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Summary

Bacterial biofilms exhibit complex properties, many of which serve the purpose to protect the
embedded bacterial cells against external influences, such as mechanical stress, toxic substances,
and desiccation. To fulfill these tasks, the biofilm matrix is composed of a variety of different
molecules and can exhibit a complex internal structure and surface topography. For humans,
biofilms can be desired or undesired, depending on the bacterial species and the location of
biofilm growth. On the one hand, undesired biofilms cause problems for human health and are
a burden for industrial facilities. On the other hand, desired biofilms can be used to produce
certain substances, to treat wastewater, to support plant growth in agriculture, or to alter the
properties of construction materials (e.g. mortar). For both, biofilm removal and cultivation, it is
important to be aware of their material properties and to find possibilities to adjust them.
Moreover, by understanding the molecular mechanisms responsible for the biofilm material
behavior, it is possible to design synthetic materials (e.g. hydrogels) with similar properties; then,
those bio-inspired gels can fulfill tasks in technical applications which cannot be accomplished

by simple hydrogels.

In the first part of this thesis, the material properties of bacterial biofilms are investigated. The
erosion stability, rheology, and wetting behavior of Bacillus subtilis NCIB 3610 biofilms are ana-
lyzed to investigate inter-dependencies between these material properties. Furthermore, for
Bacillus subtilis NCIB 3610 biofilm mutants that lack one of the major matrix components (ie.
the exopolysaccharides, TasA, or BslA), a reduced erosion resistance is observed, which seems to
be due to a reduced biofilm hydrophobicity and stiffness. Also the effects of certain metal cati-
ons, that increase the stiffness of biofilms, are examined in regard to the erosion stability: bio-
films with an increased stiffness exhibit an increased erosion resistance; however, also other fac-

tors, such as the adhesion and wetting behavior of biofilms is found to play a role.

To investigate the microscopic mechanisms by which cations increase the biofilm stiffness and
to clarify why only certain cations show this effect, further tests with Bacillus subtilis B-1 and
Azotobacter vinelandii biofilms are conducted. The obtained results suggest that, most likely, the
observed stiffness increase is due to ionic cross-links of polyanionic biomacromolecules that are
major components of the biofilm matrix. These relevant biomacromolecules are y-PGA for B.
subtilis B-1 biofilms, and alginate for A. vinelandii biofilms. Two parameters seem to decide
whether biofilm stiffening occurs or not: the ionic size and the configuration of the polyanionic

biomacromolecules.

To investigate the biofilm detachment behavior and to analyze the influence of biofilm adhesion
and cohesion on this phenomenon, a new measurement setup was developed. This measure-
ment setup is based on a commercial rheometer and allows for applying “pure” normal forces to
a biofilm to analyze its detachment behavior in situ. By analyzing the biofilm material transfer,



conclusions are drawn about the dominant mode of fracture: biofilms with a high stiffness and
high water repellency are less prone to material transfer in such a detachment event and thus

tend to show adhesive failure rather than cohesive failure.

In a fourth study, a bioreactor is developed to cultivate Bacillus subtilis natto biofilms in a con-
tinuous, autonomous manner. B. subtilis natto biofilms can be used as additives to cementitious
materials to increase their water repellency; thus, high amounts are needed. Moreover, the culti-
vation of B. subtilis biofilms requires specific conditions, such as a moisture and nutrient supply
provided from the growth substrate. With this novel bioreactor, which is based on a rotating
cylinder, these conditions can be fulfilled, and biofilm can be cultivated on a membrane surface
at the solid/gas interface. It is shown, that the biofilm produced with this reactor exhibits similar
material properties compared to conventional B. subtilis natto biofilm cultivated in petri dishes,

and that the harvested biofilm increases the water repellency of mortar as expected.

In the second part of this thesis, the viscoelastic properties of synthetic hydrogels that are in-
spired by biological systems, are investigated. First, the linear and non-linear behavior of two
different carbodiimide fueled Fmoc-peptide systems (i.e. Fmoc-AAD and Fmoc-AVD) are exam-
ined. It is shown, that the viscoelastic behavior of the formed gels is tunable by the amount of
fuel and by an alteration of the peptide sequence. Moreover, the concentration of the reaction
waste product is identified to influence the behavior of these chemically fueled hydrogels. In
another study, the self-healing properties of Fmoc-AAD hydrogels are investigated. Here, it is
observed, that - due to their dynamic character - these gels show a certain ability to recover

their initial stiffness after their disruption by high shear forces.

Together, these findings help unravelling the underlying principles governing the material prop-
erties of bacterial biofilm and how they influence each other; such insights help identifying new
strategies to support biofilm removal and cultivation. Moreover, the presented bioinspired syn-
thetic hydrogels show the potential to be used as temporary programmable sealings for appli-
cations, in which they are challenged by mechanical forces, such as in microfluidic systems or as

components in micro-robotics.



Zusammenfassung

Bakterielle Biofilme weisen komplexe Eigenschaften auf, welche in erster Linie dem Schutz der
eingebetteten Bakterien gegen auBlere Einflisse dienen. Dies umfasst den Schutz vor mechani-
schen Belastungen, toxischen Substanzen und Austrocknung. Um diese Anforderungen zu erfiil-
len ist die Biofilmmatrix aus einer Vielzahl an unterschiedlichen Molekilen aufgebaut und kann
eine komplexe innere Struktur sowie Oberflaichenbeschaffenheit aufweisen. Je nachdem um wel-
che Bakterienart es sich handelt und wo diese auftreten, kénnen Biofilme fur den Menschen so-
wohl erwiinscht als auch unerwiinscht sein. Unerwiinschte Biofilme kdnnen gesundheitliche
Probleme beim Menschen hervorrufen, aber auch problematisch flir industrielle Anwendungen
werden. Andererseits kdnnen nitzliche Biofilme bestimmte Substanzen produzieren, Biofilme
kdnnen der Abwasseraufbereitung dienen und es kdnnen mit der Zugabe von Biofilmen die Ei-
genschaften von Baustoffen wie Mortel verbessert werden. Sowohl fiir die Bekampfung als auch
fur die Kultivierung von bakteriellen Biofilmen ist es wichtig deren Materialeigenschaften zu ver-
stehen und Mdglichkeiten zu finden, mit denen diese verandert werden kdnnen. Darliber hinaus
ermdglicht die detaillierte Kenntnis der molekularen Mechanismen, welche den Materialeigen-
schaften von Biofilmen zugrunde liegen, die Entwicklung kiinstlicher Materialien (z. B. syntheti-
sche Hydrogele), mit vergleichbaren Eigenschaften. Solche bioinspirierten Gele kdnnten Aufga-
ben in technischen Anwendungen erfiillen, die von einfachen Hydrogelen nicht geleistet werden

kdénnen.

