operation could be performed vertically at 90°. This offered the
additional advantage that the growing biofilm did not interfere with any air bubbles that
might have been penetrated. Based on their properties, the air bubbles float to the top
and are carried away by the peristaltic pump (Fig. 3.1.4).

Moreover, the adjustable angles made it possible to simulate different situations. The
Panta Rhei flow cells could hence also function as a trickle flow reactor. An angle of
10° - 20° resulted in an evenly distributed liquid film on the surface. This led to optimal

growth at the air-liquid interface.
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Fig. 3.1.4 Presentation of the Panta Rhei microfluidic system using the Panta Rhei
bracket and the Panta Rhei P flow cell. A container with fresh nutrient solution (left side) is
connected via tubing to the Panta Rhei P flow cell, vertically mounted on the Panta Rhei
bracket. Due to the angular settings, penetrated air bubbles can be carried away by the
connected peristaltic pump without interfering with the grown biofilm inside the sample
chamber. The second reservoir (right side) collects the already used-up medium.

3.1.4 The Panta Rhei D2 flow cells assure versatility in the selection of surfaces

As described before, the two variants of the Panta Rhei flow cells are similar in design
but differ significantly in their function. Since there was no system commercially
available having two distinct surfaces that could be analyzed with only one flow cell,
the Panta Rhei D2 flow cell was developed and built for these purposes.

As the focus for the conception of the Panta Rhei D2 flow cell was mainly on the flexible
use of different surfaces, this flow cell was constructed without an attached lid and
base. As a result, the flow cell was designed to be both simple and highly functional.
By providing a free choice of surface materials, the Panta Rhei D2 flow cell could be
used to design an individual experiment without being restricted by the choices offered.
Various materials such as glass, plastics, or even metals could be used on both the
bottom and the top of the Panta Rhei D2 flow cell (Fig. 3.1.5). Surfaces could be
attached and removed at any time with the aid of a unique plastic adhesive.
Furthermore, the possibility of operation at 90° allowed a biofilm to grow on both

surfaces simultaneously without air bubbles hindering these biofilms.
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Fig. 3.1.5 The Panta Rhei D2 flow cell with attached variable surfaces on top (A) and on
the bottom (B). The Panta Rhei D2 flow cell design permits the selection of various surface
materials. Since the lid and the bottom are not present in this variant, individual materials can
be matched to the flow cell. Consequently, a broad spectrum of experiments can be performed
using the Panta Rhei D2 flow cell. The blue area of the cells indicates the materials and
surfaces that are versatile and therefore suitable for different experimental applications.

As shown in Fig. 3.1.6A, it was feasible to use traditional light microscopy with the
Panta Rhei D2 flow cell. By placing transparent surfaces such as glass on both sides
of the Panta Rhei D2 flow cell, the beam of light and laser could cross through the

flow cell and thus complete the respective analysis.
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Fig. 3.1.6 Visualization of P. gallaeciensis biofilm in the Panta Rhei D2 flow cell. (A) The
Panta Rhei D2 flow cell is mounted onto a fluorescence microscope specimen stage. Due to
the transparent surfaces on the top and the bottom, the light beam can pass through the cell.
The bacteria, P. gallaeciensis, were cultivated in marine medium 2216 for 72 h under constant
flow at 30 °C. The attached bacteria were stained with SYTO9 and propidium iodide for 30
minutes at 30°C and made visible using (B) fluorescent microscopy and (B) phase contrast
microscopy.

To determine whether the Panta Rhei D2 flow cell was functional, the biofilm formation
of P. gallaeciensis was analyzed. P. gallaeciensis is a marine bacterium of the clade
Rhodobacteriaceae, which is known as a primary colonizer in diverse marine biofilms
like ship bodies, an effect that can cause substantial economic loss (de Carvalho,
2018; Gram et al., 2015; Rabus, 2014). For the biofilm assays, the bacteria were grown
under a constant flow of 5 ml/h for 72 h in the marine medium 2216 at 30 °C. The cells
were then stained with SYTO9 and propidium iodide for 30 minutes at 30 °C. It is
apparent from Fig. 3.1.6B and Fig. 3.1.6C that the bacteria could perform biofilm under
a constant flow in the Panta Rhei D2 flow cell. The planktonic cells were washed away,
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leaving the biofilm attached to the surface. Additionally, it could be observed that
almost all cells were alive. Consequently, this proved that the Panta Rhei D2 flow cell

was fully functional and perfectly designed for live cell biofilm imaging analyses.

3.1.5 The Panta Rhei P flow cells enable the investigation of external specimen

Given that the flow cells available on the commercial market were either not designed
for external sample or surface analysis, not compatible with every external sample
geometry, or only compatible with predetermined external sample shapes, the design

and engineering of the Panta Rhei P flow cell was focused on those features.

The basic structure of both Panta Rhei versions is very similar, and the fabrication is
almost identical except for a few additional steps. However, in contrast to the Panta
Rhei D2 flow cell, only the cover is absent in the Panta Rhei P flow cell. The bottom
was not removed from the beginning in this variant. In addition, the Panta Rhei P flow
cell has screw holes and a groove on the top to attach a transparent lid. Thus, a time-

consuming experiment can be constantly observed from the outside.

To evaluate the functionality of the Panta Rhei P flow cells, uncoated and silver nitrate-
coated HDPE discs were tested for P. aeruginosa biofilm. P. aeruginosa is a potent
biofilm-forming soil bacterium that occurs in various habitats such as drinking water
distribution systems (Mena and Gerba, 2009). Therefore, it is also commonly used as
an indicator strain as it can cause severe pulmonary infections (Van Delden and
Iglewski, 1998). Moreover, it is already well known that silver exhibits an antimicrobial

effect (Kim et al., 2007), therefore serving as a control.
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Fig. 3.1.6 Presentation of the non-coated and silver nitrate-coated sample discs. P.
aeruginosa biofilm was grown for 72 h under a constant flow of 5 ml/h at 30 °C in LB medium
on non-coated (A) and silver nitrate-coated (B) sample discs placed inside the Panta Rhei P
flow cell. The discs were then removed from the flow cells, and the attached bacteria were
stained with 1% (w/v) crystal violet. The non-coated sample disc (C) served as a positive
control. The silver nitrate-coated sample disc (D) revealed the effect of the inorganic chemical
on the bacterial biofilm. The blue area indicates the transparent lid for observation of the
experiment.

For the biofilm assays, the discs were placed in separate Panta Rhei P flow cells (Fig.
3.1.6A; Fig. 3.1.6B). The bacteria were then placed inside the sample chamber of the
Panta Rhei P cells. Then, the lid was attached to the top of the respective cell, and the
bacteria were cultivated in the cells for 72 hours under a constant flow of 5 mi/h. After
crystal violet staining, it was observed that the uncoated disk (Fig. 3.1.6C) did not
inhibit biofilm formation. In contrast, the silver nitrate-coated disk (Fig. 3.1.6D) did since
no biofilm could be observed on the coated discs.

Furthermore, confocal laser scanning microscopy (CLSM) was used to visualize the

biofilm of P. aeruginosa on the discs to confirm the macroscopic results observed with
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crystal violet. Biofilms were again grown for 72 h at 30° C under a constant flow of 5
ml/h in two separate Panta Rhei P flow cells. After removing the sample discs, the
attached bacteria on the discs were stained with SYTO9 and propidium iodide. This
fluorescent live-dead dye stains all the cells in the biofilm (Deng et al., 2020).
Compared to the non-coated disc (Fig. 3.1.7A), the silver nitrate-coated disc (Fig.
3.1.7B) inhibited the bacterial biofilm completely. What stands out in Fig. 3.1.7 is the
contrast between the biofilm thickness of the two samples. The non-coated disc
showed a biofilm with a thickness of roughly 12 um, whereas no biofilm was detected
on the silver nitrate-coated disc.

In summary, these experiments proved that the Panta Rhei P flow cell is fully functional
and practical for analyzing external samples or surfaces, e.g., on their property to repel

biofilm formation.
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Fig. 3.1.7 The effect of silver nitrate-coating on biofilm formation of P. aeruginosa.
Confocal laser scanning microscopy (CLSM) of P. aeruginosa biofilm grown in LB broth. The
bacteria were grown for 72 h under constant flow at 30 °C on non-coated and coated sample
discs. The non-coated disc (A) served as a positive control. After removal of the planktonic
cells, the remaining bacteria attached to the membranes were stained with SYTO9 and
propidium iodide for 30 minutes at 30 °C. The effect of the incorporated silver nitrate (B) on the
biofilm was then analyzed by CLSM.
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3.1.6 The evolution of the Panta Rhei flow cells into an automated biofilm analyzing
system

The previous results have already shown that Panta Rhei D2 and Panta Rhei P
represent optimized variants of flow cells, which could cover the needs of a complete
macroscopic and microscopic analysis of bacterial biofilm and overcome the limitations
of previous commercially available flow cells. However, the question arose whether the
entire biofilm analysis process could also be automated significantly and, therefore,
would also be suitable for screenings. Since such a system does not exist yet for biofilm
analysis, the next task of this work was to design an automated all-in-one biofilm-

analyzer system.

Therefore, the design of the two flow cell variants, Panta Rhei D2 and Panta Rhei P,
was initially revised. For easier handling, both cells were upgraded modularly with a
clip-on system. As shown in Fig. 3.1.8A, the Panta Rhei D2 flow cell was designed with
a frame for the bottom and the lid. The respective surfaces could thus be snapped into
the cells. In addition, a snap-in feature was developed that provided a space-saving
option for multiple flow cells to be used simultaneously. The same development was
applied to the Panta Rhei P flow cell (Fig. 3.1.8B).
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Fig. 3.1.8 The revised Panta Rhei flow cells. (A) Exploded drawing of the Panta Rhei D2
flow cell. The frames for the bottom and the lid, respectively, can clamp a surface. (B) Exploded
drawing of the Panta Rhei P flow cell. The transparent lid is clicked onto the upper side of the
cell for sealing.

A further step towards automated design involved the customization of the Panta Rhei
bracket. Here, a retainer was redesigned from scratch. However, particular focus was
given to preserving the ability to clamp the Panta Rhei flow cells via the retaining
elements. The modified Panta Rhei bracket was renamed Panta Rhei Atlas. The Panta
Rhei Atlas is presented in Fig. 3.1.9. The Panta Rhei Atlas has been specifically
designed with a notch to insert single or stacked Panta Rhei flow cells. Furthermore,
pivots have been developed on the sides, which stepper motors can automatically
control, so adjustment of different angle settings is always possible. Furthermore, a
frame joint was no longer required due to the incorporated base plate.
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Fig. 3.1.9 The redesigned Panta Rhei Atlas carrying Panta Rhei flow cells. The Panta
Rhei Atlas was supplied with a special groove to accommodate one or more Panta Rhei flow
cells. With the help of the swivel joints on the sides, control by a stepper motor is enabled. An
operation in combination with a frame joint was not necessary for the angular settings.

A circuit design was required to enable a system to operate in an automated process.
Fig. 3.1.10 illustrates a simplified version of the designed block diagram for the Panta
Rhei system. A microcontroller is the system’s core, which can perform different tasks.
To use the system, a power supply, a voltage regulator, and appropriate switching
elements are required. A real-time clock (RTC) can schedule the process steps. A
thermal sensor monitors the temperature and transmits the data to the microcontroller.
A heating element or a fan is activated accordingly in case of temperature deviations.
The microcontroller also drives two stepper motors. One is responsible for adjusting
the angular gradient, while the other stepper motor controls the integrated peristaltic
pump. For interactivity, the system is also equipped with a USB port. A touchscreen
display also supports proper operability. With the help of the ethernet adapter, access

is also possible via the network.
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Fig. 3.1.10 Simplified block diagram of the Panta Rhei biofilm analyzer system. To control
an automated Panta Rhei system, a central microcontroller is required. This is supplied with
electricity by a power supply unit. The connection of a touch display enables the input of
desired parameters. The ethernet adapter allows access to the system through the network.
The first stepper motor controls the angular inclination of the Panta Rhei Atlas and thereby the
Panta Rhei flow cells. The second sensor controls an integrated peristaltic pump and thus the
supply of nutrient solution to the Panta Rhei flow cells. An associated flow sensor allows the
adjustment of the flow rate. An additional temperature sensor enables control of the cultivation
temperature. Finally, a heating element and a fan regulate the set temperature.

Additionally, a housing was sketched so that the components of the Panta Rhei system
could interact with each other in the form of an all-in-one device close to one another.
Fig. 3.1.11 shows two concepts for the Panta Rhei device. Among them, the so-called
BlAttiva Pente device (Fig. 3.1.11A) differs from the BlAttiva Pentet™™° (Fig. 3.1.11B)
only in the absence or presence of the temperature incubation control. Instead, the
BlAttiva Pente"®™° has an additional incubation chamber with an associated heating
element and fan. In this case, the Panta Rhei flow cells can be retracted, and the

temperature is kept stable by closing the shutters.
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Fig. 3.1.11 Schematic illustration of potential variants BlAttiva Pente without (A) and
BIAttiva Pentet"®™° with (B) temperature regulation of an all-in-one microfluidic Panta
Rhei device to analyze bacterial biofilm. The individual components of the Panta Rhei
system, such as the Panta Rhei flow cells, the Panta Rhei Atlas, the associated stepper
motors, sensors, and the peristaltic pump and the microcontroller for operation, are installed
in a corresponding enclosure. A suitable touch display is used for the operation and setting of
parameters.

Taken together, two different variants of flow cells could be designed and
manufactured in this thesis. Due to the design, the limitations of the already common
flow cells, which were identified during the production and usage of these, could be
circumvented. Furthermore, with the help of a manufactured Panta Rhei bracket, it was
possible to operate the cells without a bubble trap, as common flow cells have to use.
Moreover, operation at an angle of 90° could be achieved. This enabled the
simultaneous cultivation of bacterial biofilm on two different surfaces. In addition, the
results demonstrate that microscopic and macroscopic analysis, such as examination
by CLSM or crystal violet staining, is applicable with the Panta Rhei flow cells. With the
design of a complete Panta Rhei system, including different housings and the
development of an accompanying block diagram, new standards could be set

regarding biofilm analysis on a large scale.

The optimized microfluidic flow-through system designs with the file number DE 10
2020 130 870.1 were submitted to the German Patent and Trademark Office and have

already been accepted as a patent.
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3.2 Various environmental conditions contribute to the formation of bacterial
biofilms

Bacteria form biofilm under a wide variety of circumstances and in a broad range of
environments (Yin et al., 2019), which provides many advantages for the bacteria
(Santos et al., 2018), but also poses increased threats to the environment, industry,
and public health (Muhammad et al., 2020). Although some factors are known to initiate
or minimize biofilm generation, these studies mainly deal with model organisms such
as P. aeruginosa (Toyofuku et al., 2016). However, the observed effects do not often
reflect the general nature of all the bacteria in biofilms (Flemming, 2020). Thus, the
factors affecting bacteria found in drinking water or marine biofilms remain largely

unexplored, and biofilm formation in those sectors remains a major challenge.

As bacterial biofilm formation in the marine sector and the drinking water supply cause
significant financial and health problems (Chaves Simdes and Simdes, 2013; de
Carvalho, 2018; Fish et al., 2016), the objective of this work was to investigate which
conditions stimulate the bacteria that can be found in biofilms from the marine sector
and the drinking water supply into forming biofilms, as well as the factors that prevent
or diminish the development of biofilms. Therefore, the influence of the nutrient
composition and the incubation period was investigated. In addition, different surfaces
were examined for their effect on biofilm formation. Furthermore, the bacterial

composition and the associated biofilm development were analyzed.

3.2.1 Nutrient composition and incubation time span impact biofilm formation of
marine and drinking water bacteria

Since the nutrient supply in the marine environment and the drinking water system may
fluctuate and thus the intensity of the biofilm formation may vary from time to time (Dai
et al., 2022; Douterelo et al., 2016; Salgar-Chaparro et al., 2020), it was necessary to
investigate first to what extent the nutrient composition contributes to the bacterial
biofilm formation. Furthermore, biofilm formation frequently depends on the duration of
incubation as well as on the nutrients (Guzman-Soto et al., 2021). Thus, the extent to
which biofilm formation depends on different incubation periods was also part of the
investigation. Therefore, bacteria from the marine area and the drinking water supply
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were selected that either initiate the biofilm formation or are involved in the formation
of the biofilm. The marine bacteria P. gallaeciensis, H. alkalilenta, and H. aguamarina
were selected for this study. Phaeobacter belongs to the Roseobacter clade, which are
primary colonizers of marine surfaces (de Carvalho, 2018; Zhao et al.,, 2016). H.
alkalilenta and H. aquamarina belong to the Oceanospirillales family, well-known to be
involved in the development of marine biofilms (de la Haba et al., 2014; Mouchka et
al.,, 2010; Tahrioui et al., 2013; Vaksmaa et al.,, 2021). Regarding drinking water
bacteria, S. adhaesiva, M. mesophilicum, and B. nasdae were investigated for biofilm
formation. S. adhaesiva belongs to the Sphingomonas spec., which are responsible
for colonizing reverse osmosis membranes (Bereschenko et al., 2010; de Vries et al.,
2019). M. mesophilicum belongs to the Methylobacterium spec., which are considered
OPPPs (Szwetkowski and Falkinham, 2020). B. nasdae belongs to the Brevundimonas
spec., which are opportunistic pathogens (Ryan and Pembroke, 2018) and can be
found in drinking water distribution systems (Zhu et al., 2020).

First, the different bacteria were cultured along with various nutrient compositions for
a constant incubation time of 72 h at 30 °C. Subsequently, the biofilms were analyzed
using crystal violet staining. The cultivation media differ significantly in their
composition, as, for example, the M1 and TSY media contain a high peptone content.
The medium M9, on the other hand, is notable for its deficient nutrient level. The HD
medium contains a higher level of glucose. The media 2216 and MM display a high
salt content, with 2216 featuring a higher salt variation, while MM contains only NacCl.
In particular, various trace elements are present in the RS medium. The media
selection was made to identify the influence of different components on biofilm

formation.

Fig. 3.2.1 shows the comparison of the different nutrient solutions on the biofilm
development of the respective bacteria. Regarding the drinking water bacteria, Fig.
3.2.1A clearly demonstrates that not all nutrient media led to a similarly strong biofilm
formation. S. adhaesiva exhibited the strongest biofilm generation in HD medium (As7s
= 3.42), while the weakest was observed with M9 medium (As7s = 0.74). B. nasdae
showed strong biofilm formation in RS medium (As7s = 2.75), TSY medium (As7s = 2.61)
and HD medium (As7s = 2.15), and the lowest values were observed with 2216 medium
(As7s = 0.93) and M9 (As7s = 0.91). M. mesophilicum was particularly distinguished by
developing a significantly lower biofilm in contrast to S. adhaesiva and B. nasdae. The
highest biofilm formation was achieved in TSY medium (As7s = 1.57). Similarly, little
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biofilm formation was detected in 2216 medium (As7s = 0.31) and M9 medium (As7s =
0.29).

In summary, it was observed that cultivation media with higher content of glucose,

peptone, or trace elements enhanced biofilm formation in drinking water bacteria.

Fig. 3.2.1B depicts the effect of different nutrients on biofilm formation in the marine
environment. Once more, it was noticed that not all nutrient media had the same effect
on biofilm development. While H. alkalilenta reached a biofilm of at least As7s = 2.6 in
all tested nutrient solutions, this effect could not be observed for H. aguamarina and
P. gallaeciensis. The HD, LB, and M1 media resulted in low biofilm formation for H.
aquamarina and P. gallaeciensis. The greatest increase in biofilm was obtained in
medium 2216. Here, P. gallaeciensis achieved a value of Asrs = 1.98 and H.
aquamarina a value of As7s = 1.28. The results indicated that biofilm formation and
nutrient composition are probably correlated. It was noted that, in addition to the high
salt content, the variety of different salts also impacted biofilm formation in marine
bacteria. Cultivation media with a high glucose and peptone content resulted in less

biofilm formation in marine bacteria.
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Fig. 3.2.1 The influence of nutrient composition on bacterial biofilm formation. Drinking
water bacteria S. adhaesiva, B. nasdae, and M. mesophilicum (A) and marine bacteria P.
gallaeciensis, H. alkalilenta, and H. aquamarina (B) were incubated in various cultivation media
M1, MM, TSY, RS, HD, 2216, LB and M9 for 72 h at 30 °C. Then, biofilm analysis was
guantified using crystal violet staining. Error bars represent the standard deviation of three
biologically independently performed experiments.

To examine the degree to which the incubation time affected biofilm formation, the
bacteria from the drinking water and the marine habitat, which were also tested for
biofilm formation in the different nutrient media, were cultivated for different time
periods in the respective medium they showed highest biofilm formation. The various
time points 24 h, 48 h, 72 h, 96 h, and 120 h were selected accordingly. Following the
respective time points, crystal violet staining was performed and quantified.
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Fig. 3.2.2 clearly depicts the effect of the different incubation periods on the biofilm. As
it can be observed in Fig. 3.2.2A, the biofilm formation of the drinking water bacteria
differed significantly with continuous incubation. S. adhaesiva exhibited maximum
biofilm intensity after 72 h (As7s = 3.42), which did not significantly change after 96 h
and 120 h of incubation. Surprisingly, an unexpected observation was made regarding
the biofilm formation of B. nasdae. The maximum biofilm formation (As7s = 3.57) was
observed after 48 h. However, the biofilm gradually decreased with ongoing incubation
times, resulting in the detection of only about 55% of the biofilm at 120 h (As7s = 1.94),
in contrast to 48 h. For M. mesophilicum, the results pointed to a slow but steady biofilm
increase as the incubation period progressed. Fig. 3.2.2B displays the results of biofilm
development of the marine bacteria at different time lengths. The biofilm of H.
alkalilenta reached a strong biofilm formation after 48 h (As7s = 3.47). The value of the
biofilm hardly changed as incubation proceeded. The results observed for H.
aguamarina indicated that the biofilm increased with time as incubation progressed.
The peak value of biofilm was reached after 120 h (As7s = 1.87). Moreover, a surprising
observation was made in P. gallaeciensis. Here, the highest value of biofilm was
detected after only 24 h (As7s = 2.97). The biofilm development decreased after
progressive incubation so that after 120 h (As7s = 1.29), only about 45% of the biofilm
could be detected. These results indicated that the length of the incubation period could

be crucial for bacterial biofilm formation.
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Fig. 3.2.2 The effect of varying incubation periods on bacterial biofilm formation.
Drinking water bacteria S. adhaesiva, B. nasdae, and M. mesophilicum (A) and marine bacteria
P. gallaeciensis, H. alkalilenta, and H. aguamarina (B) were incubated for different incubation
periods before biofilm formation was quantified. Five different time points were chosen for that
study (24 h, 48 h, 72 h, 96 h, and 120 h). S. adhaesiva was cultivated in HD medium, B. nasdae
was incubated in RS medium, and M. mesophilicum was cultivated in TSY medium. The
marine bacteria P. gallaeciensis and H. aquamarina were cultivated in 2216 medium, whereas
H. alkalilenta was incubated in TSY medium. After each time point, the biofilm formation was
analyzed using crystal violet solution. The standard deviation of three biologically
independently performed experiments is represented by error bars.
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3.2.2 Different surface materials have an impact on bacterial biofilm development

Since it was shown that the composition of the nutrients, as well as the incubation time,
affected the biofilm formation of marine and drinking water bacteria, the influence of
various surface materials was tested. Different materials, such as steel and different
plastics, are commonly used in the marine environment (Vukelic et al.,, 2021,
Dhandapani et al., 2022; Oluniyi Solomon and Palanisami, 2016; Dang and Lovell,
2016) and in the drinking water supply systems (Allion et al., 2011), so it was essential
to examine whether different materials could be used to expose different bacteria to
the respective surface materials in order to determine their impact on biofilm formation.
The materials S235 steel, PE, PETG, PC, and PS were used accordingly, as shown in
Fig. 3.2.3.