Im ersten Teil dieser Dissertation werden die Materialeigenschaften von bakteriellen Biofilmen
untersucht. Der Erosionswiderstand, die Rheologie und das Benetzungsverhalten von Bacillus
subtilis NCIB 3610 Biofilmen werden analysiert um maogliche Abhangigkeiten zwischen diesen
Materialeigenschaften entschlisseln zu kdnnen. Fir Mutanten von Bacillus subtilis NCIB 3610
Biofilmen, die einen bestimmten Hauptbestandteil (d. h. die Exopolysaccharide, oder die Protei-
ne TasA oder BslA) nicht enthalten, wird ein reduzierter Erosionswiderstand festgestellt. Die Ur-
sache hierfiir scheint die verringerte Hydrophobizitat und Steifigkeit dieser Biofilmmutanten zu
sein. Darlber hinaus wird der Effekt von Metallkationen auf den Erosionswiderstand der Biofilme
untersucht. Bestimmte Metallkationen fiihren zu einer Erhéhung der Biofilmsteifigkeit und somit
auch zu einem hoheren Erosionswiderstand. Allerdings spielen auch andere Faktoren, wie das

Benetzungsverhalten und die Adhasion der Biofilme, hierbei eine Rolle.

Um zu untersuchen welche Mechanismen dazu fiihren, dass die Steifigkeit von Biofilmen durch
die Zugabe bestimmter Metallkationen erhoht wird, werden weitere Versuche mit Biofilmen der
Bakterienarten Bacillus subtilis B-1 und Azotobacter vinelandii durchgefiihrt. Die Ergebnisse le-
gen nahe, dass die Steifigkeitserh6hung auf ionischen Quervernetzungen der polyanionischen
Biomakromolekiile beruht, welche Hauptbestandteile der Biofilmmatrix sind. Als relevante Bio-

makromolekdiile werden y-PGA fir den Biofilm von B. subtilis B-1 und Alginat fur den Biofilm von



A. vinelandii identifiziert. Dabei scheinen zwei Parameter zu entscheiden, ob eine Steifigkeitser-
héhung bei Kontakt mit Metallkationen auftritt oder nicht: der lonenradius und die Struktur der

polyanionischen Biomakromolekdile.

Um den individuellen Einfluss der Biofilmadhasion und -kohdsion auf das Abldsungsverhalten
von Biofilmen zu bestimmen, wird ein neuartiger Messaufbau entwickelt. Das Messverfahren
basiert auf einem kommerziellen Rheometer und ermdglicht es ,reine” Normalkréfte auf die
Biofilmprobe aufzubringen um das Abldsungsverhalten und die dafir notwendige Kraft in situ
zu bestimmen. Durch die Analyse des Materialtransfers der Biofilmproben ist es moglich Riick-
schliisse Uber die vorherrschende Bruchart zu ziehen: Biofilme mit einer hohen Steifigkeit und
starken wasserabweisenden Eigenschaften zeigen in den Versuchen nur einen geringen Materi-

altransfer und neigen somit eher zu Adhasionsbriichen als zu Kohasionsbriichen.

In einer vierten Studie wird ein Bioreaktor flr die kontinuierliche Kultivierung von Bacillus subtilis
natto Biofilmen entwickelt. Biofilme dieser Bakterienart kdnnen als Zusatzstoffe fir zementdse
Werkstoffe verwendet werden um deren wasserabweisenden Eigenschaften zu verbessern. Hier-
fur werden jedoch groBere Mengen des Biofilms bendtigt, und die Kultivierung dieses Biofilms
stellt spezielle Anforderungen, z. B. eine Feuchtigkeits- und Nahrstoffzufuhr tGber das Bodensub-
strat. Dies kann mit dem neuartigen Bioreaktor erfillt werden, welcher auf einer rotierenden
Walze basiert. Der Biofilm wird hier auf einer Membranoberflache an der Grenzflache zwischen
Festkorper und Luft kultiviert. Es konnte gezeigt werden, dass der mit dem Bioreaktor produzier-
te Biofilm vergleichbare Materialeigenschaften aufweist, wie konventionell in Petrischalen ge-
zlchteter B. subtilis natto Biofilm. Zudem fihrt der mit dem Reaktor produzierte Biofilm, ent-
sprechend der Erwartung, auch zu einer Erh6hung der wasserabweisenden Eigenschaften von
Mortel.

Im zweiten Teil dieser Dissertation werden die viskoelastischen Eigenschaften von synthetischen
Hydrogelen untersucht, die von biologischen Systemen inspiriert sind. Zunachst wird das lineare
und nicht-lineare Verhalten von zwei unterschiedlichen Fmoc-Peptidsystemen (Fmoc-AAD und
Fmoc-AVD) untersucht. Durch Selbstassemblierung sind diese Peptidsysteme dazu in der Lage,
unter Verbrauch eines Carbodiimid-Treibstoffes Hydrogele zu bilden. Es wird gezeigt, dass das
viskoelastische Verhalten dieser Hydrogele durch die Menge an Treibstoff und eine Anderung
der Peptidsequenz eingestellt werden kann. Dariiber hinaus wird festgestellt, dass die Konzent-
ration des Abfallproduktes der Aktivierungsreaktion das Gelierungsverhalten und die Materialei-

genschaften dieser Hydrogele beeinflusst.

In einer weiteren Studie werden die selbstheilenden Eigenschaften von Fmoc-AAD Hydrogelen
untersucht. Hier wird festgestellt, dass diese Hydrogele eine gewisse Fahigkeit aufweisen ihre
Steifigkeit nach einer mechanischen Belastung wiederherzustellen. Diesem Phdanomen liegt der



dynamische Reaktionszyklus zugrunde, der zu einer standigen Aktivierung und Deaktivierung

der Peptidassemblierung fihrt, solange Treibstoff im System vorhanden ist.

Zusammengenommen helfen diese Untersuchungen die Prinzipien zu verstehen, welche den
Materialeigenschaften von bakteriellen Biofilmen zugrunde liegen; ferner geben sie Aufschluss,
wie die unterschiedlichen Eigenschaften der Biofilme miteinander zusammenhangen. Diese Er-
kenntnisse konnen helfen, neue Strategien fir die Bekampfung und Kultivierung von bakteriel-
len Biofilmen zu finden. Dariiber hinaus zeigen die vorgestellten bioinspirierten, synthetischen
Hydrogele das Potential als tempordre programmierbare Abdichtungen in Anwendungen zu
dienen, in welchen sie mechanischen Belastungen ausgesetzt sind. Moglich sind hier Anwen-

dungen in Mikrofluidiksystemen oder der Einsatz als Komponenten in der Mikrorobotik.
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1. Introduction

Bacteria are ubiquitous and occur on almost every surface in the natural and man-made envi-
ronment [1]. They can exist as planktonic cells in liquid media, or they embed themselves into
self-produced extracellular polymeric substances (EPS) as protection against external influences.
The resulting slimy and sticky substances are called biofilms. On the one hand, biofilms can be
problematic for human health and industrial facilities, as they can lead to disease and high eco-
nomic costs [2, 3]. On the other hand, biofilms can also have beneficial functions, such as in the
agriculture or for wastewater treatment [4-7]. Both, for combating unwanted biofilms and for
the specific cultivation of beneficial biofilms, it is important to be aware of their material proper-
ties and the underlying physical and chemical principles. However, due to the biological and

biochemical complexity of biofilms, these principles are not well understood.

The majority of bacteria tend to form biofilms on solid surfaces, depending on the species either
at the solid/gas or solid/liquid interface [1]. Another form of bacterial communities are pellicles,
which are formed on liquid surfaces. The biofilm matrix protects the bacteria against certain an-
tibiotics, biocides and metal cations, ultra violet radiation, shear stress, and desiccation [8]. For
instance, the resistance against certain antibiotics, biocides and chemicals can be up to 1500
times higher for biofilm bacteria than for planktonic bacterial cells [9]. In natural environments,
biofilms can be found on rocks, plant roots, teeth, and in the soil [10-12]. Technical materials
that are prone to biofilm formation are metals, ceramics, construction materials, and plastics
(e.g., on ship hulls, harbor installations, pipes, tubes, implants, and catheters) [13-17]. To grow
on a surface, a sufficient nutrient supply, moisture, and a certain temperature level are most im-
portant for the bacteria. However, bacteria can also survive in extreme conditions, such as at
very low temperatures below the freezing point of water or in dry periods. In these circumstanc-
es, their metabolism is shut down: As spores, bacterial cells can survive over long time periods
without any metabolic activity; as soon as the conditions become better, their metabolism is
reactivated [18, 19].

A well investigated bacterial species is Bacillus subtilis, including its subspecies Bacillus subtilis
NCIB 3610, Bacillus subtilis natto and Bacillus subtilis B-1 [20-22]. These bacteria form biofilms
preferably at the solid/gas or liquid/gas interface. Thus, in nature, they occur predominantly as
pellicles on stagnant water or as terrestrial biofilms in the soil and on plant roots [1, 20, 23]. An-
other bacterial species that forms biofilms on plant roots is Azotobacter vinelandii [5]. In contrast
to these species, marine bacteria, e.g. those of the genus Roseobacter, form biofilms in aqueous

conditions at solid surfaces submerged in water [13, 24].

1.1Biofilm formation

Biofilm formation on solid surfaces is a multistage mechanism that is initiated by the adhesion

of individual bacterial cells. As soon as the bacteria attach to the surface, they start to produce



EPS to embed themselves. Thereby, the bacterial cells connect to each other and establish a
permanent colony on the substrate [1, 8, 9]. Here, different bacterial cells of the same species
can perform different tasks and secrete different biomolecules. Cells that produce EPS are sta-
tionary and do not separate. In addition to these cells, also motile cells and spores are present in
a biofilm [1]. During maturation, a biofilm can reach thicknesses of several millimeters and is
able to spread laterally. Lateral spreading is enabled by the EPS that generates osmotic pressure
gradients [1]. Some biomacromolecules, e.g. TasA and BslA in B. subtilis NCIB 3610 biofilms, are
known to self-assemble and lead to complex biofilm architectures and topographical structures.
Mature biofilms can even exhibit channels and pores to support nutrient intake [8, 25, 26]. The
morphology of a biofilm can be smooth and flat, rough, fluffy, or filamentous and depends on
different factors such as hydrodynamic conditions, nutrient supply, bacterial motility, and inter-
cellular communication [8]. In the last step of biofilm development, certain parts are dispersed
and thus individual bacterial cells and spores are released into the surrounding medium to colo-
nize new surfaces [1, 8, 9]. This mechanism is triggered by the bacteria themselves, which de-
grade their own matrix; this can be necessary due to the accumulation of metabolic products or
other toxic substances in the biofilm [8, 25, 26]. For this, enzymes and small molecules such as
dextran, inulin, levan and D-amino acids are secreted by some bacterial cells [1, 8, 27, 28]. D-
amino acids detach the cells from the matrix and thus lead to the release of cells into the envi-
ronment. Also the formation of channels within the biofilm is achieved by matrix degrading
molecules such as D-amino acids. Examples of biofilms in which D-amino acids are produced for

its degradation are B. subtilis and Pseudomonas aeruginosa [27].