Fig. 3.2.3 The materials examined on the effect of biofilm formation. The different types
of materials were cut to a square shape and analyzed for their impact on biofilm formation.
From left to right: S235 steel, PE, PETG, PC, and PS.

First, the individual materials were cut into squares and then placed among the
bacteria. P. gallaeciensis was used as a representative for marine bacteria, and M.
mesophilicum was used as an example for the drinking water bacteria. P. gallaeciensis
was incubated together with the materials for 72 h at 30 °C in 2216 medium, while M.
mesophilicum was cultured on the materials for 144 h at 30 °C in TSY medium. The
evaluation was then performed by staining the materials with crystal violet and

photometric analysis at 575 nm.

The results for the biofilm formation of M. mesophilicum and P. gallaeciensis on the
various substrates are shown in Fig. 3.2.4. For M. mesophilicum, the highest biofilm
formation was detected on PS (As7s = 1.07), and the lowest biofilm formation was
detected on steel (As7s = 0.29). For PETG (As7s = 0.61), PC (As7s = 0.55) and PE (As7s
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= 0.42), moderate biofilm formation was observed. Surprisingly, in the case of P.
gallaeciensis, very strong biofilm formation was detected on steel (As7s = 4.48).
However, on the plastic surfaces, the biofilm development was distinctly weaker. The
polymer that exhibited the strongest biofilm formation among the plastics was PS (As7s
= 1.61). The biofilm on steel, however, amounted to roughly 280% of the biofilm on PS.
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Fig. 3.2.4 Influence of different material surfaces on the biofilm formation of P.
gallaeciensis and M. mesophilicum. P. gallaeciensis was cultivated with the materials for 72
h at 30 °C in 2216 medium. M. mesophilicum was incubated together with the materials for
144 h at 30 °C in TSY medium. The standard deviation of three biologically independently
performed experiments is represented by error bars.

Since exceptionally strong biofilm formation was observed on steel in P. gallaeciensis,
the composition of structural steel was examined to identify a putative content of the
material that triggered biofilm formation. Iron and manganese were found to be present
in higher proportions (Schafer et al., 2015). Accordingly, the next focus was on
examining the effect of bivalent Fe?* and Mn?* ions on the biofilm formation of P.
gallaeciensis. Additionally, the investigation also included other bivalent metal cations,
such as Cu?*, Zn?*, Co?*, and Ca?*.

Fig. 3.2.5 demonstrates the effect of the bivalent cations on the biofilm formation of P.
gallaeciensis. In particular, Fe?* increased the biofilm by about 26%. For Mn?*, an
approximately 22% increase could be observed. In contrast, Zn?* decreased biofilm
formation by approximately 10%, while Cu?* exhibited a reduction of about 40%. Ca?*

appeared to have no significant effect on the biofilm.
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Fig. 3.2.5 Effect of metal cations on biofilm formation of P. gallaeciensis. The various
metal cations were added to P. gallaeciensis at a final concentration of 50 uM. Bacteria were
then cultivated for 72 h at 30 °C in 2216 medium. The biofilm was then detected and quantified
using crystal violet staining. The error bars symbolize the standard deviation of three
independently performed biologically replicates.

To confirm and visualize the effect of Fe?* and Mn?*, CLSM was performed. Fe?* and
Mn?* were added to the bacteria, while no addition of metal cations served as a control.
After incubation and removal of the planktonic cells, the bacteria were stained on the
surface with SYTO9 and propidium iodide. This method allowed the detection of all

bacteria within the biofilm.

The results of CLSM analysis of the biofilm of P. gallaeciensis with and without the
addition of Fe?* and Mn?* can be seen in Fig. 3.2.6. It could be observed that without
the addition of metal cations (Fig. 3.2.6A), the bacteria (green fluorescence) colonized
the surface uniformly, although non-colonized areas (white spots) were also clearly
visible. However, with the addition of Mn?* (Fig. 3.2.6B) or Fe?* (Fig. 3.2.6C), it was
obvious that the colonized areas became denser, and the non-colonized areas were

strongly diminished.

Furthermore, bioinformatics analysis revealed that P. gallaeciensis exhibits specific

transporters for Mn?* and Fe?*.
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Fig. 3.2.6 CLSM analysis of the effect of Fe?* and Mn?* on the biofilm of P. gallaeciensis.
Bacteria were incubated without addition (A), with the addition of Mn?* (B) and Fe?* (C) for 72
hin 2216 medium at 30 °C. Subsequently, the attached bacteria were stained with SYTO9 and
propidium iodide and then analyzed on CLSM.

These obtained results demonstrated that the surface material had a very significant
contribution to the biofilm formation of M. mesophilicum and P. gallaeciensis. In
addition, it was also observed that Fe?* and Mn?* strongly enhanced the biofilm
formation of P. gallaeciensis. Moreover, it was found that this organism contains

specific transporters for manganese and iron.

3.2.3 Mixed species composition strongly affects biofilm intensity

Both nutrient composition and incubation time, as well as surface material, were
identified to influence biofilm formation. In nature, bacterial biofilms are often
composed of several bacterial species rather than just one (Guillonneau et al., 2018;
Schwering et al., 2013). For that reason, the extent to which the biofilm composition

affects biofilm strength was also investigated.

The drinking water bacteria, as well as the marine bacteria, were cultivated individually
and together in a consortium. As a representative for the drinking water bacteria, S.
adhaesiva, B. nasdae, and M. mesophilicum cultivated in TSY medium were selected.
Representatives of the marine bacteria were P. gallaeciensis, H. alkalilenta, and H.
aquamarina grown in the 2216 medium. The respective bacterial cell count was
adjusted to a starting ODeoo of 0.5 and cultivated at 30 °C for 24 h in the appropriate
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media. When cultivating collectively in a mixed species consortium, only one-third of
each bacterial species was used to set the starting ODesoo of 0.5 as well. After 24 h, the

biofilm was stained with crystal violet and quantified.

The influence of bacterial mixed species composition on the biofilm formation is shown
in Fig. 3.2.7. Regarding the drinking water bacteria (Fig. 3.2.7A), it can be noticed that
after 24 h, B. nasdae developed the strongest biofilm when cultivated separately (As7s
= 1.91). On the other hand, M. mesophilicum produced the weakest biofilm when
cultivated by itself (As7s = 0.39). However, it was observed that the highest biofilm
formation (As7s = 2.78) of this experimental setup was detected when the bacteria were
cultivated together in the consortium. Considering the marine bacteria (Fig. 3.2.7B), it
was observed that, when separately cultivated, P. gallaeciensis (As7s = 2.97) and H.
alkalilenta (As7s = 2.48) both formed a strong biofilm. In contrast, H. aquamarina formed
a weaker biofilm (As7s = 0.47). It was also observed for the marine bacteria that joint
cultivation in a consortium (As7s = 3.81) significantly boosted biofilm development. In
summary, a stronger overall biofilm formation was observed in the drinking water and
marine consortium. However, since only one-third of the respective bacteria were
added at the beginning of the experiment, a purely additive effect on the biofilm

formation can be excluded with a high grade of likelihood.
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Fig. 3.2.7 The biofilm formation of marine and drinking water bacteria cultivated both
individually and collectively as a consortium. (A) Drinking water bacteria were cultured
both individually and together as a consortium for 24 h at 30 °C in TSY medium. (B) Marine
bacteria were cultured both individually and as a consortium for 24 h at 30 °C in 2216 medium.
Biofilm analysis and quantification were performed by crystal violet staining. The error bars
represent the standard deviation of three independently performed biological replicates.

Based on the finding that a bacterial consortium could promote biofilm formation, the
extent to which the strength of the biofilm was dependent on the initial colonization of

the surface by a particular bacterial species within the consortium was investigated.

For that purpose, S. adhaesiva and B. nasdae were used as representatives for
drinking water bacteria. The consortium of marine bacteria analyzed was composed of
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P. gallaeciensis and H. alkalilenta. Both bacterial species were cultivated together in a
consortium. However, the primary colonizer in each case was exchanged to analyze
the degree of altered biofilm development. This was accomplished by adding the
bacteria with a time delay. The designated primary colonizer was added to the
incubation wells at the beginning and cultivated for 6 h at 30 °C. Subsequently, the
second bacterial species was added to the previous culture. Together, both species
were incubated as a consortium for additional 6 h before the biofilm strength was

analyzed and quantified.

Fig. 3.2.8 shows the effect of the respective primary colonizer on the intensity of the
biofilm. The choice of the primary colonizer in the case of drinking water bacteria (Fig.
3.2.8A) was observed to have a tremendous effect on biofilm formation. By selecting
S. adhaesiva as the primary colonizer (As7s = 1.12), a significantly higher biofilm
formation was observed. In contrast, using B. nasdae (As7s = 0.61) first, the biofilm
formation was 45% weaker. Similar results were obtained for the experiments with the
marine bacteria (Fig. 3.2.8B). A more intense biofilm was obtained in the case when
P. gallaeciensis was applied as the primary colonizer. On the other hand, H. alkalilenta
as the primary colonizer resulted in a 30% lower biofilm development. These data
showed that, within a mixed species population, the primary colonizer of the surface is

crucial for the development of a distinct biofilm.
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Fig. 3.2.8 Impact of the primary colonizer on the development of a mixed species biofilm.
S. adhaesiva and B. nasdae (A) or P. gallaeciensis and H. alkalilenta (B) were cultured
together in a consortium. The respective primary colonizer was solely cultivated for 6 h at 30
°C, and the second bacterial species was subsequently added. Cultivation was then carried
out for a further 6 h at 30 °C before the biofilm formation was analyzed and quantified using
crystal violet staining. The error bars symbolize the standard deviation of three biologically
independently performed experiments.

In summary, all these data demonstrated that bacterial biofilm formation depends on
several factors. It was observed that the nutrient composition and the incubation period
have a strong impact on biofilm development. Additionally, it could be shown that the
surface is also crucial for biofilm development. Furthermore, in the case of P.
gallaeciensis, it was shown that the metal cations Fe?* and Mn?* boosted the biofilm

formation. Moreover, it was observed that the bacterial composition of the biofilm is
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relevant for its intensity, and the initial species colonization process contributes

immensely to the development of a mixed species biofilm.
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3.3 Marine and drinking water bacteria produce compounds that inhibit
bacterial biofilm formation and trigger biofilm dispersion

Bacterial biofilms in marine and drinking water environments frequently pose
enormous financial damage or severe health hazards (de Carvalho, 2018; Masaka et
al., 2021). Solutions for these problems often involve the use of toxic surfaces to
prevent the formation of biofilms. Moreover, biofilms that have already accumulated
can be removed eventually only physically or with the application of chemicals (Roy et
al., 2018; Uneputty et al., 2022). This usually requires not only enormous financial
resources but additionally burdens the environment (Fish and Boxall, 2018; Schultz et
al., 2011; Vats et al., 2022).

Bacteria have evolved a large arsenal of weapons to repel or eliminate rival
microorganisms. Among others, they developed the possibility of preventing other
bacteria from forming biofilms, e.qg., by interfering with the QS system of the respective
competitor (Rehman and Leiknes, 2018; Romero et al., 2011). Another strategy is to
disrupt existing biofilms, e.g., by initiating biofilm dispersion (Cooke et al., 2020; Davies

and Marques, 2009). However, many potential contenders have not yet been explored.

Identifying bacteria from the marine and drinking water sectors capable of inhibiting

biofilm formation and dispersing existing biofilms was one part of this thesis.

3.3.1 A compound derived from P. gallaeciensis inhibits bacterial biofilm
development

Since it was observed that the biofilm formation of P. gallaeciensis decreased when
the incubation period was progressed, it was possible that the bacteria produced
specific molecules inducing biofilm dispersion. To investigate this, the culture fluid of
P. gallaeciensis was tested on the biofilm development of the bacteria itself as well as
on their marine conspecific P. inhibens. For that purpose, P. gallaeciensis was cultured
for 72 h at 30 °C in 2216 medium, and the cells were subsequently centrifuged. The
culture fluid was collected and filtrated. The culture fluid was then added to P.
gallaeciensis or P. inhibens, respectively. No supplementation of culture fluid served
as a control. After incubation at 30 °C for 72 h, biofilm formation was visualized and
guantified by crystal violet staining (Fig. 3.3.1).
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Both the biofilm of P. gallaeciensis itself decreased by up to 80%, and the biofilm of P.
inhibens dropped by up to 85%.
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Fig. 3.3.1 Influence of P. gallaeciensis culture fluid on biofilm formation of P.
gallaeciensis and P. inhibens. The culture supernatant of P. gallaeciensis was collected and
filtered. The culture fluid was then added to P. gallaeciensis itself, and P. inhibens and biofilm
formation was analyzed using crystal violet staining after incubation of 72 h at 30 °C. The error
bars symbolize the standard deviation of three independently performed biological replicates.

As the culture fluid of P. gallaeciensis showed a strong inhibiting effect on the biofilm
formation of Phaeobacter spec., the next task was to also test the culture fluid on
biofilm formation of non-marine bacteria. For that, P. aeruginosa was selected as
representative since it not only colonizes drinking water systems but, as a human
pathogen, can also cause considerable damage to health (Masaka et al., 2021). To
exclude growth effects caused by the high osmolarity due to the high salt level of the
2216 medium, a considerably lower concentration of 5% culture fluid was used for the

experiments. The addition of 5% 2216 medium provided an internal control.

Fig. 3.3.2 depicts the effect of the P. gallaeciensis culture fluid on P. aeruginosa biofilm
formation. Remarkably, with the addition of 5% 2216 medium, the extracellular matrix
was clearly visible after centrifugation (Fig. 3.3.2A). Since bacterial cells could not be
pelleted despite centrifugation, this was the first visual indication that the biofilm matrix
was not affected by the 2216 medium. In contrast, no clearly distinct extracellular
matrix could be detected after centrifugation upon the addition of 5% culture fluid (Fig.
3.3.2B). It was observed that the bacterial cells were pelleted after centrifugation

without clearly visual observation of a biofilm matrix. In addition, the biofilm of P.
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aeruginosa was reduced by approximately 25% compared to the controls (Fig. 3.3.2C).

An effect of the 2216 medium could thus be excluded.
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Fig. 3.3.2 Biofilm formation of P. aeruginosa upon addition of the culture fluid of P.
gallaeciensis. (A) The addition of 5% 2216 medium served as an internal control. (B) The
concentration of 5% culture fluid was added to P. aeruginosa. (C) The effect on biofilm
formation was analyzed and quantified by crystal violet staining after 72 h of incubation. The
error bars symbolize the standard deviation of three biologically independently performed
experiments.

The potential molecule was to be tested for stability since an apparent effect of the
culture fluid on P. aeruginosa was detected. To obtain a more accurate impression,
the culture fluid was treated in different assays to evaluate the retention or loss of the
biofilm inhibitory effect. Therefore, the culture fluid was treated with heat and
proteinase K. Additionally, the sample was alkalized or acidified. It is known that
exposure to heat can denature proteins that are not heat resistant (Bischof and He,
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2005). In addition, proteases such as proteinase K can hydrolyze peptide bonds and
thus degrade proteins (Skowron et al., 2020). Furthermore, polymers with pH-sensitive
bonds are susceptible to structural changes and degradation with altering pH (Kocak
et al.,, 2017; Ofridam et al., 2021). Thus, the aim was to obtain an indication of the

molecule's chemical structure by applying the different treatments.

Fig. 3.3.3 shows the results of the different treatments of the culture fluid of P.
gallaeciensis and the impact on biofilm formation in P. aeruginosa. Notably, none of
the selected treatments altered the effect on biofilm formation since the influence of
biofilm reduction could still be observed. Thus, the candidate compound appeared to
tolerate the acidic or basic treatments. Therefore, it is highly likely that the molecule in
guestion does not possess any pH-labile bonds. Moreover, the potential molecule
appeared to be heat stable, as no loss of function was observable after heat treatment.
Additionally, as the effect remained unchanged when also treated with proteinase K,

one might assume that the putative molecule might not be a protein.
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E 40- O Heat treatment of P. gallaeciensis culture fluid

5 20~ 3 Control

@ 9

Fig. 3.3.3 Treatment of the culture fluid to test the stability of the potential molecule in
biofilm inhibitory activity of P. aeruginosa biofilm. The culture fluid underwent acidic and
alkaline treatment. In addition, proteinase K and heat treatment were performed. The addition
of only 5% 2216 medium served as a control. The standard deviation of three biologically
independently performed experiments is represented by error bars.

To gain more information about the chemical nature of the potential biofilm inhibiting
compound, the hydrophobic compounds of the P. gallaeciensis culture fluid were
extracted with 100% ethyl acetate in a 1:1 ratio and then evaporated in a rotary
evaporator. Since the hydrophilic phase could barely show a biofilm inhibiting effect
(Fig. S.1), the main focus was set on the hydrophobic phase since, in this phase, the

biofilm of P. aeruginosa was reduced by approximately 25%. Therefore, the potential
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molecules in the hydrophobic phase were suspended in MeOH, and the molecules
were separated by HPLC and fractionated. To each fraction, 135 ul of a P. aeruginosa
culture with an ODeoo of 0.5 was then added. After incubation at 30 °C for 72 h, the
effect of each fraction on biofilm formation was determined by crystal violet staining.

Fig. 3.3.4A llustrates the influence of the fractions on the biofilm formation of P.
aeruginosa. A strong negative effect on biofilm formation could be detected with
fraction A5. The reduction was about 45% in contrast to fraction H1, representing the
control. The neighboring fractions A4 and A6 also exhibited a slight impact of 20% and
10%, respectively. Fig. 3.3.4B illustrates the preparative chromatogram. Several
hydrophobic substances could be separated from the culture fluid of P. gallaeciensis.
The highest peak at approximately 1 min correlates with fraction A5, which exhibited a

biofilm inhibitory effect in P. aeruginosa.
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Fig. 3.3.4 The fractionation of the hydrophobic compounds in P. gallaeciensis culture
fluid and the effect on P. aeruginosa biofilm formation. The hydrophobic molecules in the
culture fluid of P. gallaeciensis were fractionated on a reverse phase C18 column into 92
sections via HPLC. (A) P. aeruginosa was placed in each well, incubated at 30 °C for 72 h,
and the effect on biofilm formation was examined and quantified using crystal violet staining
for each separate fraction. H1 served as a control without fractionation parts. (B) The
preparative chromatogram is in blue with the respective peaks. The A5 fraction is highlighted
with an arrow. The maximum of each peak is labeled with the corresponding time. The
associated compounds are marked in pink. The wavelength applied was 210 nm. The error
bars symbolize the standard deviation of three biologically independently performed

experiments.
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3.3.2 B. nasdae induces biofilm dispersal

Among the drinking water bacteria, it was noticed that the biofilm formation of B.
nasdae started to increase after 48 h but rapidly declined again after 72 h. Therefore,
the idea came up that a specific molecule produced by the bacteria in the late growth
phase of the biofilm could be responsible for these effects. To verify this, the culture
fluid of B. nasdae was screened for dispersal effects on its own biofilm formation.
Briefly, B. nasdae was incubated at 30 °C for 72 h. Subsequently, the cells were
removed by centrifugation, and the collected culture fluid was filtrated. The culture fluid
was then added to B. nasdae, and after 72 h of incubation, the effect on the biofilm

formation was analyzed using a crystal violet assay.

It could be observed that the biofilm was reduced by up to 30% after adding the B.
nasdae culture fluid (As7s = 1.97) compared to the control without addition (As7s = 2.78)
(Fig. 3.3.5).
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Fig. 3.3.5 Impact of B. nasdae culture fluid on its own biofilm development. The culture
fluid of B. nasdae was centrifuged and filtrated after 72 h of cultivation. Then, the culture fluid
was added to B. nasdae to observe the effect on the biofilm. After further 72 h of cultivation,
the biofilm was quantified using crystal violet staining. The standard deviation of three
biologically independently performed experiments is represented by the error bars.

It was shown that the culture fluid of B. nasdae exhibited biofilm-reducing properties,
so the intention was to investigate whether the culture fluid could also disperse a pre-

existing biofilm. The conspecific bacterium Brevundimonas diminuta was used to
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analyze this purpose. B. diminuta is a Gram-negative bacterium known for its
colonization of water distribution systems and, due to its size, can exhibit aerosol-like
properties (Chattopadhyay et al., 2017). First, after 72 h incubation, the culture fluid of
B. nasdae was freeze-dried after filtration. Upon completion of lyophilization, water was
added accordingly so that a 10x concentrated culture fluid was obtained. Freeze-dried
10x concentrated medium served as a control. Then, B. diminuta was cultured for 24
hin LB medium. The 10x concentrated culture fluid or only the 10x concentrated culture
medium was thereafter provided to B. diminuta. After cultivation for another 24 h, the
planktonic cells were removed, and the attached cells were stained with crystal violet.

The analysis was conducted at 575 nm.

As can be seen in Fig. 3.3.6, the additional 10x concentrated culture fluid of B. nasdae
caused a roughly 40% decrease in the pre-existing biofilm of B. diminuta.
Consequently, it was shown that a potential molecule within the culture fluid of B.

nasdae could initiate biofilm dispersion.
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Fig. 3.3.6 Influence of the 10x concentrated culture fluid of B. nasdae on the pre-existing
biofilm of B. diminuta. The culture fluid of B. nasdae was freeze-dried after centrifugation
and filtration. After lyophilization was completed, a 10x concentrated culture fluid was adjusted
with water. Freeze-drying of medium only served as a control. B. diminuta was incubated for
24 h in LB medium at 30 °C. The 10x concentrated culture fluid was then supplemented. The
impact on the biofilm was evaluated using crystal violet. The standard deviation of three
biologically independently performed experiments is represented by the error bars.
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To obtain a greater insight into the potential chemical nature of the biofilm dissolving
molecule, the culture fluid of B. nasdae was treated with proteinase K and subjected
to heating. It was then added to the pre-existing biofilm of B. diminuta so that either

retention or loss of the biofilm dissolving activity was evaluated.

Surprisingly, both proteinase K and heat were able to terminate the observed effect on
the biofilm (Fig. 3.3.7). Thus, it could be shown that the potential molecule in the culture
fluid could be inactivated by proteinase K and did not withstand intense levels of heat
so that the molecule might be of protein nature.
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Fig. 3.3.7 Treatment of the culture fluid to test the sustained effect on biofilm dispersion.
The culture fluid was exposed to Proteinase K and heating. The addition of a 10x concentrated
medium served as a control. The standard deviation of three biologically independently
performed experiments is represented by error bars.

Summarizing the results, two bacteria were identified that either inhibited bacterial
biofilm or induced dispersion. In the area of marine bacteria, it was shown that P.
gallaeciensis generated a putative molecule in the culture fluid, which demonstrated
an inhibiting effect on P. aeruginosa biofilm formation as well. Furthermore, it was
shown that the candidate molecule could not be inhibited by treatments with acids,
bases, proteinase K, or heat. For this reason, it is assumed that the putative molecule
can be neither a protein nor a polymer with pH-sensitive compounds. Additionally, B.
nasdae was identified as a source of a potential compound in drinking water that

initiated biofilm dispersion in B. diminuta. Furthermore, it could be illustrated that the
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potential agent was either inactivated by proteinase K or heat. It can therefore be

concluded that the candidate molecule is highly likely a protein.
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3.4 Surfaces coated with secondary metabolites of entomopathogenic
bacteria as novel anti-biofilm strategy

Bacteria of the genera Photorhabdus and Xenorhabdus belong to the
entomopathogenic bacteria and display a complex life cycle, colonizing different hosts
and changing between pathogenicity and symbiosis. During this life cycle, a wide range
of secondary metabolites are produced to combat or repel, among others, a full range
of microorganisms such as bacteria or fungi (Bode, 2009; Parihar et al., 2022; Tobias
et al., 2018). Although it is known that many secondary metabolites have antibiotic,
biostatic or antifungal effects (Booysen and Dicks, 2020; Chac6n-Orozco et al., 2020),
it is currently not investigated whether these substances also have a biofilm inhibitory
effect without effectively eliminating other bacteria, especially in water environments.

In the marine sector and in drinking water supplies, bacterial biofilms not only cause
economic losses but also endanger the health and the environment in particular
(Camara et al., 2022; de Carvalho, 2018; Masaka et al., 2021; Muhammad et al.,
2020).

This thesis investigated whether secondary metabolites from entomopathogenic
bacteria can prevent the formation of biofilm in bacteria originating from the marine
environment or drinking water supply. Furthermore, it should be evaluated whether
surfaces coated with those secondary metabolites can lead to a reduction of bacterial

biofilm.

3.4.1 Secondary metabolites from Photorhabdus spec. and Xenorhabdus spec.
inhibit biofilm formation of bacteria from marine environments and drinking
water distribution systems

To determine whether the secondary metabolites from Photorhabdus and
Xenorhabdus have biofilm inhibitory properties, different Ahfq and wild-type strains of
P. luminescens, X. szentirmaii, X. nematophila, and X. doucetiae were used. However,
several Ahfq strains possessed a promoter upstream of specific secondary metabolite

biosynthesis gene clusters, so their expression could be induced by arabinose.
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Fig. 3.4.1 The effect of the secondary metabolites from Photorhabdus and Xenorhabdus
strains on biofilm formation of bacteria from marine environments and water
distributions. The culture fluids of each Photorhabdus or Xenorhabdus strain were added to
the biofilm-forming bacteria, and then the effect on the respective biofilm (A) and optical density
(B) was analyzed. B. licheniformis and B. nasdae were cultivated in RS medium for 72 h at 30
°C. S. adhaesiva and S. pituitosa were grown in HD medium for 72 h at 30 °C. M.
mesophilicum was cultivated in TSY medium for 7 days at 30 °C. P. aeruginosa was cultured
in LB medium for 72 h at 30 °C. P. gallaeciensis, P. inhibens were incubated in marine medium
2216 for 72 h at 30 °C. E. aurantiacum and H. aquamarina were cultivated in marine medium
2216 for 96 h at 30 °C.
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Since biofilm formation in the marine sector and in drinking water supplies leads to
significant financial as well as health problems (de Carvalho, 2018; Masaka et al.,
2021; Muhammad et al., 2020), the focus was put on biofilm-forming bacteria from
these sectors. B. licheniformis, B. nasdae, S. adhaesiva, S. pituitosa, M. mesophilicum,
and P. aeruginosa are biofilm-forming bacteria found in drinking water supplies
(Bereschenko et al., 2010; de Vries et al., 2019; El-Liethy et al., 2018; Szabo et al.,
2017; Szwetkowski and Falkinham, 2020; Zhu et al., 2020). P. gallaeciensis and P.
inhibens belong to the Roseobacter clade, which are considered primary colonizers of
surfaces in marine environments (de Carvalho, 2018; Zhao et al.,, 2016). E.
aurantiacum and H. aquamarina are also classified as biofilm-forming bacteria

occurring in the marine zone (Inbakandan et al., 2010).

First, the cell-free culture fluids of the individual Photorhabdus and Xenorhabdus
strains were added to the respective biofilm-forming bacteria. After incubation of the
bacteria from the marine area and the drinking water supply, the effect of the culture
fluids was analyzed using crystal violet assays. A prior absorbance measurement at
600 nm provided information about the planktonic cell count.

Fig. 3.4.1A provides that several culture fluids influenced the bacterial biofilm. All
substances that showed an effect on several bacteria are remarkable. For example,
culture fluid 28 (phenylethylamides/tryptamides) was effective on the biofilm formation
of all marine bacteria and almost all drinking water bacteria. For B. nasdae and M.
mesophilicum, less than 10% of the original biofilm was left. For S. adhaesiva, S.
pituitosa, P. aeruginosa, P. gallaeciensis, P. inhibens and E. aurantiacum, the biofilm
was reduced by up to 80%. The addition of water instead of culture fluid served as a
control. Although a decrease in biofilm was observed in compound 28, the planktonic

cell number did not decrease, as seen in Fig. 3.4.1B.

Furthermore, culture fluid 55 (xenofuranones) also exhibited a biofilm-reducing effect
for a total of 9 bacteria. Except for P. aeruginosa and H. aquamarina, the biofilm of the
other bacteria was reduced by up to 90%. Surprisingly, culture fluid 55 also displayed
an effect on the cell count of, e.g., S. pituitosa and M. mesophilicum. In this case, the

cell count was reduced by up to 40%.

Additionally, culture fluids were detected that had an effect on biofilm formation but at
the same time also significantly reduced the cell count. Culture fluid 52 (rhabduscin),

for example, decreased the biofilm of S. pituitosa by about 75%, but the addition of this
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culture fluid also reduced the number of cells by up to 75%. The effect thus appeared
to be non-biofilm specific, but the effect might be due to a classical antimicrobial mode

of action.

Surprisingly, culture fluids such as culture fluid 33 (xenocoumacin) were also identified,
which reduced biofilm in most bacteria screened due to a decline in cell count, but
reduced biofilm in B. nasdae and P. aeruginosa without concurrently greatly affecting

cell count.

The structures of the most promising compounds with an impact on biofilm formation

are summarized in Fig. 3.4.2.
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Fig. 3.4.2 The secondary metabolites from Xenorhabdus spec. with the most promising
effect on non-biocidic inhibition of bacterial biofilms. The compounds were produced in
Xenorhabdus spec. and evaluated for their biofilm inhibitory activity in different marine and
drinking water bacteria. The structural formulas were provided by | I Goethe-
Universitat Frankfurt. Modified from (Bode et al., 2017; Brachmann et al., 2006; Fuchs et al.,
2011; Park et al., 2009).

Subsequently, to determine whether the substances also demonstrate an effect on
biofilm formation in diluted form, compounds that already had a strong effect in Fig.
3.4.1 were diluted 1:10 or 1:100 and underwent testing.
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As can be seen in Fig. 3.4.3A, the phenylethylamides/tryptamides still exhibited an
effect on the biofilm formation of P. aeruginosa even in diluted conditions. At a dilution
of 1:100, the biofilm was still reduced by up to 55%. The results, as shown in Fig.
3.4.3B, indicate that the xenofuranones in diluted dosage also had a strong effect.
When tested on the biofilm of P. gallaeciensis, a level of reduction of around 80% was
observed at the 1:10 dilution. The 1:100 dilution further diminished the biofilm by up to
70% compared to the control. This suggested a highly effective biofilm-inhibiting effect

also at low concentrations.
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Fig. 3.4.3 The effect of secondary metabolites produced by entomopathogenic bacteria
on bacterial biofilm formation at different dilutions. (A) The effect of compound 28
(phenylethylamides/tryptamides) in undiluted and 1:10 and 1:100 dilutions on P. aeruginosa
biofilm. (B) The effect of substance 55 (xenofuranones) in undiluted and 1:10 and 1:100 diluted
form on the biofilm of P. gallaeciensis. The standard deviation of three biologically
independently performed experiments is represented by error bars.

Furthermore, light microscopic images were taken to confirm the obtained results of

the biofilm inhibitory effect of the compounds and to obtain a visual image of the biofilm.

Initially, X. doucetiae Ahfq pBAD-DC was used to produce compound 28 at a large

scale in a fermenter vessel. Here, arabinose was used to activate the promoter and,
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therefore, expression of the downstream located genes. No addition of arabinose
served as a control. Cells were then centrifuged, and the culture fluid was filtered. The

Panta Rhei microfluidic system was then used to observe the effect of the compound

on the biofilm of P. aeruginosa under a constant flow of 8 ml/h.

Fig. 3.4.4 The effect of phenylethylamides/tryptamides on bacterial biofilm formation of
P. aeruginosa in the Panta Rhei microfluidic system. X. doucetiae Ahfq pBAD-DC was
cultured separately without addition (A) and with addition (B) of arabinose. The culture fluid
was then used to perfuse P. aeruginosa, which was placed in the sample chamber of Panta
Rhei D2 for 24 h. The effect was then examined by phase contrast microscopy.

After 24 h, it was observed that the culture fluid, which did not result from arabinose
induction (Fig. 3.4.4A), hardly affected the biofilm formation of P. aeruginosa. The
surface was uniformly colonized by the bacterial biofilm. However, the situation looked
different when the expression of the phenylethylamides/tryptamides biosynthesis
genes was induced (Fig. 3.4.4B). The culture fluid containing the synthesized
molecules caused P. aeruginosa to barely colonize the surface. Sporadically, adherent
bacteria can be observed on the surface but to a much lower content compared to the
situation without phenylethylamides/tryptamides. This confirmed the results obtained

concerning the in-batch biofilm inhibiting effect of the phenylethylamides/tryptamides.
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Fig. 3.4.5 The effect of compound 28 on pyocyanin production by P. aeruginosa. The
variation in the absorbance (A) of pyocyanin of P. aeruginosa was measured at 695 nm
following the incubation at 37 °C for 24 h and subsequent centrifugation of the cells. Incubation
of P. aeruginosa was performed without addition (B) and with addition (C) of 15% compound
28. The standard deviation of three biologically independently performed experiments is
represented by the error bars.

Since bacterial biofilm formation often results from the principle of QS, i.e., bacterial
communication (Subramani and Jayaprakashvel, 2019), it was necessary to
investigate whether the biofilm-inhibiting effect of compound 28 can be attributed to an
inhibition of the QS system, resulting in so-called QQ (Turan and Engin, 2018).

However, since P. aeruginosa is not only a very well-studied model organism regarding
QS (Kostylev et al., 2019), but the biofilm also decreased rapidly after the addition of
substance 28, this was the organism chosen for further investigations. P. aeruginosa
produces a green pigment termed pyocyanin. This pigment is a virulence factor, and
the expression of the respective genes is under the control of the QS system
(O’Loughlin et al., 2013). Thus, pyocyanin production was used as a readout to

investigate whether compound 28 blocks QS.
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First, P. aeruginosa was aerobically cultured for 24 h at 37 °C with and without the
addition of compound 28. Next, the cells were removed from the medium by
centrifugation. Then, the culture supernatant was filtered, and pyocyanin was detected

and quantified by measuring the absorption of the filtrated culture fluid at 695 nm.

In contrast to the control with no secondary metabolite, the addition of substance 28 to
the P. aeruginosa culture reduced the pyocyanin by up to 40% (Fig. 3.4.5A).
Furthermore, the greenish color of the pyocyanin after cultivation was already
detectable visually (Fig. 3.4.5B). However, after the addition of substance 28, the
greenish color was significantly reduced (Fig. 3.4.5C). This indicated that substance

28 might influence the QS system of P. aeruginosa.

3.4.2 Secondary metabolite-coated plastic materials lead to a reduction in biofilm
formation of P. aeruginosa

As it was demonstrated that secondary metabolites from entomopathogenic bacteria
of the genera Photorhabdus and Xenorhabdus were able to reduce the biofilm
formation of marine and drinking water bacteria, the next task was to apply these
secondary metabolites to particularly biofilm-prone materials such as drinking water

pipes in order to inhibit biofilm development for applications.

First, commercial drinking water pipes were investigated for their overall susceptibility
to the bacterial biofilm of P. aeruginosa. P. aeruginosa belongs to the so-called
OPPPs, and biofilm accumulation in the potable water sector causes serious economic
and health problems (Falkinham et al., 2015).

The first step was to cut the commercial tubes into 1 cm? squares using a metal saw.
The outside of the tube pieces was then taped so that only the internal side that was
to be investigated would be colonized by bacteria. P. aeruginosa was then applied to
the pipe segments and incubated at 30 °C for 72 h. The biofilm formation was then
analyzed using a 1% (v/v) aqueous crystal violet solution. Subsequently, analysis was

carried out after the sealants had been removed.
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The results are depicted in Fig. 3.4.6. In this study, it was discovered that commercial
drinking water pipes differ significantly in their sensitivity to biofilm infestation. The least
biofilm was exhibited by G6 (As7s = 0.38). The most severe biofilm formation, and thus

approximately 450% more biofilm than G6, was exhibited by G7 (As7s = 1.72).
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Fig. 3.4.6 Susceptibility of commercial domestic water pipes towards biofilm formation
by P. aeruginosa. (A) Plastic pipes were sawed into 1cm? squares for analysis. (B) P.
aeruginosa was cultured on the plastics for 72 h at 30 °C. Planktonic cells were then removed,
and the remaining biofilm was stained with crystal violet solution. (C) After the unbound crystal
violet was washed out, the remaining crystal violet was re-solubilized with 30% (v/v) acetic
acid. The analysis was then performed by absorbance measurement at 575 nm. The standard
deviation of three biologically independently performed experiments is represented by the error
bars.

After commercial drinking water pipes were identified as prone to bacterial biofilm
colonization, the research focused on finding suitable materials that closely resembled
the materials incorporated in the pipes. Therefore, four different materials were

selected, also used in potable water tubes (Tab. 3.4.1).
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Tab. 3.4.1 The materials examined for the coating trials. The table contains the four
selected materials to proceed with the coating studies.

Material Properties
HDPE T Semi-crystalline thermoplastic (Klein, 2011)
PP Semi-crystalline thermoplastic (Klein, 2011)
HDPE H Semi-crystalline thermoplastic (Klein, 2011)
TPU Thermoplastic elastomer (Klein, 2011)

To verify the effectiveness of the coating, an antibiotic was initially applied to the
material to demonstrate the proof of the concept. Tetracycline was selected for this
procedure as a representative (Chu et al., 2013). Since it is known that tetracycline
has antibiotic effects (Liagat et al., 2009), an impact on biofilm formation would be
assumed. The advantage of using tetracycline for this purpose was that the successful
impregnation of the materials could be directly evaluated due to its yellow color
(Egbuna, 2019). In the process of the trials, however, the TPU material proved
unsuitable for this intended application. Although the coating worked in general, the
characteristics of the material were not suitable for prolonged studies with bacteria.
After incubation with P. aeruginosa for 72 h, the produced pyocyanin colored the TPU
material green. This indicated that although the material coating worked, it was
inadequate in the setting with bacterial solutions.

However, the remaining three materials were suitable for investigation in the presence
of bacterial cultures. First, the individual plates were coated with CO2 impregnation.
This was done without an entrainer and with EtOH as an impregnating agent. After
successful impregnation, the discs were placed in the Panta Rhei P flow cell and
overlaid with bacterial culture. Subsequently, the biofilm was incubated for 72 h under
a constant flow of 8 ml/h. After incubation, the discs were stained with crystal violet
and analyzed at 575 nm.

Fig. 3.4.7 presents the results of the coating of the discs with the antibiotic tetracycline.
Surprisingly, the coating on the HDPE H material showed little effect on the biofilm
either with an entrainer or without an entrainer. The coating of the material HDPE T
showed a reduction of bacterial biofilm up to 85% without using an entrainer and about
75% with EtOH use. The PP material also affected the biofilm as biofilm formation was
reduced by approximately 80% without entrainer, and a reduction of approximately
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65% was obtained with EtOH. The effects were slightly stronger without entrainer.

Therefore, this showed that the CO2 impregnation technique was effective.
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Fig. 3.4.7 Coating of tubing materials with tetracycline using COz impregnation. (A) The
different materials, HDPE T, PP, and HDPE H, were coated using CO, impregnation. Both no
towing agent and EtOH as entrainer were used. This was followed by incubation with P.
aeruginosa. (B) After incubation of the HDPE T disc in the Panta Rhei system, staining with
crystal violet and analysis at 575 nm was performed. The standard deviation of three
biologically independently performed experiments is represented by error bars.
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After a successful proof of principle using the antibiotic, the next goal was to
incorporate the secondary metabolites from Photorhabdus and Xenorhabdus into the
targeted materials. As the material HDPE H did not display any particular effect, the
main focus was placed on the remaining two materials, HDPE T and PP. Impregnation
of both materials was carried out for substance 28, which had already been
successfully evaluated for biofilm inhibition. Both impregnation methods were also
applied here, with and without entraining agent. After impregnation, the discs were
placed in the Panta Rhei P flow cell and incubated with P. aeruginosa at a constant
flow rate of 8 ml/h at 30 °C. Then, the platelets were analyzed by both crystal violet
and CLSM. For microscopy, a SYTO9/propidium iodide mixture was added to the cells
and incubated for 30 min at 30 °C.

As shown in Fig. 3.4.8A, both impregnation methods had a negative effect on the
biofilm formation of P. aeruginosa. Additionally, both materials were less accessible for
effective biofilm formation. In the case of PP, a reduction of 70% was observed without
an entraining agent. The variant using EtOH as an entraining agent achieved an 80%
reduction. For HDPE T, the effects observed were stronger. For the variant without
entrainer, the biofilm was decreased by 80%. The platelet impregnated EtOH as an
entraining agent showed a 90% reduction. The platelets produced with EtOH as an

entrainer exhibited slightly stronger effects by 10%.

The crystal violet and CLSM analysis results are shown in Fig. 3.4.8B. It could be
observed that the PP blank sample was completely overgrown by the biofilm, as can
be seen from the blue color of the crystal violet. In contrast, the biofilm hardly affected
the phenylethylamides/tryptamides impregnated sample. The CLSM data reflected the
same results. While the blank sample contained an approx. 40 ym thick biofilm layer,
only a very thin biofilm layer was detected on the coated plate, which did not cover the

entire surface.

The use of secondary metabolite impregnation, therefore, created a functional

antibiofilm surface.
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Fig. 3.4.8 The effect of the impregnated phenylethylamides/tryptamides on biofilm
formation of P. aeruginosa. (A) P. aeruginosa was incubated along with the platelets for 72
h at 30 °C in the Panta Rhei P flow cell under a constant flow of 8 ml/h. Disks were impregnated
with and without EtOH. (B) Analysis of the phenylethylamides/tryptamides impregnated PP
and the blank sample was done by crystal violet and CLSM. The standard deviation of three
biologically independently performed experiments is represented by the error bars.
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3.4.3 Impregnated surfaces show long-term durability and inhibit bacterial biofilm
under natural conditions

Once it had been confirmed that CO2 impregnation was adequate and that secondary
metabolites could thus be introduced onto the surface, it was investigated how long it
takes for the substance introduced into the material to be leached out. The pigment
Solvaperm Red from Clariant AG in Switzerland was selected for this purpose.
Solvaperm Red is a red/ orange pigment that is clearly visible when successfully
impregnated into the material (Prokein et al., 2021).

A long-term experiment was carried out for this study. The two materials, HDPE T and
PP, were impregnated with Solvaperm Red and transferred into the Panta Rhei P flow
cell after coating. The Panta Rhei flow cell was then operated for eight months at a

constant flow rate of 10 ml/h with water.

Fig. 3.4.9 presents the results of the long-term experiment. Both HDPE T and PP
appear bleached out after eight months of service. Nevertheless, the reddish color
could be seen even after that long service. The pigment was not completely washed
out even after several months of continuous operation. The PP material appeared
slightly less faded than HDPE T. This clearly indicated that the CO2 impregnation
process could achieve a long-lasting coating effect.
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Fig 3.4.9 The effect of continuous operation for the impregnated materials. (A) The HDPE
T material was impregnated with Solvaperm Red before the long-term experiment. (B) The
impregnated HDPE T material after eight months under constant flow in the Panta Rhei
system. (C) The PP material was impregnated with Solvaperm Red before the long-term
experiment. (D) The impregnated PP material after eight months under constant flow in the
Panta Rhei system. The flow rate applied for the measurements was 10 ml/h.