1.2Biofilm material properties and composition

The EPS of bacterial biofilms is composed of a variety of different molecules, which are largely
responsible for the architecture and material properties of the biofilm. The main components of
typical biofilm matrices are lipids, proteins, polysaccharides, nucleic acids and water [8]. In most
biofilms, only 10% of the dry weight corresponds to bacterial cells, whereas the EPS constitutes
90% [8]. However, the exact compositions vary strongly in dependence of the bacterial species

and growth conditions.

The internal forces of the biofilm, that hold the EPS molecules and bacterial cells together (thus
providing cohesion) are mainly established by polysaccharides, proteins and eDNA (Figure 1)
[8]. This cohesion affects the viscoelastic properties of a biofilm and determines its resistance
against shear forces, erosion and gravity induced material flow. For B. subtilis NCIB 3610 bacte-
ria, the structural development and consistency of the formed biofilm is largely influenced by
exopolysaccharides (i.e., gene products of the epsA-O operon) in combination with the fiber
forming protein TasA [1, 8, 29, 30]. The latter is mainly responsible for connecting the bacterial
cells with each other [1, 30, 31]. A major component of B. subtilis B-1 biofilm is the polyanionic
polypeptide gamma-poly-DL-glutamic acid (y-PGA), and this molecule influences the biofilm



consistency here [1, 32, 33]. Another polyanionic biomacromolecule that is important for the
viscoelastic properties of certain biofilms, is the polysaccharide alginate. This macromolecule is
produced by A. vinelandii, P. aeruginosa and other bacteria from the genus Pseudomonas [34,
35].

The interactions between molecules and/or cells, that are responsible for the cohesion of the
biofilm, are mostly hydrogen bonds, van der Waals interactions, electrostatic attractive forces
(e.g. chelate complexes), dipole-dipole interactions and mechanical interactions [8, 36]. In most
cases, natural biofilms can be described as viscoelastic solids and exhibit stiffness values be-
tween a few hundred Pa to several kPa (depending on the bacterial species). However, the bio-
film stiffness can be increased up to 1000-fold, by exposure to certain metal ions [33, 37-39].
Also in the non-linear viscoelastic regime, the material behavior can vary for different bacterial
species. For biofilm of Bacillus subtilis 168 and P. aeruginosa, strain weakening was observed in
the non-linear viscoelastic regime [38, 40], whereas the biofilms of Klebsiella pneumoniae and
Staphylococcus epidermidis show a strain hardening response [41]. A curious material property
of biofilms is their ability to self-heal. Here, the material regains its initial viscoelastic properties
(Le. its stiffness) autonomously after it was disrupted by mechanical forces. Such a behavior was

observed for P. aeruginosa biofilms [38].

However, the excellent resistance of biofilms against normal- and shear forces cannot be ex-
plained by their good cohesion alone; the adhesion behavior of biofilms is equally important for
their ability to resist these mechanical forces. Adhesion is mainly established by polysaccharides,
proteins, eDNA and amphiphilic molecules (Figure 1) [8]. For example, in Bacillus cereus bio-
films, adhesion is mainly brought about by eDNA [42], and for P. aeruginosa, the exopolysaccha-
ride Psl is involved in biofilm adhesion [43]. For B. subtilis biofilms, y-PGA is reported to increase

the surface adhesion of bacterial cells [36, 44].

Also the surface properties of biofilms, such as the wetting behavior and stickiness towards ob-
jects from the environment, are crucial for the bacterial communities. These properties are de-
fined by molecules located close to the surface and the surface structure. Certain biofilms are
able to repel a broad range of fluids ranging from water to oils [37, 45, 46]. Hydrophobic mole-
cules at the surface in combination with a micro- and nanoscale roughness can even lead to
superhydrophobic biofilms [47]. The hydrophobic properties of B. subtilis NCIB 3610 biofilms are
largely dependent on the surface protein BslA, which is an amphiphilic protein that self-
assembles at the biofilm surface [48]. Furthermore, spores can be responsible for the hydropho-
bicity of biofilms as well [49]. The level of protection against erosion and toxic substances (such
as solutions of antibiotics or metal ions) is enhanced when the biofilm wetting resistance is high
[33, 37, 46, 50]: When a biofilm is poorly wetted, its interactions with liquids and dissolved mole-
cules are considerably reduced [46, 50]. However, even when bacterial biofilms are well wetted,
the diffusive entry of molecules still can be prevented [51-53]. Here, the macromolecules of the



EPS are responsible: some macromolecules can specifically bind and thus inactivate certain ions
or molecules. Such binding events can be established by different components of the EPS, which
can feature apolar regions, groups with hydrogen-bonding potential, anionic groups (e.g. in pro-
teins or polysaccharides) and cationic groups (e.g. in amino sugars) (Figure 1) [8, 54]. For exam-
ple, the polyanionic biomacromolecules y-PGA and alginate are suspected candidates of the EPS

involved in regulating the diffusive entry and penetration of molecules [33, 34].
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Figure 1: Central properties of bacterial biofilms and the corresponding matrix components [8, 48, 54].

1.3Bacterial biofilms in natural and man-made environments

In many cases, biofilms are undesired, since they can pose a threat for human health and lead to
economic costs for the industry (Figure 2). Pathogenic biofilms can cause different diseases [2,
55]: Biofilm formation on medical instruments, such as catheters, can induce infections, and bio-
films are also responsible for dental caries [2, 11, 16, 17, 44]. Moreover, cystic fibrosis is caused
by the biofilm forming bacteria P. aeruginosa [56]. Also in industrial facilities, biofilms can cause
problems, since they can promote corrosion of metals, plug tubes and pipes and the formation
of biofilms on hulls increases the fuel consumption [3, 13, 57]. Furthermore, biofilms can lead to
contaminations during food production and plant pathogens are problematic for agriculture
[58-64]. Therefore, it is often required to combat these biofilms efficiently or to prevent their

formation in the first place.

However, it can also be desirable to cultivate bacterial biofilms for certain purposes (Figure 2).