As the effect of the impregnation on biofilm formation was observed to be significant
and visible after extended use, the challenge was to simulate the application by testing
the impregnated surfaces under realistic conditions. An especially constructed
simulation center from Kebos Group was utilized for this process (Fig. 3.4.10A). The
simulation center was run with drinking water from the supply line and therefore
simulated the drinking water distribution of a household. However, the operation itself
was carried out separately without any coupling to the potable water system of the
building. Furthermore, specially designed reactors, which could accommodate a disk

adapter for holding up to 80 plastic plates, were created so that, with the assistance of
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two valves, the connection and disconnection to the simulation center occurred trouble-

free.

Since it was noticed that with HDPE T, the effects on the biofilm appeared to be slightly
stronger, this material was used for the real-life simulation. In addition, it was also
decided to use impregnated platelets, which were not treated with EtOH during
production. This was done for logistical purposes. Initially, the platelet adapters were
loaded with blank samples and HDPE T samples impregnated with
phenylethylamides/tryptamides in equal quantities. The disk adapter was then coiled
as shown in Fig. 3.4.10A and inserted into the reactor. The reactor was then connected
to the simulation center. The complete system was filled with 60 L of water. The
intended run time was 3 weeks. To ensure that there were indeed bacteria in the
sample water, a total of 107 bacterial cells were added. The bacterial mixture consisted
of equal numbers of cells from P. aeruginosa, S. adhaesiva, M. mesophilicum, and B.
nasdae. Once the simulation was complete, the pressure was removed from the
simulation center, and the reactors were detached from the system. The platelet
adapters were then removed from the reactor, and the plates inside were stained with

crystal violet. The biofilm analysis was then performed at 575 nm.

The results of the realistic simulation can be seen in Fig. 3.4.10B. It was noticed that
the blank samples exhibited substantially increased biofilm adhesion. On the other
hand, the samples coated with phenylethylamides/tryptamides displayed less biofilm
attachment. Furthermore, after photometric analysis, a reduction in the biofilm
formation of up to 70% was obtained compared to the control. Consequently, it was
demonstrated on an applicative level that impregnated plastics with secondary
metabolites from entomopathogenic bacteria remarkably decreased biofilm formation

by drinking water bacteria.
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Fig. 3.4.10 Realistic simulation setup for sampling impregnated surfaces and the effect
on drinking water bacteria by secondary metabolite-impregnated materials. (A) The
simulation center was designed to be supplied with 60 L of water from the existing facility's
drinking water distribution system. A special reactor was designed to hold a platelet adapter
and be easily installed and removed into the simulation center by two valves. The platelet
adapter was designed to hold up to 80 discs and could be enrolled. (B) The effects on the
biofilm formation of drinking water bacteria after 3 weeks of continuous operation. The standard
deviation of three biologically independently performed experiments is represented by the error
bars. The images of the simulation setup were provided by the Kebos Group.
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The results in this chapter indicate that secondary metabolites from entomopathogenic
bacteria of the genera Photorhabdus and Xenorhabdus not only exhibit antibiotic
effects as previously described but also have antibiofilm properties based on putative
guorum quenching mechanisms as a mode of action. It was shown that biofilm
formation in marine and drinking water bacteria is significantly reduced by secondary
metabolites produced during the life cycle of Photorhabdus and Xenorhabdus.
Furthermore, several secondary metabolites such as phenylethylamides/tryptamides,
xenofuranones, or PAX peptides were observed to reduce biofilm in several bacteria
without minimizing the planktonic cell count. Although xenocoumacin showed an
antibiotic effect on most bacteria, this was not the case for P. aeruginosa and B.
nasdae. In addition, a biofilm inhibitory effect was observed. Moreover, it could be
shown that dilutions of the substances still displayed an effect. The
phenylethylamides/tryptamides were also able to reduce the biofilm when used in the
Panta Rhei microfluidic system. Additionally, the phenylethylamides/tryptamides were
able to strongly reduce pyocyanin production. Plastic platelets were successfully
coated with the secondary metabolites. The CO2 impregnation method could stand out
from its long-lasting function. Furthermore, a simulation with realistic conditions
confirmed that the biofilm formation of drinking water bacteria decreased noticeably on

the impregnated surfaces.

These secondary metabolites, therefore, provide an alternative to toxic and antibiotic
biofilm control solutions used today. Accordingly, an application for a patent for the
secondary metabolites xenocoumacin, phenylethylamides, tryptamides,

xenofuranones, and PAX peptides has been deposited at the patent attorney.
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3.5 The use of nanoparticles as potential approach to combat bacterial
biofilms

The increasing antibiotic resistance of bacteria and the enhanced tolerance of bacterial
biofilms to chemicals and antimicrobial drugs nowadays require the search for new
antimicrobial strategies. So-called nanoparticles represent one option to tackle
microorganisms and biofilms, which are becoming widely accepted due to their
properties (Shkodenko et al., 2020). Furthermore, it is known that certain nanoparticles
exhibit anti-bacterial properties (Lange et al., 2021; Muzammil et al., 2020). However,
it is still unexplored to what extent nanoparticles can inhibit bacterial biofilm or even

interfere with bacterial cell-cell communication.

One main part of this thesis was investigating the biofilm inhibiting properties of
different nanoparticles such as tungsten oxides and cerium oxides. Additionally, for
tungsten oxides, it was intended to test whether the antimicrobial properties could be
enhanced by infrared exposure. Furthermore, biosensors were to be used to examine
whether the bacterial QS system is influenced by tungsten oxides and cerium oxides.
Moreover, it was to be studied whether cerium oxides incorporated on different

surfaces displayed antibiofilm activity.

3.5.1 Tungsten oxides provide inhibition of bacterial biofilm and additionally
demonstrate enhanced antimicrobial activity upon infrared irradiation

Specific tungsten oxides were already identified as possessing a function like that of
haloperoxidase ((Doren, 2022; Déren et al., 2021a) (I . Universitat Mainz,
personal communication)). Thus, the issue emerged as to whether this characteristic
could be used for biofilm control. To explore the possibility, P. aeruginosa was utilized,
whose biofilm formation is under the control of well-studied QS mechanisms (de Kievit,
2009).

Initially, an overnight P. aeruginosa culture was adjusted to a starting ODsoo of 0.5.
After that, tungsten oxides WOsx and c-Cso.sWOs3 were added to the bacteria at a final
concentration of 0.1 mg/ml. To test the haloperoxidase-like function, 32 mM KBr and
0.8 mM H202 were also supplemented. Na2WOa4 * 2H20 was the internal control, known
already for haloperoxidase function. No addition of tungsten oxides served as a further
control. Following incubation at 30 °C for 72 h in LB medium, a 600 nm measurement
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was taken to determine the relative planktonic cell number. After the planktonic cells
were removed, the attached bacterial cells were stained with crystal violet. Biofilm

intensity was quantified at 575 nm.

The effect of the different tungsten oxides on P. aeruginosa can be seen in Fig. 3.5.1.
A reduction in planktonic cell number of about 30% was observed with WOsx. For the
nanoparticles, c-Cso6WO3 and the internal control Na2WOa4 * 2H20, a decrease of
approximately 8% and 12%, respectively, occurred compared to the control without the
addition of tungsten oxides. Surprisingly, however, a drastic reduction in P. aeruginosa
biofilm of about 40% was also observed with c-Cso.sWOs3. For WOs-x, a 45% reduction
in biofilm was noted, however, antibiotic activity also contributed strongly in this case.
The internal control Na2WO4 * 2H20 diminished the biofilm by 20%.
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Fig. 3.5.1 The impact of tungsten oxides on the planktonic cells and biofilm formation
of P. aeruginosa. The bacteria were cultured with and without the addition of the tungsten
oxides for 72 h at 30 °C in LB medium. Subsequently, the planktonic cell count was quantified
at 600 nm. After removing the planktonic cells, the biofilm was stained with crystal violet. The
effect on the biofilm was determined at 575 nm. The standard deviation of three biologically
independently performed experiments is represented by the error bars. Modified from (Déren,
2022).
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Since the tungsten oxides were shown to influence bacterial biofilm formation, the
intention was to examine whether the nanoparticles interfered with the QS system.
Agrobacterium tumefaciens A136, a biosensor capable of sensing long-chain AHL,
was selected for this task (Tang et al., 2013). P. aeruginosa utilizes the long-chain AHL
3-0x0-C12-AHL as a signal molecule in one of its QS systems (J. Zhang et al., 2014).
Based on the above, that AHL was externally spiked with a final concentration of 0.1
mg/ml of tungsten oxides. Additionally, H202 and KBr were mixed to determine a
possible modification of the signal molecule by the haloperoxidase-like function. After
12 h incubation of the signal molecule, it was then added to A. tumefaciens A136 along
with X-Gal. A. tumefaciens A136 is engineered to produce [(B-galactosidase upon the
perception of long-chain AHL, which is capable of cleaving X-Gal. A. tumefaciens A136
carries the two plasmids pCF218 and pCF372. The plasmid pCF218 encodes for traR
so that the receptor TraR is synthesized. Once the receptor TraR subsequently binds
a long-chain AHL, it binds to the promoter tral::lacZ on the plasmid pCF372. After the
expression of lacZ, the B-galactosidase formed can cleave X-Gal. Thus, a blue
cleavage product is formed, which can be analyzed photometrically (Tang et al., 2013).
Subsequently, further incubation of 8 h at 30 °C was carried out. This was followed by

guantification at 630 nm.

As can be seen in Fig. 3.5.2, an effect of the QS system could be achieved with the
application of the tungsten oxides. WOs-x obtained a 17% reduction of the cleavage
product. With c-CsosWO3, a 27% decrease could be detected. The internal control
Na2WO0Oa4 * 2H20 resulted in a slight 10% drop in the production of the split compound.
This was indicative that tungsten oxides potentially affect the QS system of bacteria.
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Fig. 3.5.2 Determination of the effect of tungsten oxides on AHL-mediated QS by
quantification of B-galactosidase. The 3-ox0-Ci,-AHL was incubated in the presence and
absence of the tungsten oxides for 12 at room temperature. After the incubation was complete,
the AHLs were then added to reporter strain A. tumefaciens A136, where the lacZ gene is
under the control of the Py promoter, which is activated by long-chain AHLs. The bacteria
were further incubated for another 8 h at 30° C in LB medium supplemented with X-Gal. The
standard deviation of three biologically independently performed experiments is represented
by the error bars. Modified from (D6ren, 2022).

Moreover, it was further noticed that tungsten oxides are chromatic metallic solids
exhibiting optical properties which can be ascribed to localized surface plasmon
resonances (LSPR) in the visible to near-infrared range of the optical spectrum
((Doren, 2022; Wu et al, 2019) (I Universitat Mainz, personal
communication)). The strong LSPR absorption of WOsx suggested the concept of
screening the effect of these properties on bacteria. P. aeruginosa and S. aureus were
chosen for this investigation. S. aureus is a Gram-positive pathogenic bacterium that
exhibits resistance to antibiotics and can cause significant damage to health
(Chambers and DeLeo, 2009; Lowy, 2003). Besides WOsx, the tungsten oxides h-
(NH4)o2WOs and m-CsosWOs were also used since they displayed different
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absorptions in the visible to near-infrared range (Déren, 2022) (G
I <rsonal communication). In addition, Na2WO4 * 2H20 was included as an
internal control. Bacteria were incubated in LB medium at 30 °C for 72 h after either
addition or no addition of the tungsten oxides. During incubation, infrared beam
irradiation at 950 nm was performed every 30 min.

Fig 3.5.3 illustrates the effect of infrared irradiation on the bacteria. Surprisingly, it was
observed that the tungsten oxides had similar effects for both bacterial species. The
m-Cso0.3WO3 nanoparticles were able to decrease the planktonic cells of P. aeruginosa
and S. aureus by approximately 30% by using infrared irradiation. The internal control
Na2WO4 * 2H20 hardly achieved any effect using infrared exposure. The h-
(NH4)0o2WOs induced a reduction of about 10% in P. aeruginosa and S. aureus,
respectively, with infrared. For WOz3, a roughly 7% overall reduction was obtained with
irradiation. However, as seen before (Fig. 3.5.1), an antibiotic effect could already be

observed for WOz without infrared.

127



o 120+ .
i 3 P. aeruginosa
P L o 3 S. aureus
3 T 1 .| T
© 80+
g T
: I
(1]
0
c
o
r 401
k]
0
L
O,
0 1 ] | 1 1
N
$0¢ \‘;0'5 \‘@"’ Q'? °
# )
é‘?&e («090 \:\ou o
Qr\ é’bf"

Fig. 3.5.3 Effect of infrared irradiation on P. aeruginosa and S. aureus. Bacteria were
incubated at 30 °C in LB medium for 72 h with and without the addition of the tungsten oxides.
Irradiation with 950 nm infrared was performed every 30 min. After 72 h, quantification of the
relative cell number of planktonic cells was determined at 600 nm. The standard deviation of
three biologically independently performed experiments is represented by the error bars.
Modified from (Ddren, 2022).

3.5.2 Bacterial biofilm prevention by cerium oxide nanoparticles

As another nanoparticle class besides tungsten oxides, cerium oxides have
demonstrated even much stronger haloperoxidase-like function (Frerichs, 2020;
Pfitzner, 2021; Putz, 2022) (I EE I B Universitat
Mainz; personal communication) it should be investigated additionally whether cerium
oxides might be used further as another nanoparticle class representing a new
antibiofilm strategy. Cerium oxide nanoparticles synthesized in different ways
(_; Universitat Mainz), as referred to in the methods part, were utilized for
this task. To test a broader spectrum of biofilm-forming bacteria, two bacteria belonging
to the OPPPs, P. aeruginosa and M. mesophilicum (Szwetkowski and Falkinham,
2020), were chosen. A marine bacterium, P. gallaeciensis, capable of colonizing biotic

and abiotic surfaces initially in the marine sector (de Carvalho, 2018; Zhao et al., 2016),
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was used. K. pneumoniae was included in this study to complement the medical sector
as a Gram-negative, human pathogenic bacterium that often colonizes catheters and
infects the urinary tract (X. Liu et al., 2020; Stahlhut et al., 2012; Wang et al., 2020). In
addition, S. aureus was considered as a representative of the Gram-positive bacteria
(Chambers and DelLeo, 2009; Lowy, 2003).

Initially, the individual bacteria were cultured in the presence and absence of the
various cerium oxide nanoparticles. P. aeruginosa, K. pneumoniae, and S. aureus
were cultivated in LB medium. P. gallaeciensis and M. mesophilicum were grown in
2216 medium and M1 medium, respectively. Incubation was carried out for 72 h at 30
°C. All runs were supplemented with KBr and H202. No addition of any ceria

nanoparticles served as a control.

The impact of the cerium oxides on the different bacteria is shown in Fig. 3.5.4.
Surprisingly, none of the cerium oxide nanoparticle classes showed a biofilm inhibitory
effect on S. aureus. In addition, EP60A and CeO2-SG were detected as cerium oxide
nanoparticle classes that demonstrated no effect on biofilm in any of the five bacteria
that were tested. For P. aeruginosa, K. pneumoniae, and M. mesophilicum, the classes
EP157 and EP151 exhibited the strongest effects on the respective biofilm. EP157 was
able to reduce the biofilm of e.g., P. aeruginosa by up to 60%. In turn, with EP151, a
55% reduction could be reached for P. aeruginosa. The nanoparticles CeO2-HT,
BiCeO2-HT, EP128-a, and EP132-400 resulted in a reduction of the biofilm in P.
aeruginosa between 30% and 50%. In the case of the marine bacterium P.
gallaeciensis, the EP128-a class displayed the strongest effect on biofilm formation,
as only about 60% of the biofilm could be detected compared to the control without the

addition of nanopatrticles.
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Fig. 3.5.4 The effects of different cerium oxides on the biofilm formation of various
species of biofilm-forming bacteria. The microorganisms P. aeruginosa, K. pneumoniae,
and S. aureus were cultured in LB medium. P. gallaeciensis was cultivated in 2216 medium.
M. mesophilicum was grown in TSY medium. Additional KBr and H.O, were supplemented to
each CeO; nanoparticle class. After 72 h incubation at 30 °C in the presence and absence of
the various ceroxides, bacterial biofilm was determined by crystal violet staining. The standard
deviation of three biologically independently performed experiments is represented by the error
bars. Modified from (Frerichs, 2020; Jegel, 2022; Piitz, 2022).

Following the results obtained with cerium oxides in relation to biofilm formation, the
guestion arose as to whether cerium oxides influence the QS of bacteria. To investigate
this, it was intended to perform experiments with the QS reporter strain A. tumefaciens
A136, which can detect long-chain AHLs but cannot synthesize AHLs. Upon addition
of substrates such as 5-bromo-4-chloro-3-indoxyl-B-D-galactopyranoside (X-Gal) or o-
nitrophenyl-B-D-galactopyranoside (ONPG), for example, such substrates can then be
cleaved by the formation of [-galactosidase. The generation of B-galactosidase
depends on the concentration of AHL detected (Tang et al., 2013). For logistical
reasons and since the effect on the biofilm was one of the strongest observed, further
investigations were carried out with the EP151 nanoparticle class. Considering that P.
aeruginosa has a very well-studied QS mechanism and that biofilm formation in this

bacterium is regulated by QS, P. aeruginosa was used for further analyses.

To investigate an impact on the QS system, external 3-oxo-C12-AHL was incubated in
the presence and absence of the ceria nanoparticles. This was supplemented with KBr
and H202. After incubating for 8 h at RT, the AHL treated with and without ceria
nanoparticles were provided to A. tumefaciens A136. At this point, supplemental X-Gal

was subsequently added. After another 8 h of cultivation at 30 °C, the cells were
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centrifuged, and the culture fluid was measured at 630 nm. Furthermore, ONPG was
also used as a substrate. In this case, after the addition of the AHL to A. tumefaciens
A136, no substrate was initially added. The bacteria were incubated for 8 h at 30 °C.
Next, 1 ml was separated by centrifugation, and the bacteria were resuspended in
buffer Z. ONPG was then added after treatment with chloroform and SDS for 30 min
at 30 °C. Finally, the time was stopped, necessary until the solution turned yellow. After
stopping the reaction and centrifuging the cells, a measurement was performed at 420

nm and 550 nm for analysis.

The results of the reporter assay can be observed in Fig. 3.5.5. Obviously, the addition
of the cerium oxide nanopatrticles resulted in lower AHL detection by A. tumefaciens
A136. A decrease of approximately 40% was observed with the addition of X-Gal in
Fig. 3.5.5A compared to the control, which was not treated with ceroxides. The
calculation of Miller Units in Fig. 3.5.5B confirmed the results, as only 2940 units could
be determined with the addition of cerium oxide, compared to 4700 for the control. This
was the equivalent of about 62%. Therefore, the decrease with this substrate
represented approximately 40% as well. These results provided a first indication that

the QS system of P. aeruginosa could be affected by the cerium oxides.
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Fig. 3.5.5 Effect of cerium oxides on long-chain AHL using the biosensor A. tumefaciens
A136. Two different substrates were used for this study. (A) For quantification with X-Gal, the
3-oxo0-C12-AHL was incubated in the presence and absence of the cerium oxide nanoparticles
and H»>0, and KBr for 8 h. Subsequently, the AHLs were added to A. tumefaciens A136 along
with the substrate X-Gal. After another 8 h of incubation at 30 °C, the cells were separated by
centrifugation. The culture fluid was measured at 630 nm. LB medium served as a negative
control. (B) After incubation was performed with and without ceroxides, AHL were added to A.
tumefaciens A136 and incubated for 8 h at 30 °C. Then, 1 ml was collected and centrifuged.
The cells were resuspended in buffer Z. After the addition of chloroform and SDS and
incubation at 30 °C for 30 min, ONPG was supplemented. The time was recorded until the
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samples turned yellow. After halting the reaction and centrifugation of the cells, the culture fluid
was measured at 420 nm and 550 nm. Buffer Z served as a negative control. The standard
deviation of three biologically independently performed experiments is represented by the error
bars. Maodified from (Putz, 2022; Piitz et al., 2022).

Based on the biosensor experiments showing that the ceria nanopatrticles affected the
amount of AHL, the level of 3-ox0-Ci2-AHL and Cs-AHL in P. aeruginosa should be
determined with and without the addition of the ceria nanoparticles. In this context, the
bacteria were incubated in the presence and absence of the cerium oxide
nanoparticles for 24 h at 30 °C upon the supplementation of KBr and H20:2.
Subsequently, the bacteria were centrifuged, and the culture fluid was then extracted
by ethyl acetate. Analysis was performed by LC-MS.

Fig. 3.5.6A illustrates the different AHL levels of P. aeruginosa in the presence and
absence of the cerium oxides. The reduction of both AHL was detected. For 3-0xo-Ci2-
AHL, only about 45% of the actual concentration was detectable. For Cs-AHL, about
50% was still present. A drastic reduction of AHL concentrations in P. aeruginosa could

therefore be identified upon the addition of ceroxides.

In the following, it was intended to investigate whether the haloperoxidase-like function
of the cerium oxides was involved in the decrease of the AHL concentrations.
Therefore, IC-CD was used to examine whether a fixed bromide concentration could
be affected by the addition of cerium oxide. Briefly, the bacteria were incubated with

the addition of 30 uM NaBr and in the presence and absence of the nanoparticles.

It can be clearly seen in Fig. 3.5.6B that the bromide concentration decreased by about
20% when CeO2 was added. Thus, it could be observed that externally added bromide
could no longer be detected completely in the culture fluid, and therefore the non-

detectable bromide may be integrated into molecules.
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Fig. 3.5.6 Detection of the influence of cerium oxides on AHL concentration and bromide
levels in the culture fluid. (A) P. aeruginosa was incubated in LB medium, H>O», and KBr at
30 °C for 24 h in the presence and absence of ceroxides. The cells were then centrifuged, and
the culture fluid was extracted with ethyl acetate after filtration. Analysis of AHL C, and 3-o0xo-
C12 was carried out by LC-MS. (B) P. aeruginosa was incubated in LB medium and H2O-
together with 30 yM NaBr and in the presence and absence of cerium oxides for 24 h at 30
°C. Cells were then centrifuged, and bromide concentration was measured by IC-CD. The
bromide concentration in the LB medium served as a negative control. The standard deviation
of three biologically independently performed experiments is represented by the error bars.
Modified from (Pitz, 2022; Pitz et al., 2022).
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To support this assumption, degradation studies of external 3-oxo-Ci2-AHL were
performed using LC-HRMS. The AHL was incubated in the presence and absence of

CeO:2 nanoparticles together with H202 and NaBr in water.

Fig. 3.5.7A clearly demonstrates that the AHL is degraded by adding CeO:.
Surprisingly, however, two additional degradation products, DAHSL and DAHS, were

found (Fig. 3.5.7B), which increased with time in the presence of the nanoparticles.
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Fig. 3.5.7 Degradation studies of 3-0x0-Ci>-AHL and detection of two intermediates. With
the supplementation of ceria nanoparticles, NaBr, and H,O; in MilliQ water, the decomposition
of AHL (A) and the gain of two intermediates, DAHSL and DAHS, (B) were quantified by LC-
HRMS. No addition of CeO, served as a control. The standard deviation of three biologically
independently performed experiments is represented by the error bars. Modified from (Putz,
2022; Pltz et al., 2022).
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The next step included the examination of the effect of the DAHSL degradation product
on P. aeruginosa. Different concentrations were applied for this aim. Moreover, 3-oxo-
Ci12-AHL and Cs-AHL were also applied to P. aeruginosa at different concentrations
and cultivated for 72 h at 30 °C in LB medium. Measurement at 600 nm was then
performed to determine the relative planktonic cells. After removing the planktonic
cells, the biofilm was stained using crystal violet. Finally, the biofilm formation was

analyzed by measuring the absorption at 575 nm.

The results of the molecule addition on the planktonic cells and the biofilm are
graphically described in Fig. 3.5.8. Neither the signal molecules 3-oxo-Ci2-AHL and
C4-AHL nor the degradation product DAHSL had an influence on the planktonic cells
(Fig. 3.5.8A). The picture was different, however, for the biofilm formation of P.
aeruginosa (Fig. 3.5.8B) since the addition of the signal molecules 3-oxo-Ci2-AHL and
C4-AHL promoted biofilm formation, and a reduction in biofilm formation was observed
with the addition of DAHSL.
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Fig. 3.5.8 Influence of Cs-AHL, 3-0x0-C12-AHL and DAHSL on the planktonic cells and
biofilm formation of P. aeruginosa. The bacteria were incubated after the addition of the
different concentrations (1 nM — 10 uM) of C4-AHL, 3-0x0-C12-AHL, and DAHSL in LB medium
for 72 h at 30 °C. No addition served as a positive control. (A) After incubation, absorption was
measured at 600 nm to determine the effect on planktonic cell count. (B) This was followed by
crystal violet staining to quantify the effect on biofilm. The biofilm analysis was conducted by
measuring absorbance at 575 nm. The standard deviation of three biologically independently
performed experiments is represented by the error bars. Modified from (Pltz, 2022; Pitz et al.,
2022).

Nevertheless, since the degradation product DAHSL could not be detected when P.
aeruginosa and CeO: were cultivated together, the issue became whether this
degradation product is not only formed in vitro but also in the biological system or
whether it is subsequently degraded or becomes unstable if it is generated. Therefore,
DAHSL was synthesized and then added to P. aeruginosa in two different

concentrations. The bacteria were then incubated for 24 h at 30 °C in LB medium.
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Surprisingly, DAHSL that was externally added to the bacteria could not be detected
at all at 10 nM and could be found in minimal amounts at 100 nM (Fig. 3.5.9). However,
since the in vitro experiments revealed that DAHSL seemed not to be unstable, it was

possible that the DAHSL was degraded by the bacteria.
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Fig. 3.5.9 Detection of the presence of DAHSL after addition to P. aeruginosa. 10 nM and
100 nM DAHSL were respectively dosed to the bacteria. Incubation at 30 °C for 24 h in LB
medium was then carried out. No addition of the bacteria or the breakdown product DAHSL
respectively were used as controls. The standard deviation of three biologically independently
performed experiments is represented by the error bars. Maodified from (Pitz, 2022; Ptz et al.,
2022).

However, these observed results could not elucidate the decline in bromide
concentration (Fig. 3.5.6B) and the fate of the remaining bromide. Therefore, LC-ESI-
QToF was used to search for additional brominated molecules. A list of potential
products could thus be generated. The most abundant product showed quinolone-
specific fragments and the corresponding halogenated analogs like 2-heptyl-1-

hydroxyquinolin-4-one (HQNO). HQNO is regulated by the Pseudomonas quinolone
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signaling system and acts as a cytochrome inhibitor in prokaryotic and eukaryotic cells
(Liu et al., 2018).

To confirm the obtained results, HQNO was incubated externally with the addition of
CeO2, NaBr and H20:2 in water. Fig. 3.5.10A depicts the result of the degradation study
of HQNO. Thus, the CeO2 nanoparticles were able to brominate the HQNO and
consequently generate the reaction product Br-HQNO (Fig. 3.5.10B). Consequently, it
was confirmed that the cerium oxide nanoparticles were able to brominate molecules
in P. aeruginosa with the help of the haloperoxidase-like function, thereby affecting the

formation of the biofilm.
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Fig. 3.5.10 Degradation of HQNO and respective formation of Br-HQNO. With the
supplementation of ceria nanoparticles, NaBr and H>O; in MilliQ water, the decomposition of
HQNO (A) and the gain of the reaction product Br-HQNO (B) were quantified by LC-HRMS.
No addition of CeO, served as a control. The standard deviation of three biologically
independently performed experiments is represented by the error bars. Modified from (Putz,
2022; Pitz et al., 2022).
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3.5.3 A variety of surfaces coated with cerium oxides as preventive measure for
biofilm control

Considering that the results obtained with cerium oxide nanoparticles revealed a
significant inhibition of biofilm formation by Gram-negative bacteria, the next goal was
to deposit the nanopatrticles on different surfaces and thus demonstrate an application
utilization. Since the application areas that are affected by undesirable biofiims are
various (Allion et al., 2011; Bereschenko et al., 2010; Donlan, 2002; Muhammad et al.,
2020; Procopio, 2019; Vaksmaa et al., 2021), different materials were used for the

surface evaluation experiments: membranes, different polymer materials, and steel.

At baseline, polyethersulfone (PES) membranes were coated with CeO2-HT and
BiCeO2-HT. An uncoated variant served as a positive control. Following this, P.
aeruginosa was added to the different membranes, supplemented with KBr and Hz202,
and incubated at 30 °C for 72 h in LB medium. The membranes were then rinsed so
that planktonic cells were removed. Following, the attached bacteria were treated with
SYTO9/propidium iodide, so that all cells attached, alive or dead, were visualized in
the biofilm.

The influence of the coated surfaces on the biofilm of P. aeruginosa is depicted in Fig.
3.5.11. The non-coated surface (Fig. 3.5.11A) was entirely overgrown by biofilm (green
fluorescence), so that no uncolonized area was detectable. However, the surfaces
coated with CeO2-HT (Fig. 3.5.11B) and BiCeO2-HT (Fig. 3.5.11B) showed a different
pattern. It was obvious here that not the entire surface was colonized with biofilm and
that vacant areas (white in the figure) were present. In summary, it was shown that a
membrane could be produced with reduced P. aeruginosa biofilm susceptibility and is

thus suitable for a broad range of applications.
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Fig. 3.5.11 Effect of cerium oxide nanoparticles embedded in polyethersulfone
membranes on P. aeruginosa. CLSM images of P. aeruginosa on non-coated (A), with CeO»-
HT (B) and BiCeO,-HT (C) coated PES membranes. Bacteria were cultured for 72 h at 30 °C
in LB medium on the surfaces, supplemented with H.O, and KBr. Subsequently, after removing
the planktonic cells, the attached cells were stained with SYTO9/propidium iodide. The effect
of the nanoparticles was then analyzed visually using CLSM. The uncoated surface was
utilized as a positive control. Modified from (Frerichs, 2020; Frerichs et al., 2020).

Moreover, different polymeric materials were coated with CeO2-FPEG to cover a wide
range of possible applications (Klein, 2011). P. aeruginosa was cultivated for this
purpose on uncoated or coated plastics for 72 h at 30 °C in LB medium. This was
followed by biofilm analysis using crystal violet staining and measuring absorption at
575 nm.

As shown in Fig. 3.5.12, the coated surfaces were less susceptible to P. aeruginosa
biofilm formation. The most pronounced effect was observed with the PS filament. The
biofilm was decreased by approximately 75%. However, coated PETG and PLA were
also able to achieve approximately 70-75% reduction in biofilm formation. PMMA had
the weakest effect among the tested materials, with a reduction of about 50%.
Nevertheless, biofilm could still be minimized by approximately 50%. Thus, it could be
shown that an application of cerium oxide nanoparticles on different plastic polymers

could inhibit P. aeruginosa biofilm formation.
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Fig. 3.5.12 Influence of various cerium oxide-covered polymers on the biofilm
development of P. aeruginosa. The bacteria were cultured together with CeO,-FPEG-coated
and uncoated plastic materials for 72 h at 30 °C in LB medium supplemented with KBr and
H.0,. Subsequently, the planktonic cells were washed off the materials and the attached
bacteria were stained with crystal violet. The biofilm analysis was performed at 575 nm. The
standard deviation of three biologically independently performed experiments is represented
by the error bars. Modified from (Pfitzner, 2021).

As the results with PETG were promising in terms of biofilm inhibition and the specific
material has applications in different fields, the next step was to incorporate the CeO2-
FPEG nanoparticles into PETG filaments, which could be used for 3D printing. This
was intended to increase the flexibility of the potential applications (Behrens et al.,
2020, p. 3; Kovacova et al., 2020; O’'Grady et al., 2021; Tumer and Erbil, 2021; T.
Zhang et al., 2014). One might assume that cost efficiency could probably be improved
enormously by the fact that products could be manufactured directly from CeO2-coated

material and did not have to be subsequently coated after production.

Small platelets were prepared for bacterial assays after the production of CeO2-coated
PETG filament. No coating of PETG served as a positive control. In addition,
commercially available copper-coated material was used as a negative control due to

the copper.

Following the addition of P. aeruginosa to the platelets, the discs were incubated in LB
medium at 30 °C for 72 h, supplemented with H202 and KBr to determine the biofilm
formation. After the removal of the planktonic bacteria, the attached cells were stained
with crystal violet. Analysis was then performed by measuring absorption at 575 nm.

Pyocyanin production by P. aeruginosa was also investigated. Previously, it was
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shown that the addition of CeO:2 decreases the AHL concentrations, therefore, these
results should be confirmed with the coated surfaces. Briefly, the bacteria were

incubated at 37 °C and the analysis was performed at 695 nm.

The effects of the coated materials on biofilm formation and pyocyanin production in
P. aeruginosa are presented in Fig. 3.5.13. As shown graphically in Fig. 3.5.13A, a
minimization of biofilm by approximately 62% occurred for the CeO2-coated surface
compared to the uncoated control. Approximately 86% reduction was achieved for the
copper-coated variant. However, since copper has an antibiotic effect on bacteria, the
negative control could be validated. Furthermore, pyocyanin production could also be
influenced, as can be clearly observed in Fig. 3.5.13B. In the case of the CeO2-coated
materials, a reduction of 40% could be observed. For the copper variant, even a
reduction of 80% could be noticed, however, this was due to the antibiotic effect of
copper. The flexible use of CeO2-coated PETG thus assured the production of a range

of products for application in different industries.
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Fig. 3.5.13 Impact of CeO, and copper-coated 3D printed material on the biofilm
formation and pyocyanin production of P. aeruginosa. The cerium oxide was incorporated
into PETG and produced as filament for 3D printing. In addition, commercial copper coated
PLA material was used as a negative control. No coating served as a positive control. The
bacteria were cultured for 72 h at 30 °C in LB medium along with the 3D printing materials to
determine biofilm formation. This was followed by analysis of the biofilm using crystal violet.
For the determination of pyocyanin production, the cultivation was performed at 37 °C for 72 h
in LB medium. The culture fluid was then removed and measured at 695 nm after
centrifugation. The standard deviation of three biologically independently performed
experiments is represented by the error bars. Modified from (Pfitzner, 2021).

143



Since among the various types of polymers, PC also has a wide range of applications
and is installed in many sectors that are affected by biofilm (Batté et al., 2003;
Dhandapani et al., 2022; Park and Kim, 2017; Sharafimasooleh et al., 2016), the next
task was to apply cerium oxide nanoparticles to this material to investigate its possible
effect on biofilm. Specific CeO2-NTA nanopatrticles were used to accomplish this task.
The cerium oxides in this case were synthesized using nitrilotriacetic acid (NTA) as a

capping agent.

Following fabrication of the CeO2-coated PC platelets, P. aeruginosa was added to the
surfaces, supplemented with KBr and H202 and incubated for 72 h at 30 °C in LB
medium. Uncoated slides were used as a control. To determine the biofilm, crystal
violet was applied after removing the planktonic cells. The measurement was
performed at 575 nm. Additionally, a potential impact on the QS system was also
examined by measuring the pyocyanin formation in P. aeruginosa. Therefore, the cells
were incubated on the surfaces for 72 h at 37 °C in LB medium. The culture fluid was

then centrifuged and measured at 695 nm.

The results of the CeO2-coated PC platelets are graphically summarized in Fig. 3.5.14.
Biofilm was observed to be reduced by 75% on the coated platelets (Fig. 3.5.14A). The
coated samples stained with crystal violet were barely covered by biofilm in contrast to
the uncoated control. Regarding pyocyanin production, a decrease of approximately
45% was also detected. The culture fluid associated with the CeO2-coated sample

appeared significantly less colored green than the control.

To visually confirm the results obtained, CLSM images were taken of the bacteria on
the surfaces. Following incubation, the planktonic cells were rinsed away, and the
attached bacteria were stained with the fluorescent dyes SYTO9/propidium iodide. The

biofilm thickness was then determined using CLSM.

As shown in Fig. 3.5.14C, the biofilm layer on the CeO:2-coated platelets was
significantly reduced compared to the control. Although sporadic areas of biofilm were
detected, the surface of the control was completely overgrown with a biofilm depth of
approximately 50 um. Hence, it could be concluded that PC was suitable to be covered

with CeO2 nanoparticles which showed a significant effect against bacterial biofilm.
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Fig. 3.5.14 Effect of CeO,-NTA coated PC on biofilm formation and pyocyanin
production by P. aeruginosa. The CeO,-NTA nanoparticles were deposited on the PC
substrate and the bacteria were then incubated on the surfaces for 72 h at 30 °C in LB medium,
supplemented with KBr and H>O,. This was followed by analysis of the effect on the biofilm
using crystal violet (A). To determine the impact on pyocyanin production, the bacteria were
further incubated on the surfaces at 37 °C for 72 h in LB medium. Analysis was performed at
695 nm (B). The samples with the bacterial biofilm on the surfaces were analyzed by CLSM
for visual confirmation (C). The standard deviation of three biologically independently
performed experiments is represented by the error bars. Modified from (Jegel, 2022; Jegel et
al., 2022).

As it was successfully demonstrated that PC coated with ceria nanoparticles could
significantly inhibit biofilm formation in P. aeruginosa, the synthesis of CeO:
nanoparticles was modified to such an extent that a higher throughput could be
achieved at the same time, and thus more of the PC coatings could be produced faster
(Sarif et al., 2022). CeO2-OLA nanopatrticles were utilized for this project. During the

synthesis of these nanopatrticles, oleylamine (OLA) was applied as a capping agent.
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Additionally, a segmented flow method was adopted, which ensured a much faster and

higher production of cerium oxides.

Once the cerium oxides were produced, one part was incorporated into the PC material
without annealing, while the other part was first annealed at 185 °C and was then

integrated into the coating.

To investigate whether the cerium oxides prepared by the segmented flow method
were indeed effective and the PC coatings continued to demonstrate an effect on
biofilm formation, the surfaces were cultured together with P. aeruginosa at 30 °C for
72 h in LB medium with the addition of H202 and KBr. Subsequently, the adherent cells
were stained with SYTO9/propidium iodide and visual analysis was performed using
CLSM.

The effect of CeO2-OLA generated by the segmented flow method on the biofilm of P.
aeruginosa can be seen in Fig. 3.5.15. Without coating (A), the biofilm was able to
cover the entire surface, so no clear area could be detected. However, this looked
different when using the coated surfaces. In the case of CeOz: that were not annealed
(B), the surface was colonized by the bacteria, but uninhabited spots on the surface
were also detected. Surprisingly, a much stronger effect was observed with the CeO2
which were heated at 185 °C before embedding (C). In these samples, the surface was
largely uncolonized and the bacteria only attached themselves sporadically to the

surface.

Confirmation of the obtained results by quantification was achieved by staining with
crystal violet and subsequent measurement of absorption at 575 nm. As illustrated in
Fig. 3.5.15D, the results reported previously by CLSM were validated. A reduction in
biofilm of about 27% was observed for the coatings with CeO2, which were not heated.
The purple stained plate also showed a few uncolonized areas in contrast to the
control. As previously in the CLSM, the CeO2 which were baked at 185 °C beforehand
achieved the strongest effect in terms of biofilm. The platelet was only slightly

overgrown and in comparison, to the control, the biofilm was reduced by about 65%.

Furthermore, pyocyanin production was also evaluated to investigate whether the QS
system was affected by these coatings. Fig. 3.5.15E depicts the results of these trials.
Both coatings were able to minimize pyocyanin production compared to the control.
The CeO:2 heated at 185 °C achieved the highest reduction of about 43%. This
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demonstrated that ceria nanoparticles produced in a segmented flow method could be

used to control bacterial biofilm formation in coatings.
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Fig. 3.5.15 Impact of CeO,-OLA coated PC plates on biofilm formation and pyocyanin
production of P. aeruginosa. Bacteria were cultured on the different surfaces for 72 h at 30
°C in LB medium supplemented with KBr and H»O- for biofilm formation. Subsequently, for
CLSM analysis, staining of adherent cells was performed on the uncoated (A), CeO; without
annealing (B), and CeO, annealed at 185 °C (C) coated variant with SYTO9/propidium iodide
after removal of planktonic cells. To quantify the biofilm, the bacteria on the different surfaces
were stained with crystal violet (D). The measurement was made at 575 nm. To determine the
effect on pyocyanin generation (E), the bacteria on the surfaces were cultured at 37 °C for 72
h in LB medium supplemented with KBr and H2O,. The culture fluid was then measured at 695
nm after centrifugation. The standard deviation of three biologically independently performed
experiments is represented by the error bars. Modified from (Sarif, 2021; Sarif et al., 2022).

Based on the results of coatings on membranes and plastics, showing a strong
inhibition of biofilm formation, it was further investigated to what degree steel could be
coated with CeO2 nanopatrticles. Steel is applied in various industrial applications as
well as forming an integral part of many structural elements, particularly in the marine

sector, and is therefore susceptible to biofilm and biofouling (de Messano et al., 2009;
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Moynihan and Allwood, 2014; Tuck et al., 2022). As the coating of steel often requires
a varnish, a special polyurethane lacquer should be used (Wang et al., 2021). Cerium
oxide nanoparticles EP151 were applied in this case, which should be embedded in
the varnish. Painted steel plates without embedded nanoparticles were used as a

control.

Considering that P. aeruginosa was used for the previously coated surfaces and,
moreover, the cerium oxides showed a clear effect on its biofilm formation, P.
aeruginosa was applied to the steel platelets. In addition, KBr and H202 were added.
The bacteria were cultured on the surfaces at 30 °C for 72 h in LB medium. Then, the
planktonic cells were washed off and the remaining bacteria on the surfaces were

stained with SYTO9/propidium iodide. This was followed by analysis using CLSM.

The results of the microscopy can be seen in Fig. 3.5.16. The surface without
embedded CeO:2 (A) was completely colonized by the biofilm. The biofilm thickness
was measured at approximately 60 ym. In contrast, bacteria could only partially
colonize the CeO2-coated surface (B). Although spots were detected which were

colonized by bacteria, uncolonized spots predominated.

With steel being used very frequently in the marine sector (Procopio, 2019), the CeO:
coating also had to be examined for biofilm formation by marine bacteria. Therefore,
the primary colonizer, P. gallaeciensis (de Carvalho, 2018; Gram et al., 2015), was
chosen. The bacteria were added to the surfaces and incubated in 2216 medium
together with KBr and H202 for 72 h at 30 °C. Subsequently, the attached bacteria

were stained using crystal violet. Quantification was performed at 575 nm.

As shown clearly in Fig. 3.5.16C, the CeO:2 coated steel surface was able to reduce
the biofilm by up to 80%. The purple platelets displayed many uncolonized areas on
the surface compared to the control without CeOz2. The entire surface was overgrown
in the control. Cerium oxide nanoparticles therefore demonstrated the biofilm inhibitory

function even when embedded in a lacquer.
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Fig 3.5.16 Effect of CeO, coated steel platelets on biofilm formation of P. aeruginosa
and P. gallaeciensis. P. aeruginosa was incubated on the coated and non-coated steel plates
at 30 °C for 72 h in LB medium together with KBr and H,O.. Then, the adherent cells on the
uncoated control (A) and CeO»-coated platelets (B) were stained with SYTO9/propidium iodide
and analyzed using CLSM. P. gallaeciensis was cultured on the steel platelets for 72 h at 30
°C in 2216 medium together with KBr and H»O,. After removal of planktonic cells, the biofilm
was stained with crystal violet (C). Quantification was performed at 575 nm. Error bars

symbolize standard deviation of three biologically independently performed experiments.
Modified from (Putz, 2022; Pitz et al., 2022).
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Overall, the results in this chapter indicate that nanoparticles can be used as alternative
strategy to combat bacterial biofilms. Tungsten oxides were found to inhibit biofilm
formation in P. aeruginosa. Furthermore, using the reporter strain A. tumefaciens
A136, it was discovered that the tungsten oxides WOzx and c-Cso.6WOs3 affect the 3-
0x0-Ci12-AHL, resulting in the biosensor detecting less AHL. Additionally, infrared
irradiation of the tungsten oxides was observed to significantly enhance antibiotic
activity. Planktonic cells of P. aeruginosa and S. aureus were reduced by up to 30%.

This feature opens opportunities in various fields of applied technology.

Furthermore, cerium oxide nanoparticles were identified that reduced the biofilm
formation of Gram-negative bacteria. Moreover, it was discovered that AHL molecules
were brominated due to the haloperoxidase-like function of cerium oxides. In the case
of P. aeruginosa, bromination of HQNO was demonstrated, which had a significant

effect on biofilm formation. A putative novel mechanism was thereby identified.