The bacterial communities in the human gastro-intestinal system are essential for our metabo-



lism and immune system [65-67], bacteria can be used as food additives, and probiotic bacteria
support human digestion [68, 69]. In the traditional Japanese dish natto, B. subtilis natto forms a
biofilm and ferments soy beans [70]. In agriculture, bacteria are used to increase the harvest
yield, since some bacterial species (such as B. subtilis and A. vinelandii) live in symbiosis with
certain plants. Here, the bacteria form biofilms on the roots and secrete antimicrobial com-
pounds to protect the plants from pests such as pathogenic bacteria (e.g. Erwina and Pseudo-
monas strains), fungi and nematodes [1, 4, 5, 23, 44, 71, 72]. In industrial facilities, selected bio-
films can be used to reduce the corrosion rates of steel [73, 74]: For example, biofilm of Bacillus
brevis 18-3 is capable of reducing the corrosion of mild steel by inhibiting sulfate-reducing and
iron-oxidizing bacteria [73]. Another application of biofilms is wastewater treatment. Here, the
biofilms are submerged in water and secrete specific molecules and enzymes (e.g. proteases and
peptidases) that clean the water [1, 6-8, 44, 75, 76]. Bacteria and bacterial biofilms are also used
to produce substances such as vinegar, acids, alcohols and scaffolds (e.g. made of alginate or
cellulose) [44, 77-80]. Moreover, biofilms can be used as additives for materials to establish spe-
cific properties. For example, the addition of bacterial biofilms from the genus Bacillus subtilis to
mortar or other cementitious materials can induce a reduced wettability and water uptake of
these materials [81-83]. This enhances the resistance against moisture and thus their lifetime.
Usually, the cultivation of large biofilm amounts (for example for wastewater treatment) occurs
in bioreactors [84]. Here, the biofilms are attached to fixed or fluidized surfaces or particles and
submerged in water [85, 86]. However, to cultivate specific biofilms, such as those from the bac-
terial species B. subtilis (which can be used as an additive to mortar) these common bioreactors
are not suitable. For B. subtilis biofilms, a dedicated bioreactor is necessary, in which the biofilm
is cultivated at the solid/gas interface with a nutrient and moisture supply provided from the
growth substrate, since B. subtilis spec. does not tend to form biofilms on surfaces submerged in

water [20]. Technical solutions for this particular type of bioreactor are, however, scarce.



Figure 2: Overview of different environmental and industrial sectors in which biofilms either cause prob-
lems or offer beneficial impacts.

1.4Biofilm characterization methods

Both, for the removal and the specific cultivation of bacterial biofilms, it is crucial to be aware of
their material properties and to understand the underlying physical and chemical principles. Due
to different compositions and architectures of biofilms from different bacterial species, their
properties can vary strongly. Moreover, even biofilms created by an individual species can have
properties that vary dependent on the growth conditions. This makes a prediction of biofilm
properties difficult, which is why — at least at the moment - it is still necessary to examine bio-

films in detail.

A variety of different methods have been established to characterize biofilm properties. For
characterizing the mechanical properties of biofilms, common methods are rheology, microflu-
idics, particle tracking, atomic force microscopy and nano-indentation [38, 87]. The surface to-
pography and three-dimensional architecture of bacterial biofilms can be investigated with mi-
croscopy methods, such as scanning electron microscopy, confocal laser scanning microscopy
and light profilometry [47, 48, 88]. To investigate the adhesion properties of bacterial biofilms,
however, only a few methods have been established yet. Most established methods used to de-
termine the adhesion of technical materials such as synthetic glues are not directly transferrable
to investigate biofilms. In some methods, that were specifically developed to determine the ad-
hesion forces of biofilms, the biofilms are scraped from a surface with a spatula or removed by
capillary forces [89, 90]. However, in none of these characterization methods, the biofilm is ex-
posed to normal forces only. By a setup that applies controlled normal forces to the biofilm, a
homogeneous stress distribution can be achieved and depending on the fracture behavior, de-

terminations of the adhesion and cohesion forces are possible. Furthermore, biofilms are ex-



posed to surfaces in their natural environment in many scenarios (e.g., when a foreign surface is
pushed onto them). Finally, the wetting behavior of biofilms can be characterized by determin-
ing the resulting contact angle, when a water drop is placed onto a biofilm, or by determining

the contact angle hysteresis [47, 91].

1.5Biofilm-inspired biological and synthetic hydrogels

Not only biofilms themselves can be used for human purposes, it is also possible to use certain
macromolecules produced by bacteria for different applications. Due to their specific properties
and good biocompatibility, bacterial cellulose, alginate and y-PGA are frequently used for differ-
ent industrial applications, e.g. in the food industry as a thickening agent [34, 92-94]. In the
medical sector, bacterial cellulose and alginate scaffolds can be used for enhanced wound heal-
ing [77, 95]. Here, these biomacromolecules are often used to generate hydrogels. The gel for-
mation of alginates and y-PGA can be induced by the addition of certain metal cations, which
lead to the formation of chelate complexes [34, 96-98]. In contrast to that, bacterial cellulose can

be crosslinked by high amounts of hydrogen bonds [99].

Furthermore, it is possible to design synthetic molecules to generate hydrogels with specific
properties that are inspired by natural systems. In many cases, the formation of supramolecular
structures that are found in nature is based on the self-assembly of molecular units. For example
the surface layer of B. subtilis NCIB 3610 biofilms is formed by the self-assembly of BslA due to
hydrophobic interactions [48, 100]. Moreover, the structural integrity of B. subtilis NCIB 3610
biofilm is supported by the fiber forming protein TasA, which specifically binds to the cell walls
of the bacteria by the protein TapA and thus forms a network between the bacterial cells [30, 31,
101]. However, not only in bacterial biofilms, self-assembly mechanisms can be found, also the
formation of filamentous actin is based on a fuel-driven self-assembly. Here, monomeric actin
self-assembles into filamentous actin by the conversion of ATP into ADP [102-107]. Yet, the self-
assembly of actin filaments can also be mimicked by chemically fueled synthetic materials which
exist in their non-equilibrium state [108-111]. Fluorenylmethyloxycarbonyl (Fmoc)-based pep-
tides are capable to self-assemble into supramolecular structures and thus form dynamic hydro-
gels by using carbodiimide based fuels, which drive the reaction cycle [110-115]. The morpholo-
gies of supramolecular structures that can be achieved by Fmoc-based peptides include colloids,
vesicles, and fibers [116-118]. In aqueous solution, the anionic peptides repel each other due to
electrostatic forces generated by the dicarboxylate groups. However, the fuel-driven reaction
cycle leads to the conversion of the Fmoc-precursors into their anhydride state. In this state,
electrostatic repulsive forces are eliminated and the peptides can agglomerate into supramolec-
ular structures due to hydrophobic interactions [110]. In aqueous solution, these structures are
not stable: A hydrolysis reaction forces them to disassemble spontaneously and they convert
back into their precursor state. When enough fuel is present, the reaction cycle can be initiated