Further, different CeO2 nanoparticles were applied to different surfaces. It was
demonstrated that several coated materials were applicable for biofilm control.
Moreover, the efficacy of CeO2/PETG filament enabled the manufacturing process for
various products to be accelerated, as subsequent coating might no longer to be
required. Additionally, using a segmented flow method, the production of biofilm
inhibiting CeO2 and thus coated PC could be significantly enhanced. The embedding
of cerium oxide nanoparticles in PUR lacquer and the effective reduction of biofilm
launches many promising future applications, among others possibly in the marine

sector.
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4 Discussion

The growing number of resistant bacteria is a matter of great concern and demands
urgent action. Bacterial biofilms not only affect the environment and human health but
also inflict heavy financial losses on the industries (Camara et al., 2022; Chambers
and DelLeo, 2009; de Carvalho, 2018; Flemming, 2020; Muhammad et al., 2020;
Rossiter et al., 2017). In this thesis, a significant contribution towards the analysis and
battle of bacterial biofilms has been made. By developing the Panta Rhei microfluidic
system, a platform was established to analyze biofilms both microscopically and
macroscopically. Furthermore, external conditions affecting the formation of biofilms in
marine and drinking water bacteria could be revealed. Regarding alternatives to
antibiotics, secondary metabolites from entomopathogenic bacteria Photorhabdus and
Xenorhabdus could be identified as promising compounds inhibiting biofilm formation.
Moreover, bacteria from marine and drinking water environments capable of either
inhibiting bacterial biofilm or contributing to its dispersal could eventually be identified.
Lastly, tungsten oxide and ceroxides nanoparticles as alternatives for biofilm

suppression were discovered.

4.1 A green all-in-one device for biofilm analysis in the future?

An initial objective of this work was to design and construct a microfluidic solution for
the analysis of bacterial biofilms. Microfluidics is a field that has been increasingly used
in microbiology over recent time (Pérez-Rodriguez et al., 2022). Between 2007 and
2016, the number of publications containing microfluidic research regarding biofilm
formation increased at a rapid pace (Pousti et al., 2019). Previously performed
experiments using conventional approaches can be reproduced with microfluidics,
leading to an increased reliance on this technique (Pérez-Rodriguez et al., 2022). It
was demonstrated that chemotaxis studies in E. coli carried out with a capillary (Adler,
1973) could be reproduced utilizing a microfluidic flow cell (Roggo et al., 2018). While
with the traditional approach, an ideal aspartate concentration of 10 mM could be
determined (Adler, 1973), it was possible to detect effects even at lower concentrations
between 0.1 mM and 1 mM by applying microfluidics (Roggo et al., 2018). Besides

chemotaxis, the microfluidic method supports the examination on other stimuli such as
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thermotaxis, magnetotaxis or rheotaxis and also bacterial biofilm formation (Pérez-
Rodriguez et al., 2022). Moreover, compared to traditional tools such as cultivation in
well plates or flasks (Halldorsson et al., 2015), it seems that more realistic conditions
might be simulated with microfluidics (Pérez-Rodriguez et al., 2022). Previous studies
have shown that Pantoea spec. cultivated on a surface with various pores and under
a constant flow of a rainwater simulation exhibited growth alongside the availability of
nutrients in the continuous flow (Aufrecht et al., 2019). In contrast, cultivating Pantoea
spec. on an agar plate displayed distribution homogeneity without preferential
movement of growth (Bible et al., 2016). Additionally, the microfluidic approach
provides a solution for the cultivation of bacteria that are challenging to be cultured,
such as oligotrophic organisms (Overmann et al., 2017), by application of a high-
throughput microfluidic cultivation platform (Griinberger et al., 2015).

Multiple variants of microfluidic flow cells have been reported (Pérez-Rodriguez et al.,
2022), featuring, for example, linear (Jeong et al., 2014) and mixed channels (Englert
et al., 2009; Kim et al., 2012), consisting of multiple layers (Demir and Salman, 2012;
Salman et al., 2006), or even equipped with pores (Aufrecht et al., 2019). Such
microfluidic solutions typically operate with volumes in the microliter range (Pérez-
Rodriguez et al., 2022). Furthermore, microscopic, electrochemical, and spectroscopic
methods appear frequently for the analysis of biofilms in microfluidic systems (Pousti
et al., 2019). Conversely, the Panta Rhei flow cells, designed in this work, are
adaptable and suitable for operation in the microliter as well as up to 5 ml range,
providing ultimate flexibility. Additionally, microscopic analysis by light microscope,
fluorescence microscope, or CLSM, as well as macroscopic analysis of external

samples inside the Panta Rhei flow cells, are supported (Fig. 4.1).

As mentioned in the literature, most microfluidic flow cells are constructed from
polydimethylsiloxane (PDMS) (Friend and Yeo, 2010; Pérez-Rodriguez et al., 2022).
This material has the advantage of being transparent and permeable to gases,
biocompatible, and cost effective (Weibel et al., 2007; Niculescu et al., 2021; Pérez-
Rodriguez et al., 2022). Nevertheless, PDMS also entails disadvantages
(Mukhopadhyay, 2007; Ren et al., 2013), such as the absorption of molecules, since it
is a porous material (Wang et al., 2018; Niculescu et al., 2021). Therefore, organic
solvents are not suitable, as they are absorbed by the material (Ren et al., 2013).

Furthermore, evaporation of water may occur, altering the concentration of aqueous
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solutions inside (Shim et al., 2007; Niculescu et al., 2021). Due to the character of
PDMS, any small hydrophobic compound would permeate into the material, distorting
potential new drug screening results (Wang et al., 2018). Therefore, the materials PE
or PP were selected for the Panta Rhei flow cells. These materials belong to the
category of thermoplastics (Graziano et al., 2019). Previous reports have already
shown that thermoplastics find use in microfluidics (Ren et al., 2013; Sackmann et al.,
2014; Pérez-Rodriguez et al., 2022). The big advantage, however, lies in the fact that
thermoplastics can be recycled to a certain extent. Shredding machines can be used
to grind the materials, which can then be remelted and further extruded (Grigore, 2017,
Kazemi et al., 2021). It is therefore conceivable that after several cycles of use, the
Panta Rhei flow cells could be shredded and then remelted to produce new flow cells
made from the used ones by injection molding. This would provide a sustainable green

alternative to the world's current plastic consumption.

However, due to the complexity of the application of microfluidic techniques and the
lack of sufficient expertise in most cases, utilization of the microfluidic approach is quite
restricted (Azeredo et al., 2017). Consequently, it is essential that future work is
required to create a device for microfluidics that combines all the necessary
components within one tool, thus alleviating the complexity of the method. In reviewing
the literature, it was found that all-in-one solutions have already been developed that
include microfluidic components for the diagnosis of pathogens in one device using a
CF-PCR chip (Li et al., 2019). Furthermore, the development of an all-in-one
automated microfluidic control system, capable of running autonomously while
requiring external control by a computer, has already been realized (Watson and
Senyo, 2019). Moreover, an all-in-one system controlled by an external smartphone
has been developed (Li et al., 2014). Besides, a standalone device with a 3D printed

microfluidic chip based on low cost could be showcased (Zhang et al., 2021).

In the wake of automatization and digitalization, keeping up and advancing the
technology of microfluidics is a necessity. Eventually, in the future, a Panta Rhei device
containing all the Panta Rhei characteristics in one unit could be invented. This remains

a topic of further investigation.
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Fig. 4.1 The Panta Rhei D2 flow cell with potential applications in future studies. Depicted
is the Panta Rhei D2 cell, which contains a biofilm that has been cultivated and undergoes an
exemplary solution containing enzymes (dispersion protein) that dissolve the matrix of the
biofilm. Alternatively, the use of natural products from entomopathogenic bacteria of the genus
Photorhabdus and Xenorhabdus is conceivable, as well as metabolites isolated from marine
bacteria. The Panta Rhei system can also be used to analyze the effect of hanoparticles on
biofilms. In addition, microscopic as well as macroscopic analyses are possible. Created with
BioRender.com

4.2 External factors affecting biofilm formation in marine and drinking water
bacteria

4.2.1 Glucose, peptides and the salt variety affect biofilm formation

Furthermore, this work set out with the aim to identify external factors that affect biofilm
formation in bacteria from the marine and drinking water sectors. Prior studies have
noted the importance of environmental factors in biofilm formation, such as the
composition of the media (Y. Liu et al., 2020). In the field of drinking water bacteria, S.
adhaesiva developed the strongest biofilm in the HD medium. Beyond that, a high
degree of biofilm formation was also achieved in the TSY and M1 media. The
cultivation medium HD is notable for its glucose content. It is therefore conceivable that
glucose has an influence on biofilm formation. This finding is consistent with previously
reported research in S. aureus and S. epidermidis, where glucose was shown to
increase biofilm formation due to the agr pathway (Waldrop et al., 2014). This result is

also in accordance with a previously reported study in E. faecalis, as glucose was
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shown to have a biofilm-enhancing effect (Seneviratne et al., 2013). A remarkable
element in the composition of the media TSY and M1 is the amount of peptones. An
assumption might therefore suggest that peptones could play a role in the formation of
biofilms. Increased biofilm formation by tryptone was indeed observed in
Pseudomonas putida (Puhm et al., 2022), supporting the results of this work. It was
proposed that P. putida utilizes the peptides to strengthen the biofilm structure (Puhm
et al., 2022). TSY medium also resulted in the most severe biofilm development in M.
mesophilicum. Sphingomonas spec. can be located on membranes serving for clean
drinking water supply production (de Vries et al., 2019). Based on the biofilm formation
on the surface of the membranes, it leads to biofouling (Flemming et al., 1997). It
seems possible that sugars, such as glucose and other nutrients found in wastewater
(Scherhag and Ackermann, 2021; Shahid et al., 2021) enhance bacterial biofilms on

cleaning membranes, contributing to and accelerating biofouling.

In the case of B. nasdae, biofilm formed second strongest when cultivated with TSY.
The most pronounced biofilm was obtained when culturing in RS medium. This medium
is supplemented with trace elements. Therefore, the assumption could be made that
these trace elements might contribute towards high biofilm levels. Prior research has
demonstrated that Zn?>* (Geoghegan et al., 2010), a trace element (Suryawati, 2018),
intensifies the biofilm formation of S. aureus. This is due to the surface protein SasG
in S. aureus, a protein involved in the biofilm assembly phase. During this step, Zn?* is
a required component (Geoghegan et al., 2010). Consequently, it is probable that a
comparable procedure triggering the formation of biofilms also occurs in drinking water

bacteria since trace elements can be found in drinking water (Thygesen et al., 2021).

On the question of the influence of nutrient composition on biofilm formation in marine
bacteria, it was found that the biofilm of P. gallaeciensis and that of H. aquamarina
appeared most abundant upon cultivation in medium 2216. High salinity with a wide
range of salts can be found in this medium, along with elevated nutrient content. A
strong relationship between salts and nutrients in promoting biofilm formation has been
reported in the marine bacterium Vibrio fischeri (Marsden et al., 2017). Surprisingly,
the medium MM, also containing high levels of nutrients and NaCl, caused less biofilm
accumulation in P. gallaeciensis and H. aguamarina. However, in this cultivation
medium, the range of salts was restricted to NaCl. A possible explanation for this might
be the missing variety of different salts. Prior research in Vibrio vulnificus has
demonstrated that biofilm formation is mediated by calcium. CabA, a protein located in
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the biofilm matrix, is capable of binding calcium resulting in a conformational change
and initiating a much more solid biofilm structure (Park et al., 2015). Therefore, the
possibility that different salts impact biofilm formation in P. gallaeciensis and H.
aguamarina suggests a reasonable assumption. H. alkalilenta formed a dense biofilm
in all media used. Despite this, a slightly weaker biofilm was detected in the low-nutrient
medium M9. Although it was shown in a previous study with L. monocytogenes that
the concentration of nutrients had an impact on biofilm structure (Cherifi et al., 2017),
a differentiation of salts as can be found in the M9 medium could conceivably boost
biofilm production under these conditions. A note of caution is due here since no
conclusion could be drawn about the distribution of live and dead bacteria in the biofilm.
A more accurate method to unambiguously identify the living and dead bacteria would
be a specific fluorescent staining method, as already presented in a previous report
(Kadam et al., 2013).

4.2.2 Nutrient limitation as inducer for biofilm dispersion

One further question regarding the impact of external factors on biofilm formation was
the effect of incubation time. Regarding the drinking water bacteria, S. adhaesiva and
M. mesophilicum developed the most intense biofilm after 120 h, while in M.
mesophilicum, the biofilm grew continuously over the course of the experiment. These
findings corroborate previous observations, as it was demonstrated that
Methylobacterium spec. developed a continuously growing biofilm during the
experiment length of 72 h (Simdes et al., 2010). A similar observation was obtained in
the marine setting, as H. aquamarina appeared to reach the highest level of biofilm
after 120 h, increasing gradually by day. In H. alkalilenta, a very strong biofilm was
achieved already after 48 h. Prior research has demonstrated that the build-up of a
microbial biofilm may take as long as 10 days to acquire a completed structure, varying
by bacterial species (Guzman-Soto et al., 2021). Significant findings to emerge from
this analysis are the dynamics of the biofilms of B. nasdae and P. gallaeciensis. While
the biofilm of B. nasdae increased for up to 48 h, a decrease in the amount of biofilm
could be noticed after 72 h. The biofilm of P. gallaeciensis reached maturity after 24 h
and declined steadily afterwards during the length of the experiment. There are several
possible explanations for these results. As it is already mentioned in the literature, a

biofilm experiences a partial decrease after a certain period of time, caused either by
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detachment or dispersion (Guzman-Soto et al., 2021). However, since these
experiments were performed under static conditions, it is highly unlikely that the biofilm
was detached by mechanical action or shear forces, as is usually the case with
detachment by abrasion, erosion, or sloughing (Petrova and Sauer, 2016).
Furthermore, the possibility of grazing can be ruled out since no external additives
were applied to the biofilm. This would require, for example, protozoa to be introduced
to the microbial biofilm to allow bacterial consumption (Seiler et al., 2017; Guzman-
Soto et al.,, 2021). The observed decline of the biofilms could most plausibly be
attributed to the dispersion. Dispersion can be triggered by environmental factors or
specific signals (Rumbaugh and Sauer, 2020). However, dispersion due to nutrient
shortage could also be considered, as previously reported for P. aeruginosa (Nair et
al., 2021). Alternatively, it is quite reasonable to assume that the existing biofilm is not
actually dispersed, but rather new biofilm is prevented from accumulating. Such an
effect could be achieved, for instance, by suitable suppressors of the QS system
(Paluch et al., 2020). Another conceivable possibility would be the production of matrix-
degrading enzymes (Kaplan, 2014; Saggu et al., 2019; Torelli et al., 2017). In addition,
it would also be possible that, for example, fatty acids are produced, which might serve
as a signal for biofilm dispersion (Davies and Marques, 2009; Rumbaugh and Sauer,
2020).

4.2.3 The Fe?* and Mn?* in steel promote biofilm formation of marine bacteria

The third question regarding the influence of external factors on biofilms in marine and
drinking water sectors sought to determine the impact of different surfaces. It could be
obtained that the biofilm formation of M. mesophilicum on steel was fewer in
comparison to PS. These results are in accord with recent studies, as it could be shown
to be significantly fewer cells attached to steel than to PVC in Methylobacterium spec.
such as M. hispanicum and M. extorquens (Szwetkowski and Falkinham, 2020).
Besides, it could be shown that Methylobacterium spec. are able to develop an intense
biofilm on PS (Simdes et al., 2010). Both PVC and PS belong to the class of vinyl
polymers (Behr et al., 2016). Unfortunately, since these materials are incorporated in
several aspects of drinking water systems (Orlov et al., 2016; Schontag and Sens,
2015; Xu et al., 2019), addressing biofilm suppression has proven to be a difficult task.

Therefore, future research is required to evaluate alternatives. Swapping the polymers
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for steel elements could be a promising first step. The results regarding the different
polymeric surfaces and the effect on the biofilm of the marine bacterium P.
gallaeciensis indicate among the tested plastics, the strongest biofilm formation with
PS. These results seem to be in agreement with prior findings, reporting the biofilm
formation of marine bacteria on PS (Michels et al., 2018). However, it is somewhat
surprising that steel exceeded biofilm formation on PS by approximately 280%. As
mentioned in the literature, iron-oxidizing and iron-reducing bacteria occur on metals
in the marine environment since steel is a source of iron. Furthermore, unlike polymer-
based surfaces, an iron oxide layer is generated quite fast on steel surfaces, which
might impact biofilm formation (Tuck et al., 2022). The results of the external addition
of metal cations to P. gallaeciensis provided greater insights. Apart from Fe?*, Mn?*
was also able to enhance the formation of the biofilm. Contrary to this, biofilm
production was diminished after the addition of Cu?*. It was previously found that
copper as an alloying component can negatively impact the attachment of
Desulfovibrio vulgaris (Tran et al., 2021; Tuck et al., 2022). Nevertheless, it has been
demonstrated that Cu?* has an adverse effect on the growth of Desulfovibrio
desulfuricans (Sani et al., 2001). Consequently, it is highly likely that this might also be
the case for P. gallaeciensis. Referring to iron, it was demonstrated an ability of the
extracellular matrix in binding the Fe?* (Beech and Cheung, 1995). In addition, EPS of
Pseudomonas fluorescens and D. desulfuricans were reported to have a major
contribution to the initial adherence to unalloyed steel (Javed et al.,, 2015).
Furthermore, it could be shown that lipopolysaccharides located on the outer
membrane of Desulfovibrio are capable of specifically binding Fe?* (Bradley and
Gaylarde, 1988; Javed et al.,, 2015). Besides, P. inhibens is known to contain
siderophores (Srinivas et al., 2022). Considering that Phaeobacter belongs to the
Roseobacter group (Sonnenschein et al., 2021) and that Roseobacter are already
known to be primary colonizers of marine surfaces and have proteins located on the
outer membrane that are essential for biofilm formation (Ma et al., 2020), it would be
reasonable to assume that the Fe?* specific mode of action in Phaeobacter is possible
related to the EPS and molecules on the outer membrane (Fig. 4.2). Moreover,
Phaeobacter would be able to seize Fe?* from the steel surfaces due to siderophore
production. A further study with more focus on the mechanism of Fe? in P.
gallaeciensis is therefore suggested. Very little was found in the literature regarding a

biofilm enhancing effect of Mn?*in Gram-negative bacteria. Regardless, prior research
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revealed a biofilm-promoting impact of Mn?* in the Gram-positive bacterium B. subtilis.
Furthermore, it was observed that in the absence of Mn?*, genes encoding for biofilm
formation and sporulation were downregulated. Moreover, the production of surfactin
was also reduced (Mhatre et al., 2016). The synthesis of surfactin and the generation
of the biofilm matrix in B. subitilis are indirectly regulated by the QS system (Kalamara
et al., 2018). Although the QS systems in Gram-positive and Gram-negative bacteria
differ (Haque et al., 2019), there is still a possibility that manganese might be involved
in QS in P. gallaeciensis (Fig. 4.2) since biofilm formation in P. inhibens is regulated
by QS (Beyersmann et al., 2017; Srinivas et al., 2022). There are still unanswered
guestions regarding the Mn?* mechanism in P. gallaeciensis, and therefore this topic

requires future work to develop a full picture.
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Fig. 4.2 Possible modes of action of Fe?* and Mn?" on biofilm formation in P.
gallaeciensis. The Fe?" struck out of the steel by the bacteria possibly binds to the
lipopolysaccharides or EPS of P. gallaeciensis, thereby strengthening the structure perchance
on the left. In addition, the Mn?* chipped out of the steel may correlate with the QS of P.
gallaeciensis, thus potentially regulating directly or indirectly biofilm-related genes on the right.
Created with BioRender.com.
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4.2.4 Synergism and antagonism in multi-species biofilms

Bacterial biofilms frequently appear in nature composed of multiple species (Elias and
Banin, 2012). With respect to the question of whether a biofilm in the drinking water
sector as well as in the marine environment turns out to be stronger when consisting
of several bacterial species rather than of a single species, it could be shown that in
both, the drinking water sector as well as in the marine field, the biofilm formed by
multiple species produced higher levels than the biofilm from the respective single
species. The biofilm consisting of a consortium of S. adhaesiva, B. nasdae, and M.
mesophilicum achieved the strongest level compared to the biofilms composed of the
individual species when exposed to the same conditions. Similar outcomes resulted
among the marine bacteria P. gallaeciensis, H. alkalilenta, and H. aguamarina. The
findings in this work regarding the drinking water consortium and, in particular, M.
mesophilicum differ from previous research, demonstrating no higher biofilm formation
in a dual-species biofilm of Methylobacterium spec., and Mycobacterium mucogenicum
or Methylobacterium spec. and Acinetobacter calcoaceticus than the single-species
counterparts, respectively (Simdes et al., 2007). However, there seem to be some
similarities with the results of another study demonstrating that a dual-species biofilm
consisting of Methylobacterium species developed significantly stronger structures
than a biofilm composed of only one Methylobacterium species (Xu et al., 2014).
Furthermore, it has been shown in earlier investigations that Methylobacterium,
together with Sphingomonas, could be encountered in a biofilm (Kelley et al., 2004; Xu
et al., 2014). The discrepancy with the prior investigation could be explained by the
fact that three different bacterial species were used in this work as opposed to two in
the prior study (Simdes et al., 2007). In addition, it is most likely that different bacteria
species in a consortium will not consistently result in a stronger biofilm. There is already
known antagonism within a biofilm alongside synergistic effects (Elias and Banin,
2012). Regarding marine multi-species biofilms, a previous study showed that a biofilm
consisting of four marine bacteria could achieve a greater settlement rate in the larva
Leptastrea purpurea than monospecies equivalents (Petersen et al.,, 2021).
Additionally, in terms of consortium properties, it was previously shown that multi-
species biofilms could trigger significantly worse infections than biofilms consisting of
one species (Rao et al., 2020). Moreover, Ralstonia insidiosa represents an example
of a so-called bridging bacterium in biofilms involving several foodborne pathogenic

bacteria such as, e.g., L. monocytogenes, since dual-species biofilms containing

160



different species were stronger as soon as R. insidiosa was involved (Liu et al., 2016).
The results contained in this work regarding the effect of multi-species consortia raise
intriguing questions concerning the purpose in drinking water and marine
environments. Although a stronger biofilm formation in the consortium was found in
this study, these findings have to be taken with caution, as competition is also likely to

depend on the composition of a multi-species biofilm (Joshi et al., 2021).