again and a gel can be maintained dynamically outside of its thermodynamic equilibrium. These



dynamic hydrogels offer the possibility to adjust their properties (such as stiffness and lifetime)
by varying the conjugated amino acid sequence and fuel concentration [110, 115]. Moreover,
these materials exhibit the potential for self-healing due to their dynamic character. The ability
for self-healing was also observed for bacterial biofilms, however, here the underlying mecha-
nisms are mostly unknown [38]. Also certain hydrogels based on filamentous actin were shown
to exhibit self-healing properties [119], however, these biological materials are very expensive
and thus not suitable for technical applications in a large scale. Therefore, synthetic fuel-driven
hydrogels based on Fmoc-based peptides with the ability to self-heal could be beneficial for

technical applications.

1.6Key findings of this thesis

In the scope of the present dissertation, the properties of bacterial biofilms and hydrogels are
investigated to obtain a better understanding of their principles and possibilities for modifica-
tions. The viscoelastic properties of B. subtilis B-1 biofilms were already investigated in previous
work [33] and it was shown there, that certain positively charged metal ions lead to an increased
stiffness of these biofilms. However, it remains unclear, which component of the biofilm plays
the key role for this effect and why only some metal cations have a stiffening effect on the bio-
film. In the present dissertation, it is shown, that the ionic properties, such as size and possible
coordination number in a chelate complex, as well as the structure of the polyanionic biom-

acromolecules of the biofilms EPS are relevant.

In further studies, the detachment behaviors of different bacterial biofilms in dependence of
their material properties (such as viscoelasticity and wetting behavior) are investigated. Here, it
is demonstrated, that a high biofilm stiffness and a hydrophobic biofilm surface lead to reduced
material transport in the detachment tests. For this study, a novel measurement method based
on commercial rheometers is developed. With this method, it is possible to differentiate be-

tween different modes of fracture (i.e. adhesion fracture, cohesion fracture, and mixed fracture).

In a third project, the continuous production of B. subtilis biofilms is addressed. In recent years,
the demand of these bacterial biofilms as a resource has increased strongly, since they can be
used as additives for construction materials [81, 82]. Common bioreactors, however, are not
suitable for biofilm cultivation at the solid/gas interface. For the production of B. subtilis bio-
films, a rotating bioreactor is developed in this study, which enables the cultivation at atmos-
pheric conditions with a nutrient and moisture supply from the growth substrate. The properties
of biofilms cultivated with this bioreactor (i.e. the viscoelastic properties and wetting behavior)
are comparable with the properties of biofilms cultivated conventionally in petri dishes. Moreo-

ver, the harvested biofilm from the bioreactor increases the water repellency of mortar as well.

Finally, the viscoelastic properties of dynamic non-equilibrium hydrogels are investigated to

generate hydrogels with adjustable viscoelastic properties inspired by natural biological systems.



In these hydrogels, the material properties such as stiffness and lifetime are broadly tunable by
the fuel concentration and peptide configuration. By using large amplitude oscillatory shear
(LAOS) measurements, the non-linear viscoelastic behavior of these synthetic hydrogels is inves-
tigated. It is shown, that these hydrogels feature certain self-healing properties after they were
exposed to large shear forces. Moreover, the effects of reaction waste products, which accumu-
late over time in the hydrogel, are examined. It is shown, that those waste products and mole-
cules with comparable properties, are able to disintegrate the hydrogel and thus limit its life-
time. In addition, this finding also offers the possibility to destroy the hydrogel in a controlled

manner.



10



2. Materials

2.1Bacterial biofilms

Bacterial communities can exist in different forms. Bacteria can survive as freely flowing plank-
tonic cells in liquid media, or they can produce extracellular polymeric substances (EPS) to em-
bed themselves into a slimy matrix. The latter can occur on liquid and solid surfaces. Bacterial
slime that forms thin layers on liquid surfaces is called a “pellicle”. When bacteria attach perma-
nently to solid surfaces and embed themselves into EPS, these slimy bacterial communities are
called biofilms. Depending on the bacterial species, these biofilms develop at the interface be-
tween solid and liquid (aquatic biofilms) or at the interface between solid and gas (terrestrial
biofilms). Examples of bacterial species that are able to form biofilms at the solid/air interface
are B. subtilis NCIB 3610, B. subtilis natto, B. subtilis B-1 and A. vinelandii. These biofilms exhibit a
slimy consistency and can be classified as viscoelastic materials. The EPS protects the embedded
bacteria against external influences such as shear forces, toxic substances, or dehydration. The
main components of the EPS are proteins, polysaccharides, lipids, nucleic acids, and water [8].
However, the exact composition of bacterial biofilms varies depending on the bacterial species.
The biofilm matrix of B. subtilis NCIB 3610 is mainly composed of the fiber forming protein TasA,
the exopolysaccharides produced by the gene products of the epsA-O operon, and the matrix
protein BslA, which self-assembles at the biofilm surface and creates a hydrophobic coat [29, 30,
48]. In contrast, the biofilm matrix of B. subtilis B-1 contains a high amount of the polyanionic
polypeptide y-PGA, which, to some extent, can also be found in B. subtilis natto biofilms [44].
Finally, the biofilm matrix of A. vinelandii mainly contains the polyanionic polysaccharide algi-
nate [120]. The composition and structure of biofilms influences their material properties such as

the viscoelasticity, stickiness and wetting behavior.

2.2Polyanionic biomacromolecules

Polyanionic macromolecules can be found in multiple biological systems. Alginate, for example,
can be produced by different algal and bacterial species such as A. vinelandii, P. aeruginosa, and
Pseudomonas putida [34]. Depending on the biological source, the structure of its molecular
chains can vary (Figure 3): Alginate is composed of a-L-guluronate (G) and B-D-mannuronate
(M) monomers in varying amounts and sequences. Only the alginate of A. vinelandii and some
algal species contains sequences of a-L-guluronate only, so called G-blocks. The alginates of
other bacterial species, such as P. aeruginosa and P. putida, either contain M- blocks only, or
possess alternating sequences of M- and G-monomers [97]. Alginates are able to form chelate
complexes with certain metal cations, which lead to crosslinks between the alginate chains.
Whether and how strong a chelate complex is formed depends on the structure of alginate as

well as the ion type [34].
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Another anionic biomacromolecule that can be produced by bacteria is y-PGA, which is the main
component of B. subtilis B-1 biofilms [44]. y-PGA is a polyanionic polypeptide that — similar to
alginate — is able to form chelate complexes with certain positively charged metal ions as well
[121].
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Figure 3: Chemical structures of alginate composed of a-L-guluronate residues forming G-blocks (A), of
alginate composed of B-D-mannuronate residues forming M-blocks (B), of alginate composed of an alter-
nating sequence of M- and G-monomers (C) and of y-PGA (D).

2.3Metal ions

In natural conditions, metal ions always tend to release their valence electrons and thus form
positively charged cations that tend to bind to negatively charged atoms or molecules. In direct
contact with many microorganisms such as bacteria, metal ions can be toxic [33], and they influ-
ence the charge distribution and conductivity of solutions. When certain metal cations come in
contact with polyanionic macromolecules such as alginate or y-PGA, they form chelate complex-
es and thus cross-link the macromolecules [34, 121]. This effect can then lead to the formation
of hydrogels. However, depending on the properties of the macromolecular chelating agent and
the metal cation, a chelate complex cannot always be formed. On the side off the chelating
agent, the molecular structure and denticity has an influence; on the side of the metal cation,
the valence, ionic size and the possible coordination numbers might play a role. However, a de-
termination of the individual dependencies is difficult, since many of these properties correlate
with each other: When the valence increases, electrons are released and thus the ion becomes
smaller. Moreover, it is impossible to measure the ionic size directly. It only can be measured
when the ions are bound in a crystal lattice, and the result depends on the coordination number
and measurement technique (e.g. X-ray diffraction) [122]. Within the scope of this dissertation,
the effect of certain metal ions on the material properties (i.e. viscoelasticity, detachment behav-

ior and wetting behavior) of B. subtilis B-1 and A. vinelandii biofilms was investigated.
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2.4Fmoc based hydrogels

Chemically materials based on fluorenylmethyloxycarbonyl (Fmoc)-protected peptides are able
to self-assemble, driven by a chemical fuel [110]. These dynamic materials differ from in-
equilibrium materials as a driving force is necessary to obtain and maintain their non-
equilibrium state. The self-assembly can be driven by the fuel 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimid-hydrochlorid (EDC) and leads to the formation of supramo-
lecular structures. By a variation of the conjugated amino acid sequence and the amount of
available fuel, the properties such as size, shape and lifetime of these structures are tunable
[110, 123]. When the Fmoc-protected peptide derivatives are solubilized in a suitable aqueous
buffer solution, the anionic peptides repel each other due to the electrostatic forces generated
by the dicarboxylate groups. The reaction with the fuel leads to a conversion of the precursor
into its corresponding anhydride state and generates the waste product 1-[3-
(dimethylamino)propyl]-3-ethylurea (EDU) (Figure 4A). In the anhydride state, the electrostatic
repulsion between the molecules is eliminated, which results in their assembly due to hydro-
phobic interactions. In an aqueous environment, the activated anhydride state is not stable and
will spontaneously hydrolyze and retransform into its precursor state and this destabilizes the
self-assembled structures [110]. The range of dynamic assemblies that can be obtained by this
mechanism contains colloids, vesicles, droplets and fibres [116-118]. With the assembly of
Fmoc-peptides into supramolecular structures, hydrogels can be formed as well. Two possible
peptide sequences that enable such self-assembly of Fmoc-peptide-conjugates into supramo-
lecular structures are Fmoc-alanin-valine-aspartic acid (Fmoc-AVD) and Fmoc-alanine-alanine-
aspartic acid (Fmoc-AAD) (Figure 4B).
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Figure 4: A: Schematic illustration of the reaction cycle of a precursor peptide, that reacts with a fuel
(here: EDC) and is converted into the corresponding anhydride product. In aqueous solution it will hydro-
lyze spontaneously and retransform into its precursor state. B: The structures of Fmoc-AVD and Fmoc-
AAD.
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3. Theoretical background and methods
3.1Biofilm cultivation

The cultivation of bacterial biofilms requires multiple steps (Figure 5). To store bacteria, they
can be kept deep-frozen (at -80 °C) as glycerol stocks. At these temperatures, their metabolism
is inactivated. Due to the glycerol, the formation of ice crystals is prevented, which would de-
stroy the bacterial cells otherwise. To cultivate the bacteria, small pieces of a frozen glycerol
stock are immersed into a liquid medium that is enriched with nutrients. As soon as the temper-
ature reaches a certain level, the bacterial metabolism is activated and the bacteria start to mul-
tiply as freely flowing planktonic cells in the liquid medium. After 16 — 18 hours, at rotatory mo-
tion, controlled oxygen supply and temperature (e.g., 37 °C for B. subtilis NCIB 3610), a concen-
trated bacterial solution is obtained. To quantify the amount of bacterial cells in this culture, it is
possible to measure the optical density. This can be conducted with a spectrophotometer that
measures the light absorbance of the bacterial culture. In the next step, a small amount of the
bacterial culture (e.g. 1.6 uL cm™) is placed onto a solid growth substrate (e.g. agar enriched with
nutrients) and homogeneously distributed with a plate spreader. At controlled oxygen supply,
humidity (e.g. 80% - 90% for B. subtilis NCIB 3610) and temperature (e.g. 37 °C for B. subtilis
NCIB 3610), a biofilm develops on the substrate surface within 24 h. For further investigations,
e.g. to characterize the viscoelastic properties, the biofilm can be harvested from the surface by
manually scraping with a spatula. For the liquid culture and growth on a solid substrate, differ-
ent media and substrates (depending on the bacterial species) can be used. For the cultivation
of B. subtilis NCIB 3610, B. subtilis natto and B. subtilis B-1, lysogeny broth (LB) medium and LB
agar are commonly used. For the cultivation of A. vinelandii, however, a special azotobacter me-