4.2.5 Priority effects in dual biofilm of marine and drinking water bacteria?

Another significant aspect of multi-species biofilms is the initial colonization of the
surface. Based on this question, dual-biofilm analyses were performed for marine and
drinking water areas to determine whether an effect occurred depending on which
bacterium within the dual-biofilm first colonized the surface. As a point of observation,
it could be shown that it makes an actual difference which bacterium can colonize the
surface first. In dual-biofilm simulations of the marine sector and drinking water,
variations of up to 30% and 45%, respectively, could be achieved. While exploring the
scientific literature, a theory from the field of ecology suggested that the development
of a community is often affected by the succession of organisms that have joined the
ecosystem. These effects are then referred to as priority effects (Fukami, 2015;
Sprockett et al., 2018). A previous study investigated how a multi-species biofilm
consisting of 4 species differs when one species colonizes the surface first, and the
other organisms are subsequently added. It was demonstrated that no significant
influence was evident, and the respective biofilm composition did not differ despite the
earlier colonization with the varying primary colonizer (Olsen et al., 2019).
Nevertheless, it could also be observed from a study with the bacteria S. aureus and
Citrobacter freundii and the fungus Candida albicans that a priority effect can be
observed, depending on which organism from the consortium colonizes the surface
first. In addition to the species composition, the growth interactions could also be
influenced (Cheong et al., 2021). It is fundamental to consider that the observed priority
effects in this work also might be related to the surface properties, which is why further
investigations should be carried out in future experiments with the aim of obtaining a
more definite statement. Despite this, initial findings could be gathered in this work,

indicating that in biofilm formation, the primary colonizer has a prominent role to play
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in terms of subsequent biofilm accumulation (Fig. 4.3), and hence, ideas for combating

biofilm should considerate prevention of the primary colonizer.

Drinking water distribution system

Biofilm initiated with Biofilm initiated with
primary colonizer 1 primary colonizer 2

Fig. 4.3 A conceivable scheme of the influence of the primary colonizer on overall
biofilm formation. Using a drinking water pipe as an example for this scheme, priority effects
might eventually play a role in biofilm formation. Depending on which primary colonizer
adheres to the surface first, this may later affect the development of the overall biofilm.
Consequently, the biofilm formed with primary colonizer 2 on the right might possibly achieve
a thicker biofilm than if primary colonizer 1 on the left first adhered to the surface. Created with
BioRender.com.

4.3 Marine bacterial symbionts as QQ compound producers?

An intriguing observation in this work was that the marine bacterium P. gallaeciensis
might produce a compound capable of not only inhibiting the own biofilm formation and
that of P. inhibens but also that of human pathogen (Tuon et al., 2022) P. aeruginosa.
Furthermore, first results could be obtained, indicating that the QS system seems
somehow affected in P. aeruginosa due to the generation of less pyocyanin. Pyocyanin
production is indirectly controlled by QS (Lee and Zhang, 2015), which leads to the
assumption that the unknown compounds could be a QQ substance. Literature review
revealed that it has already been demonstrated that marine bacteria from the Red Sea
prevent the QS of P. aeruginosa. These bacteria belong to the families Erythrobacter,
Labrenzia, and Bacterioplanes. In addition, lactonases and acylases were identified
that could degrade 3-oxo0-Ci2-AHL, a signaling molecule used by P. aeruginosa for QS
(J. Zhang et al., 2014). Acylases and lactonases were also identified by genomic

analysis in Deinococcus spec., Hyphomonas spec. and Ralstonia spec. (Chandra
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Kalia, 2011). Moreover, the lactonase RmmL from Ruegeria mobilis, a marine
bacterium which, like Phaeobacter spec. belongs to the Roseobacter group, was
identified (Cai et al., 2018; Sonnenschein et al., 2021). Lactonases and acylases inhibit
QS by either hydrolyzing the lactone ring of AHLs or clipping the side chain,
respectively (Sikdar and Elias, 2020; Zhang and Li, 2016). These are QS-inhibiting
enzymes, which can be inactivated by heat or the addition of proteinase K (Torabi
Delshad et al., 2018). The QQ features of R. mobilis could be prohibited by treatment
with proteinase K and heat (Cai et al., 2018). Therefore, it can be assumed that the
candidate compound produced by P. gallaeciensis is likely not a QQ enzyme.
Additionally, it is known that pH fluctuations lead to degradations in polymers with labile
acid or base links (Ofridam et al., 2021). Well-known acid labile bonds include, for
example, the hydrazone, ketal, and acetal ester. These acid-labile compounds are
often used to deliver anti-cancer therapeutics close to the target site (Dutta et al., 2016;
Ofridam et al., 2021; Wei et al., 2013). Further, there are known polymers in the
literature that alter their structure depending on the pH (Kocak et al., 2017). Since it
was not observed in this thesis that pH variations affected anti-biofilm activity, it can
be considered that the possible molecule is unlikely a polymer with pH labile bonds.
Following HPLC fractionation, a fraction was detected that inhibited the biofilm in P.
aeruginosa, suggesting that the candidate molecule might be a secondary metabolite.
Previously, it was demonstrated that the Gram-positive bacterium S. aureus produces
compounds that affect the QS system of several Gram-negative bacteria and
additionally could inhibit pyocyanin production in P. aeruginosa (Chu et al., 2013).
Furthermore, a previous study revealed that the culture fluid of the marine bacterium
Vibrio alginolyticus, living in symbiosis with the coral Pocillopora damicornis, could
inhibit biofilm formation in P. aeruginosa. In addition, the activity of elastase and the
production of rhamnolipids could be reduced (Song et al., 2018). These, together with
pyocyanin, are virulence factors regulated by the QS system (Malgaonkar and Nair,
2019). The detailed analysis could show that the substance might be rhodamine
isothiocyanate (Song et al., 2018). Since it is already known from prior studies that P.
gallaeciensis lives in symbiosis with the microalga Emiliania huxleyi, it might be
possible that a similar compound is the cause of the observed anti-biofilm activity and
reduced pyocyanin formation in P. aeruginosa (Fig. 4.4). Despite these very promising
findings in this work, there are still unanswered questions regarding the nature of the

compound that need to be focused on in future studies.
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The results regarding the biofilm-dispersing ability of the culture fluid of B. nasdae
indicated that most likely an enzyme is involved, as both the heat and the use of
proteinase K nullified the biofilm-dispersing effect. Proteases such as proteinase K act
as catalysator of peptide bond hydrolysis and, therefore, can degrade proteins
(Skowron et al., 2020). Moreover, denaturation occurs at higher temperatures in
proteins that are not heat stable (Bischof and He, 2005). Although it is well-established
that heat-stable proteins can be encountered in bacteria (H. Li et al., 2020), it is
doubtful that the sought-after molecule is heat-stable and tolerant to treatment with
protease. Potential enzymes that initiate biofilm dispersion are, e.g., dispersin B,
proteases, and DNases, as known from the literature (Wille and Coenye, 2020).
Previous research, therefore, has shown that a marine strain of B. licheniformis
produces the DNase NucB, which induces dispersion in B. subtilis as well as in
Micrococcus luteus and in several Pseudomonas species (Nijland et al., 2010).
Consequently, it might be the case that a similar enzyme is also produced in B. nasdae.
While preliminary, the findings in this work suggest that bacteria found in drinking water
might be a good repertoire for biofilm degrading enzymes. Nevertheless, further

studies will need to be undertaken in the future.
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Fig. 4.4 A possible demonstration of the potential use of QQ compounds from marine
bacterial symbionts. It is conceivable that marine symbionts may potentially use the QQ
compounds produced for defense against competing bacteria. Thus, the marine bacterial
symbionts may eventually protect the bacterial population and the respective symbiont (in this
scheme, e.g., a coral). It is conceivable to identify such QQ compounds-producing bacteria
and eventually use the QQ compounds biotechnologically in the future. Created with
BioRender.com.

4.4 Photorhabdus and Xenorhabdus — an unlimited repertoire for QQ drugs?

Photorhabdus spec. and Xenorhabdus spec. are entomopathogenic bacteria
producing an extensive repertoire of natural products and secondary metabolites due
to their complex life cycle (Bode, 2009; Tobias et al., 2018, 2016). It was hypothesized
that several natural products might interfere with bacterial biofilm formation. Screening
the varying secondary metabolites of Photorhabdus and Xenorhabdus on biofilm

formation of a range of marine and drinking water bacteria provided a large set of
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promising results. Secondary metabolites were identified that hindered the biofilm and
negatively affected the number of planktonic cells, presumably causing an
antimicrobial effect. An example thereof included the natural compound rhabduscin
(No. 52), which is used by entomopathogenic bacteria to shut down the immune
system of insect larvae in order to kill them (Crawford et al., 2012). Nevertheless, it
could also be imaginable that an antibiotic activity would also be possible in addition
to the insecticidal effect. Previous research has shown that substances do exist that
have an antimicrobial effect in addition to their insecticidal effect (Rehman et al., 2015).
It could be cautiously argued that the substances might have a similar site of action if
they are compared (Parihar et al., 2022; Rehman et al., 2015). Again, however, caution
must be applied, and further studies must be completed to develop a full picture of the

potential antimicrobial effect of rhabduscin.

The surprising aspect is that xenocoumacin (No. 33) (Park et al., 2009) inhibited the
biofilm formation of most bacteria and the number of planktonic cells. Thus, one can
most likely assume an antibiotic effect. However, in P. aeruginosa, only the biofilm was
inhibited, not the number of planktonic cells. It has previously been shown that
xenocoumacin exhibits very high bioactivity against several organisms, including
Gram-positive and Gram-negative bacteria, oomycetes, and higher eukaryotes (Bode
et al., 2019). In addition, recent research has also shown an effect of xenocoumacin
on human cell lines, which suggests a possible application as cancer therapeutics
(Brehm, 2021). However, no bioactivity was shown against P. aeruginosa (Bode et al.,
2019). Nevertheless, compounds with comparable structures to xenocoumacin could
be identified (Soukarieh et al., 2018). For example, naringenin, which belongs to the
flavanones, could be detected as a QQ compound in P. aeruginosa (Vandeputte et al.,
2011). Coumarin is another example of a QQ molecule in P. aeruginosa. Besides
biofilm formation, phenazine production was also reduced (Gutiérrez-Barranquero et
al., 2015). Consequently, it would be conceivable that xenocoumacin influences the
QS system in P. aeruginosa. Another possibility is that P. aeruginosa cleaves
xenocoumacin into secondary products or modifies the compound, thereby influencing
the QS system. However, multiple studies need to be conducted in the future before a

definitive statement can be made.

Other classes of natural compounds that affected biofilm formation in several bacteria
without impacting planktonic cell numbers are the phenylethylamides/tryptamides (No.
28). Furthermore, dilutions of the extract were able to obtain a significant effect on
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biofilm formation, suggesting that low concentrations are sufficient for activity.
Moreover, pyocyanin formation in P. aeruginosa could be reduced. Previous studies
have reported that phenylethylamides exhibit a possible QQ effect, like the compound
from Halobacillus salinus, which demonstrated QQ activity against Gram-negative
bacteria (Teasdale et al., 2009). Furthermore, amides with different chain lengths from
X. doucetiae displayed an effect on violacein production of Chromobacterium as well
as Janthinobacterium (Bode et al.,, 2017). The tryptamides were also able to
demonstrate a QQ effect on Chromobacterium violaceum (Bode et al., 2017).
Moreover, in prior screening research, phenylethylamides were observed to have a
negative effect on the PpyS/PIuR system of P. luminescens ([ GTEEGENz.
I . . 2015, unpublished data). The PpyS/PIuR
system of P. luminescens regulates cell clumping and utilizes photopyrones as
signaling molecules (Tobias et al., 2020). The findings in this work raise intriguing
guestions regarding the mode of action of phenylethylamides/tryptamides. It is strongly
suspected that a QQ mechanism (Fig. 4.5) is operating herein, which will need to be

clarified in future studies.

Another significant result was the extract containing xenofuranones (No. 55) which
likewise exhibited a strong biofilm inhibitory effect on nearly all bacteria tested.
Moreover, when diluted, the extracts still had a powerful impact on reducing the biofilm
of P. gallaeciensis. The QS system regulates biofilm formation in P. gallaeciensis
(Berger et al., 2011; Beyersmann et al., 2017; Cude and Buchan, 2013), suggesting
that a QQ mechanism may be involved in these results. As reported in the literature,
several furanones, both naturally occurring and synthetic, appear to exhibit a QQ effect
(Proctor et al., 2020). Additionally, a recent study demonstrated that 2(5H)-furanone
inhibited biofilm formation in the marine bacterium Pseudoalteromonas marina (Y.-F.
Li et al., 2020). This finding has important implications for combating marine biofilms,
as it could possibly slow down biofouling (de Carvalho, 2018). However, additional
investigations must be performed in order to confirm a possible involved QQ

mechanism.
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Fig. 4.5 A possible QQ mechanism of compounds from the entomopathogenic bacteria
Photorhabdus and Xenorhabdus. It is conceivable that the compounds from
entomopathogenic bacteria may inhibit the QS system due to the antagonistic mode of action
towards the QS signaling molecules. Furthermore, the compounds from the entomopathogenic
bacteria might eventually bind to the receptors, thus blocking the QS system, resulting in QQ.
Created with BioRender.com.
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4.5 Nanoparticles as an alternative to biofilm control
4.5.1 Tungsten oxide nanoparticles proficient in multitasking

Nanoparticles are receiving increasing attention as an antibiotic alternative and are
being used more frequently to combat bacterial biofilms (Shkodenko et al., 2020).
Surprisingly, in this study, tungsten oxide nanoparticles exhibited two modes of action.
Whereas specific tungsten oxide nanoparticles like c¢-CsosWOs showed a
haloperoxidase-like function and thus could affect the AHLs of bacteria, others like m-
Cs0,3sWOs3 were able to use infrared to minimize the planktonic cells of the bacteria
tested. Nanoparticles resembling a peroxidase function are already known from
previous studies (Ragg et al., 2016). Peroxidases comprise enzymes that can oxidize
various substrates such as H202 (Khan et al., 2014). Previous research demonstrated
that FesOs4 nanoparticles exhibited more stable activity than naturally occurring
peroxidases, tolerating greater temperature and pH fluctuations (Ragg et al., 2016).
Haloperoxidases belong to the class of peroxidases and can catalyze the oxidation of
halides by H202, enabling the halogenation of organic molecules (Wang et al., 2019).
Besides the previously known anti-biofilm V20s (Natalio et al., 2012) and anti-biofouling
CeO2x nanoparticles (Herget et al., 2017), CuO nanoparticles were identified to exhibit
a haloperoxidase-like function (Wang et al., 2019). Furthermore, it was shown that a
mixture of a metal-organic framework and Ce likewise exhibited a haloperoxidase-like
function (Cheng et al., 2021). In addition, previous research has revealed that WO3-x
exhibits a unique oxidase-like function (Doéren et al., 2021a). One point that emerges
from these findings is that tungsten oxide nanoparticles might be an advanced option
to combat bacterial biofilm through haloperoxidase activity to inhibit QS by modification
of organic compounds such as AHLs (Fig. 4.6). Therefore, it is essential to explore
alternatives in nanotechnology, as antibiotic resistance is on the rise. Nevertheless,
further studies in terms of quality and stability have to be undertaken in future

investigations of tungsten oxides as potential QQ agents.

Another important finding in this work was the ability of tungsten oxides to reduce
planktonic cells of the bacteria P. aeruginosa and S. aureus under infrared irradiation.
After a literature review, it was found that nanoparticles are used for the application of
so-called photothermal killing (Kaur et al., 2021; Yougbaré et al., 2020). In this process,

photothermally active particles convert the absorbed photon energy into antimicrobial

169



heat energy (Borzenkov et al., 2020). Suitable materials are, e.g., gold, graphene
oxide, molybdenum disulfide nanosheets, zinc-based and copper-based nanopatrticles
(Gharatape et al., 2016; Jia et al., 2017; Kaur et al., 2021; X. Li et al., 2020; Yougbaré
et al., 2020). Applications of such photothermal active nanoparticles include cancer
treatment and photodynamic therapies (Hu et al., 2018; Yang et al., 2019). It was also
demonstrated that nanopatrticles efficiently eliminate bacteria when treated with visible
light (Xu et al., 2021). The point of action of these photothermally active nanoparticles
Is the bacterial membrane since it results in the reduction of cell permeability and the
development of reactive oxygen species (ROS) (Agnihotri et al., 2020; Kaur et al.,
2021). Subsequently, the generated radicals can lead to lipid peroxidation, ultimately
damaging the lipids in the cell membrane and destroying the microorganisms (Kaur et
al., 2021). It has been previously demonstrated that tungsten oxides exhibit strong
photoabsorption properties at infrared wavelengths due to their structure (Wu et al.,
2019). The obtained outcome in this work implicates further alternatives against
antibiotic-resistant bacteria. In addition, the initial results indicate that further research
is needed to optimize the activity. However, it is conceivable that the tungsten oxides
from this work could be used to create coated surfaces that could be efficiently
thermally sterilized using infrared treatment (Fig. 4.6).
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photothermal activity of tungsten oxides to disrupt bacterial membranes by generating heat
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Fig. 4.6 Possible fields of action of tungsten oxide nanoparticles. Potential applications
and ROS eventually. Another possible application might be using tungsten oxides eventually
communication. Created with BioRender.com.
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4.5.2 Ceroxide nanoparticles as a treatment against cystic fibrosis?

The other promising finding concerns the effect of cerium oxide nanoparticles on the
bacterial QS system in Gram-negative bacteria. It has already been shown that cerium
oxide nanopatrticles have a haloperoxidase-like function (Herget et al., 2017; Jegel et
al., 2022; Sarif et al., 2022). Haloperoxidase enzymes are frequently used to modify
QS signaling molecules (Baumgartner and McKinnie, 2021; Frerichs et al., 2020). It
was shown in this work by using biosensors that cerium oxide nanoparticles affect the
AHLs of Gram-negative bacteria. Previous studies have already described
nanoparticles that exhibit a QQ function. Silver nanoparticles were coated with an
amino cellulose layer. Subsequently, acylases were topped up on the coating. Thus,
the nanoparticles degraded the AHLs and inhibited the violacein production of C.
violaceum (lvanova et al., 2020). Another study demonstrated that silver and titanium
dioxide nanopatrticles prevented the synthesis of AHLs in C. violaceum. Additionally, it
was shown that zinc oxide nanopatrticles prohibited the binding of AHLSs to the receptor
(Gomez-Gomez et al., 2019). This work also demonstrated in vitro that adding ceroxide
nanoparticles leads to a decrease in AHLs, and halogenated byproducts are formed.
Surprisingly, these halogenated byproducts could not be detected in P. aeruginosa,
although it was seen that the concentration of externally added bromide decreased.
One unexpected result was that the chemically synthesized byproduct DAHSL was
also barely detected after external addition. However, it could be shown that biofilm
formation in P. aeruginosa decreased slightly after adding DAHSL. A possible
explanation might be that P. aeruginosa degrades DAHSL, making it undetectable.
However, it is already known that P. aeruginosa contains acylases such as PvdQ, an
AHL acylase specialized for long-chain AHLs (Utari et al., 2018). Another acylase
present in P. aeruginosa is QuiP (Huang et al., 2006). The reduction in biofilm may be
accounted for by the fact that DAHSL can still bind to the LasR receptor until final
degradation by the acylases. As is known, the LasR receptor may have a larger binding
pocket than, e.g., TraR (Ng and Bassler, 2009). A binding of DAHSL would thus be
guite a possibility. A connection of DAHSL to QscR would also be highly conceivable.
This LuxR solo is known to have a more permissive ligand specificity (Papenfort and
Bassler, 2016). However, the brominated Br-HQNO was identified in P. aeruginosa,
while HQNO was reduced. HQNO belongs to the 2-alkyl-4(1H) -quinolones, which

include the signaling molecule PQS, also responsible for QS in P. aeruginosa.
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However, HQNO is not participating in the QS system but impairs respiratory electron
transport and thus blocks the cytochrome bci complex and the pyrimidine synthesis
(Thierbach et al.,, 2019). However, previous findings have shown that HQNO
contributes to a programmed cell killing system via self-intoxication. In addition, as a
result of the lysed cells, DNA is leaked, which subsequently increases biofilm formation
and antibiotic tolerance to beta-lactams (Hazan et al., 2016). In addition, HQNO was
shown to provide stimulation of S. aureus biofilm formation (Fugére et al., 2014).
Moreover, previous studies have demonstrated that HQNO can trigger small colony
variants (SCV) in S. aureus. These variants exhibit resistance to aminoglycosides and
are persistent in chronic infections (Hoffman et al., 2006). Besides, these SCV can be
overlooked easily on agar plates (Proctor et al., 2006). Both P. aeruginosa and S.
aureus predominantly colonize the cystic fibrosis lung, which can cause death for these
patients (Camus et al., 2021; Villaverde-Hueso et al., 2019). Thus, it is hypothesized
that the bromination of HQNO by the ceria nanoparticles triggers the biofilm reduction
of P. aeruginosa observed in this work. These results may shed light on a new
mechanism of action of ceria nanoparticles in P. aeruginosa. In addition, this could be
a foundation for future studies and applications (Fig. 4.7), considering the use of ceria
nanoparticles in medicine. Bromination of HQNO could conceivably reduce the biofilm
formation of P. aeruginosa and S. aureus. Moreover, this might not trigger SCV,
resulting in problematic therapy. In co-culturing a lung of a cystic fibrosis patient by
these two organisms, bromination of HQNO could facilitate detection of typical formed
S. aureus colonies. The results of this work raise many questions that need to be

investigated in the future.

173



Airway with cystic fibrosis Airway with nanoparticle
technology

Biofilm with
Pseudomonas aeruginosa
and Staphylococcus aureus

Implants coated with
ceroxides

Fig. 4.7 A potential application of cerium oxide nanoparticles for putative cystic fibrosis
treatment. It might be possible to eventually use implants coated with ceroxides to reduce or
inhibit biofilm formation in lungs affected by cystic fibrosis. In contrast to the mucus- and
biofilm-clogged airway on the left, a clearer airway might be likely by using nanoparticles, as
shown on the right. However, this scheme represents only a simplified idea that must be
investigated and validated in future studies to identify the chances, risks, and limitations.
Created with BioRender.com
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4.6 QQ natural products and QQ nanoparticles as anti-biofouling agents

Another aspect of this work was to examine whether biofilm inhibiting substances and
nanoparticles can be applied to surfaces and maintain their activity. Due to biofilm and
biofouling in different areas, such as the marine sector or drinking water systems,
problems in health and financial damages occur in all industrial sectors (de Carvalho,
2018; Flemming, 2020; Masaka et al., 2021). Therefore, it is crucial to prevent these
biofilms and the subsequent formation of biofouling. Various approaches are available
for this purpose, which can be divided into physical or mechanical, chemical, and
biological options. However, these solutions are often very difficult or impossible to
implement (Flemming, 2020). The most widely applied mechanical method for cleaning
an affected area is hydraulic flushing (Flemming, 2020). According to the literature,
research has shown that cleaning aims to remove the biofilm, which is why a
combination of air-water flushing has been used (Bucs et al., 2018). In order to
successfully implement measures, three steps are required, which include the
detection of biofouling, followed by the remediation of the affected area, whereby
cleaning instead of killing is more important, and the last step includes the subsequent
preventive measures (Flemming, 2002). The results obtained in this work were
encouraging for the platelets coated with natural compounds from entomopathogenic
bacteria and the many different surfaces tested, which were coated with cerium oxide
nanoparticles. Based on the findings, the compounds and nanoparticles identified in
this work as anti-biofilm agents might apply in industry and other sectors. Additionally,
it has been shown in previous research that cerium oxide nanoparticles have the
potential to be used against biofouling (Herget et al., 2017). Further studies are
essential in the future for an answer to this issue, such as cytotoxic research, as
several natural products from entomopathogenic bacteria showed bioactivity on
different organisms (Bode et al., 2019) and, e.g., xenocoumacin demonstrated activity
on human cell lines (Brehm, 2021). Regarding the nanopatrticles, it is imaginable that
different compositions might cause a harmful reaction. Furthermore, antibiotic effects
were partially observed in this work regarding the tungsten oxides. However, in recent
studies, no effect on human cells could be identified for the cerium oxide nanoparticles
(Jegel et al., 2022). In conclusion, the results suggest that biofilm formation could be
significantly diminished, although not the entire biofilm in many cases. Therefore,

combining two or more strategies, such as natural products and nanopatrticles, could
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conceivably be used for future applications such as anti-fouling paints (Fig. 4.8) to
achieve optimal biofilm inhibition.

Nanoparticles Natural compounds

Fig. 4.8 A possible anti-biofouling application of the natural products and nanoparticles
identified in this work. One possible future application of the natural substances or
nanoparticles would be to incorporate them into paint and thus act as an anti-fouling coating
on ships. It would also be highly likely that a combination of natural substances and
nanoparticles would be applied, as a more potent biofilm inhibition would most likely be the
result. Created with BioRender.com
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5 Conclusion

In this thesis, the main objective was to analyze bacterial biofilms under realistic
conditions both microscopically and macroscopically and identify possible new drug
candidates and strategies for combating biofilms. As bacterial biofilms cause economic
damage in addition to human health(Camara et al., 2022; Muhammad et al., 2020), it
is essential to suppress or tackle these. Furthermore, by developing optimized flow
cells, this work provided an excellent basis for analyzing the effect of various biofilm-

inhibiting compounds in the future.

In addition, it was possible to identify factors that influence the biofilm in marine and
drinking water bacteria. By determining the biofilm-enhancing effect of steel on P.
gallaeciensis and the reduced biofilm growth on plastic polymers, it is possible to
conclude that part of the biofilm problem might be self-inflicted by the choice of
material. Similar conclusions were drawn from investigating different commercially
available pipe materials for biofilm susceptibility. Thus, in the future, a steel coating
could be considered, for example, which would significantly slow down fouling since it
has been shown in this work that Fe?* and Mn?* have a biofilm-inducing effect in P.
gallaeciensis. However, coating with plastic polymers would entail other limitations,
such as accumulating further microplastics. Therefore, further research in this area is
needed to provide a suitable satisfactory alternative. One conceivable option would be
an alloy with no effect on the biofilm.

Furthermore, by investigating the influence of nutrient composition on biofilm
formation, an exciting behavior was observed in B. nasdae and P. gallaeciensis,
respectively. Consequently, an analysis of possible initiating factors led to the
discovery of potential compounds that were able to inhibit or disperse the biofilm. This
leads to the question of whether the solid biofilm-forming bacteria might offer a pool of
solutions and whether further investigations should focus on bacteria capable of

forming a biofilm.

In addition, this work also identified potentially QQ-acting compounds from
entomopathogenic bacteria that could inhibit the biofilms even at lower concentrations.
The effect on pyocyanin formation in P. aeruginosa strongly suggests that bacterial
communication is most likely inhibited, but further studies are necessary to confirm

these results. Nevertheless, these findings imply that natural products from
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entomopathogenic bacteria of the genera Photorhabdus and Xenorhabdus could be

included among the future anti-biofilm agents.

Finally, this work demonstrated that different classes of nanoparticles constitute
potential alternatives for combating bacterial biofilm. Moreover, for the tungsten oxide
nanoparticles, photothermal activity was observed in addition to haloperoxidase
activity, and thus a bactericidal effect was described in addition to the biofilm inhibiting
effect. This flexible activity opens possibilities for using the same nanopatrticle class in
different fields. Furthermore, the research on cerium oxide nanoparticles showed that
a QQ effect could be assumed. Thus, this class of nanoparticles can be categorized
as one the potent anti-biofilm agents. In addition, a new mechanism of action in P.
aeruginosa could be identified by the bromination of HQNO, which could be a crucial

element in improving the treatment of cystic fibrosis.
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6 Outlook

Bacterial biofilms continue to cause a significant threat to the environment, human
health, and the economy in a wide variety of sectors (Camara et al., 2022; Muhammad
et al., 2020). Due to the protected environment within the biofilm, bacterial infections
continue to increase (Muhammad et al., 2020; Yin et al., 2019). In addition, the rising
incidence of antibiotic resistance requires immediate alternatives (Kumar et al., 2021).
Therefore, it is still common nowadays to use biocides or to apply mechanical cleaning

to a surface affected by biofilm (Flemming, 2020).

It was shown in this thesis that a microfluidic system could be developed that is suitable
for both microscopic and macroscopic applications. However, to perform high-
throughput screening and thus identify potential new compounds, an upgrade of the
Panta Rhei system is essential. It is therefore the future goal to take the system
developed in this thesis to the next level and translate the development of the all-in-
one device into reality, as the theoretical basics have already been accomplished in
this thesis. Furthermore, a university spin-off is envisioned. In this context, the start-up
company should position itself on the market with its own microfluidic device. However,
further innovations in the field of microfluidics should also be created in the future to
be able to remain on the market. The dedication and future direction in this regard is
already reflected in the found company name. The name BlAttiva is composed of the
claim of wanting to counter biofilm analyses by means of microfluidic innovation
combined with the wording “active” compounds [Biofilm Inhibition Analysis, attiva
(active)]. In addition, the flow cells should be manufactured from sustainable plastics
such as laboratory discards or food packaging. Hereby, the young company should be
directly grown up with ecological values and also be connected to them. Furthermore,
equipment is planned to be designed to simplify the handling of bacterial biofilms in
laboratories, especially with crystal violet. In addition, developments of new flow cells
are intended, not only for biofilm analysis, but also for biotechnological use and drug

generation.

The results obtained regarding the various factors for biofilm formation of marine and
drinking water bacteria in this work are revealing. However, other steel surfaces with
different alloy content could be investigated in the future, especially for P.

gallaeciensis. In addition, mutants of P. gallaeciensis could be created that do not
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possess individual components of the QS, allowing a more unambiguous indication of
whether metal ions may interfere with the QS system. Furthermore, mutants without
the specific ABC transporter should also be created to exclude a direct or indirect
involvement in biofilm formation. Moreover, other metal ions present in steel could also

be examined.

First, insights could be gained concerning the observed variations in the primary
colonization of surfaces. A more precise picture can probably be obtained with a
microfluidic analysis, as previously described (Monmeyran et al., 2021). Furthermore,
different surfaces and additional species combinations containing different organisms
could be conducted. Finally, the observed priority effect might be connected to the

surfaces.

In this work, natural compounds from entomopathogenic bacteria were identified,
showing an influence on biofilm formation but not affecting planktonic growth.
Furthermore, first insights could be made about a potential QQ effect. To obtain a more
detailed picture, reporter strains that function by bioluminescence or fluorescence may
be suitable as readouts. Studies of hundreds of compounds would also be conceivable
using such a readout. Previous research has revealed different options for high-
throughput screening using a biosensor (Kaczmarek and Prather, 2021). However, it
should not be overlooked that all possible components of the QS system of P.
aeruginosa, for example, must be subjected to testing. If the readout confirms a QQ
effect, surface plasmon resonance spectroscopy can be used to confirm potential
binding. The application of surface plasmon resonance spectroscopy has been
previously reported for the detection of binding (Wiechert et al., 2020). In addition,
toxicological studies, as prior described (Brehm, 2021), are indispensable in the future,

as certain natural substances have shown negative bioactivity.

Additionally, a biofilm dispersing effect was detected in the culture fluid of B. nasdae.
Most likely, this effect is due to an enzyme that possibly degrades the biofilm matrix.
Future experiments may include protein purification followed by concentrating so that
crystallization can be used to provide information about the structure. A comprehensive
step-by-step guide for that purpose has already been published (Chayen and
Saridakis, 2008).

A molecule was identified in the culture fluid of P. gallaeciensis, which is highly unlikely

a protein. However, mass spectrometry and NMR analysis might help identify a more
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precise nature of the unknown substance since these techniques were already used

for the identification of a secondary metabolite in V. alginolyticus (Song et al., 2018).

Different classes of nanoparticles were successfully investigated in this thesis,
demonstrating QQ activity and photothermal efficiency. Investigations could be made
in the future to increase the effectiveness. Furthermore, application to other organisms
such as fungi would also be conceivable. Especially concerning cystic fibrosis, further
research is necessary, as it is quite possible that nanoparticles might be applied as a

therapeutic agent.

As this work revealed natural products from entomopathogenic bacteria and
nanoparticles with a high probability of influencing the QS system of bacteria, new
active substances should be sought across organisms. Furthermore, given that fungi
also live in soil and produce a broad repertoire of metabolites (Karlovsky, 2008;
Pusztahelyi et al., 2015), the Institute of Biotechnology and Drug research (IBWF)

natural compound library should be screened for QQ functions soon.
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Supplements

Table S.1: The extracts used for the screening of the marine and drinking water bacteria.

No. | Strain Modification Reference
1 Escherichia coli Insertion of pCOLA with a Para t
DH10B MtaA- and Ptwacl promoter serving as a | (Goethe-
PCOLA-Para-Ptaci | control Universitat
Frankfurt
am Main
2 Escherichia coli Insertion of pCX39 for the
DH10B MtaA- overproduction of secondary (Goethe-
pCX39 metabolite class xenortides Universitat
Frankfurt
am Main)
3 Escherichia coli Insertion of pCX39 for the t
DH10B MtaA- overproduction of secondary (Goethe-
pCX39 metabolite class of Universitat
xenortides/tryptamines Frankfurt
am Main
4 Escherichia coli Insertion of pCX4 for the
DH10B MtaA- overproduction of secondary (Goethe-
pCX4 metabolite class of Universitat
nevaltophines Frankfurt
am Main
5 Escherichia coli Insertion of pCX41 for the
DH10B MtaA- overproduction of secondary (Goethe-
pCX41 metabolite class of Universitat
rhabdopeptides Frankfurt
am Main
6 Escherichia coli Insertion of pCX41 for the
DH10B MtaA- overproduction of secondary (Goethe-
pCX41 metabolite class of Universitat
rhabdopeptides/tryptamines Frankfurt
am Main
7 Escherichia coli Insertion of pCX47 for the f
DH10B MtaA- overproduction of secondary (Goethe-
pCX47 metabolite class of Universitat
nematophines/tryptamines Frankfurt
am Main
8 Escherichia coli Insertion of pCX65 and pCX61
DH10B MtaA- for the overproduction of (Goethe-
pCX65-pCX61 secondary metabolite class of | Universitét
putrescines Frankfurt
am Main
9 Escherichia coli Insertion of pCX71 for the f
DH10B MtaA- overproduction of secondary (Goethe-
pCX71 metabolite class of Universitat
leurhabdopeptides Frankfurt
am Main)
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10 | Photorhabdus wild type (Glaeser et
luminescens al., 2017),
subsp. (Machado et
namnaonensis al., 2018)
PB45.5

11 | Photorhabdus Ahfq t
luminescens (Goethe-
subsp. Universitat
namnaonensis Frankfurt
PB45.5 Ahfg am Main

12 | Photorhabdus Ahfq; Production of secondary f
luminescens metabolite class of kollosins (Goethe-
subsp. Universitat
namnaonensis Frankfurt
PB45.5 Ahfq + am Main)
pct83 145-147/1

13 | Photorhabdus Ahfg; Production of so far t
luminescens unknown secondary (Goethe-
subsp. metabolites Universitat
namnaonensis Frankfurt
PB45.5 Ahfq + am Main)
pct87 6/1

14 | Photorhabdus Ahfq; Production of so far t
luminescens unknown secondary (Goethe-
subsp. metabolites Universitat
namnaonensis Frankfurt
PB45.5 Ahfq + am Main)
pct87 7/1

15 | Photorhabdus Ahfq; Production of so far t
luminescens unknown secondary (Goethe-
subsp. metabolites Universitat
namnaonensis Frankfurt
PB45.5 Ahfq + am Main)
pct87 8-10/2

16 | Photorhabdus wild type (Fischer-Le
luminescens Saux et al.,
subsp. laumondii 1999)

TT01

17 | Photorhabdus Overexpression of antJ t
luminescens (Goethe-
subsp. laumondii Universitat
TTO1 + antJ+++ Frankfurt

am Main

18 | Photorhabdus AantJ
luminescens (Goethe-
subsp. laumondii Universitat
TTO1 AantJ Frankfurt

am Main)
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19 | Photorhabdus Ahfq T
luminescens (Goethe-
subsp. laumondii Universitat
TTO1 Ahfg Frankfurt

am Main

20 | Photorhabdus Ahfqg; Production of the f
luminescens secondary metabolite class of | (Goethe-
subsp. laumondii | kolossins Universitat
TTO1 Ahfq pCEP- Frankfurt
KM-plu2670 am Main

21 | Photorhabdus Ahfg; Production of so far f
luminescens unknown secondary (Goethe-
subsp. laumondii | metabolites Universitat
TTO1 Ahfq pCEP- Frankfurt

KM-plu3130 am Main

22 | Photorhabdus Ahfq; Production of the f
luminescens secondary metabolite class of | (Goethe-
subsp. laumondii | glidobactins Universitat
TTO1 Ahfg pCEP- Frankfurt

plul881 am Main)

23 | Photorhabdus Ahfq; Production of the t
luminescens secondary metabolite class of | (Goethe-
subsp. laumondii | ririwpeptides Universitat
TTO1 Ahfq pCEP- Frankfurt
plu3123 am Main

24 | Photorhabdus Ahfq; Production of the
luminescens secondary metabolite class of | (Goethe-
subsp. laumondii | GameXPeptides Universitat
TTO1 Ahfg pCEP- Frankfurt
plu3263 am Main)

25 | Xenorhabdus Wild type (Tailliez et
doucetiae DSM al., 2006)
17909

26 | Xenorhabdus Ahfq T
doucetiae DSM (Goethe-
17909 Ahfq Universitat

Frankfurt
am Main

27 | Xenorhabdus Ahfqg; Production of so far f
doucetiae DSM unknown secondary (Goethe-
17909 Ahfq pBAD | metabolites Universitat
70082 Frankfurt

am Main

28 | Xenorhabdus Ahfq; Production of the f
doucetiae DSM secondary metabolite class of | (Goethe-
17909 Ahfq pBAD | phenylethylamides/tryptamides | Universitat
DC Frankfurt

am Main)
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29

Xenorhabdus
doucetiae DSM
17909 Ahfq pBAD
gXpsA

Ahfqg; Production of the
secondary metabolite class of
GameXPeptides

—~
Q)
o
0]
—
>
P

Universitat
Frankfurt

N
3
<
o
S

30

Xenorhabdus
doucetiae DSM
17909 Ahfq pBAD
XabA

Ahfqg; Production of the
secondary metabolite class of
xenoamicins

—~
®
(@]
(9]
—
>
®

Universitat
Frankfurt

N
3
<
o
S

31

Xenorhabdus
doucetiae DSM
17909 Ahfq pBAD
XacA

Ahfq; Production of the
secondary metabolite class of
Xenoautocins

—~
®
o
(0]
—
>
®

Universitat
Frankfurt

am Main
32 | Xenorhabdus Ahfqg; Production of the
doucetiae DSM secondary metabolite class of | (Goethe-
17909 Ahfq PAX peptides Universitat
pBAD_PAX-KM Frankfurt
am Main)
33 | Xenorhabdus Ahfq; Production of the t
doucetiae DSM secondary metabolite class of | (Goethe-
17909 Ahfq Xenocoumacins Universitat
pBAD_xcnA-KM Frankfurt
am Main
34 | Xenorhabdus Ahfq; Production of the
doucetiae DSM secondary metabolite class of | (Goethe-
17909 Ahfq xenorhabdins Universitat
pBAD_xrdA-KM Frankfurt
am Main)
35 | Xenorhabdus Wild type (Thomas
nematophila DSM and Poinar,
3370 1979
36 | Xenorhabdus Ahfq
nematophila DSM (Goethe-
3370 Ahfq Universitat
Frankfurt
37 | Xenorhabdus Ahfqg; Production of the

nematophila DSM
3370 Ahfg PAX

secondary metabolite class of
PAX peptides

~
@

4 E
oy <
= &
i B

Universitat
Frankfurt

o
3
<
o
S

38

Xenorhabdus
nematophila DSM
3370 Ahfg PAX

Ahfq; Production of the
secondary metabolite class of
PAX peptides

—~
Q)
(@]
(9]
—
>
®

Universitat
Frankfurt
am Main)
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39

Xenorhabdus
nematophila DSM

Ahfqg; Production of the
secondary metabolite class of

—~
Q)
o
0]
—
>
P

3370 Ahfq pCEP- | PAX peptides Universitat
KM-Xenoamicine Frankfurt
am Main
40 | Xenorhabdus Ahfqg; Production of the
nematophila DSM | secondary metabolite class of | (Goethe-
3370 Ahfq pCEP- | xenocoumacins Universitat
KM- Frankfurt
Xenocoumacine am Main
41 | Xenorhabdus Ahfq; Production of the
nematophila DSM | secondary metabolite class of | (Goethe-
3370 Ahfq pCEP- | xenortides Universitat
KM-Xenortide Frankfurt
am Main
42 | Xenorhabdus Ahfq; Production of the
nematophila DSM | secondary metabolite class of | (Goethe-
3370 Ahfqg pCEP- | xenotetrapeptides Universitat
KM- Frankfurt
Xenotetrapeptide am Main)
43 | Xenorhabdus Wwild type (Lengyel et
szentirmaii DSM al., 2005)
16338
44 | Xenorhabdus Ahfq t
szentirmaii DSM (Goethe-
16338 Ahfq Universitat
Frankfurt
am Main)
45 | Xenorhabdus Ahfqg; Production of the t
szentirmaii DSM | secondary metabolite class of | (Goethe-
16338 Ahfq GameXPeptides Universitat
pCEP-KM-0346 Frankfurt
am Main
46 | Xenorhabdus Ahfg; Production of so far
szentirmaii DSM unknown secondary (Goethe-
16338 Ahfq metabolites Universitat
pCEP-KM-0377 Frankfurt
am Main
47 | Xenorhabdus Ahfqg; Production of the
szentirmaii DSM | secondary metabolite class of | (Goethe-
16338 Ahfq dipeptides Universitat
pCEP-KM-1979 Frankfurt
am Main
48 | Xenorhabdus Ahfg; Production of the
szentirmaii DSM | secondary metabolite class of | (Goethe-
16338 Ahfq rhabdopeptides Universitat
pCEP-KM-3397 Frankfurt
am Main)
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49 | Xenorhabdus Ahfqg; Production of the I
szentirmaii DSM | secondary metabolite class of | (Goethe-
16338 Ahfq szentiamides Universitat
pCEP-KM-3460 Frankfurt

am Main

50 | Xenorhabdus Ahfqg; Production of so far
szentirmaii DSM | unknown secondary (Goethe-
16338 Ahfq metabolites Universitat
pCEP-KM-3663 Frankfurt

am Main

51 | Xenorhabdus Ahfq; Production of the
szentirmaii DSM | secondary metabolite class of | (Goethe-
16338 Ahfq xenobactins Universitat
pCEP-KM-3680 Frankfurt

am Main

52 | Xenorhabdus Ahfqg; Production of the
szentirmaii DSM | secondary metabolite class of | (Goethe-
16338 Ahfq rhabduscins Universitat
pCEP-KM-3942 Frankfurt

am Main)

53 | Xenorhabdus Ahfq; Production of the t
szentirmaii DSM | secondary metabolite class of | (Goethe-
16338 Ahfq jenamidins Universitat
pCEP-KM-5118 Frankfurt

am Main

54 | Xenorhabdus Ahfq; Production of the
szentirmaii DSM | secondary metabolite class of | (Goethe-
16338 Ahfq fabclavins Universitat
pCEP-KM-fclC Frankfurt

am Main)

55 | Xenorhabdus Ahfqg; Production of the t
szentirmaii DSM | secondary metabolite class of | (Goethe-
16338 Ahfq xenofuranones Universitat
pCEP-KM-xfsA Frankfurt

am Main

56 | Xenorhabdus Ahfg; Production of the
szentirmaii DSM | secondary metabolite class of | (Goethe-
16338 Ahfg- yersiniabactins Universitat
hmwp2 Frankfurt

am Main)
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Fig. S.1 Effect of the hydrophilic and hydrophobic phase of culture fluid of P.
gallaeciensis on biofilm of P. aeruginosa. The hydrophilic and hydrophobic phases were
each diluted and tested for biofilm inhibitory effect in P. aeruginosa. The addition of only 5%
2216 medium served as a control. Error bars represent standard deviation of three biologically
independently performed experiments.
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