dium based on glucose and mannose is needed.
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Figure 5: Individual steps of the biofilm cultivation. First, small pieces of a glycerol stock are inoculated in
a liquid medium. At controlled temperature, agitation and oxygen supply, a bacterial liquid culture will
develop with time. This liquid culture is spread across the growth substrate (e.g. agar) with a plate spread-
er. Then, over time, and at controlled temperature, humidity and oxygen supply, a biofilm forms at the
solid/air interface.
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3.2Bioreactors

To cultivate bacterial cultures or biofilms in a larger amount than for research purposes, bioreac-
tors are used. The bioreactor regulates the growth conditions such as the temperature, humidity
and oxygen supply for the bacteria and supports them with nutrients. Bioreactors can be cate-
gorized into reactors to cultivate planktonic bacteria, ie. bacterial liquid cultures, and reactors
that cultivate bacterial biofilms. For the latter, most bioreactors are designed to produce bio-
films attached to a support material or directly on the bioreactor surface and submerged in a
liquid medium, ie. to cultivate aquatic biofilms. Bioreactors that use support materials include
sequencing batch reactors, continuous stirred tank reactors, packed- or fluidized-bed reactors,
and tickling bed reactors [86, 124-128]. In contrast, in rotating disc contractors and membrane
bioreactors, the biofilm cultivation occurs directly on the bioreactor surface. In most of these
bioreactors, the biofilms are used to perform a dedicated function in situ, such as for wastewater
treatment or for the production of chemical substances, such as alcohols or acids [78, 79, 84,

129]. However, bioreactors that produce biofilm as a product are rather scarce.

In a novel approach that is introduced within the scope of this dissertation, bacterial biofilms
can be cultivated continuously on a rotating cylinder and at the solid/air interface (Figure 6).
Here, the rotating cylinder is equipped with an agar layer and a porous membrane as outer sur-
face. At its lower apex, the cylinder is submerged into a bacterial liquid culture. Then, with a full
rotation of the cylinder, the whole surface area becomes inoculated and the biofilm develops
over time. The inside of the cylinder is filled with a nutrient medium, that diffuses through the
agar layer and membrane, and thus supplies the bacteria on the membrane surface with nutri-

ents and moisture. Finally, the mature biofilm can be automatically harvested by a blade.
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Figure 6: Schematic illustration of a rotating bioreactor for the cultivation of bacterial biofilms at the sol-
id/air interface. The cylinder is immersed in a bacterial culture and with a rotation, the whole reactor sur-
face becomes inoculated. The culture medium can penetrate the cylinder trough channels and the agar
layer through diffusion to supply the biofilm with nutrients and moisture. The mature biofilm is automati-
cally harvested by a blade.
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3.3Rheology
3.3.1 Measurement basics

Materials can be classified based on their response behavior towards external forces. In a purely
elastic material, the applied energy is completely stored by the material as potential energy and
fully released again as soon as the applied force is removed. This material behavior is described
by the Hook element (Figure 7A). In purely viscous materials, the energy of the applied force is
completely dissipated by the deformation, and the material is unable to deform back. The New-
ton element corresponds to this material behavior (Figure 7B). Viscoelastic materials, such as
suspensions, gels or polymeric melts show both, a partially elastic and partially viscous behavior.
When the viscous parts dominate the material behavior, the materials are classified as viscoelas-
tic liquids; when the elastic parts dominate, they are referred to as viscoelastic solids. The mate-
rial behavior of viscoelastic liquids is modelled by the Maxwell model which represents a Hook
and Newton element in a serial connection (Figure 7C). Viscoelastic solids are described by the
Kelvin-Voigt model which combines a Hook and Newton element in a parallel connection
(Figure 7D) [130].

Figure 7: Overview of different models to describe viscoelastic behavior. A: Hook element, B: Newton
element, C: Maxwell model, D: Kelvin-Voigt model.

With a rheometer, the material behavior of viscoelastic materials and liquids can be character-
ized. Typically, the rheometer applies a shear stress to the sample via a measuring head (Searle
method). The sample is placed between the measuring head and the bottom plate and should
completely fill the measuring gap (Figure 8). The measuring head is set in rotational or oscilla-
tory motion by a motor and either the resulting force or torque is determined via the operating
current. The resulting displacement of the measuring head can then be measured precisely with
an incremental rotary transducer. To enable the detection of small deflections, even if the sam-
ple exerts high normal forces, the measuring head is equipped with an air bearing. A require-
ment for a precise measurement is, that the plates do not slide off the sample and that the sam-

ple is deformed homogeneously.
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To characterize a sample, different measurement geometries can be used. For viscosity domi-
nated materials, cone-plate geometries are commonly used, whereas plate-plate geometries are
used for stiff elasticity dominated samples. Also coaxial cylindrical measurement systems are
well-established, especially for liquids with a very low viscosity.

rotation/
oscillation

measuring head

sample

bottom plate

Figure 8: Schematic illustration of a rheology a setup with plate-plate geometry. The sample fills the
measuring gap between the measuring head and bottom plate and is stressed by a rotatory or oscillatory
motion of the measuring head.

Oscillatory rheology is suitable to investigate the viscoelastic behavior of nearly all kind of mate-
rials, from liquid materials with a very low viscosity up to rigid materials with a high stiffness. The
oscillating measuring head applies a sinusoidal wave onto the sample and thus induces shear
forces. In a typical measurement, the torque / force is applied, and the displacement amplitude
is measured. From these measured data, further parameters such as the stress (1), strain (y) and
complex shear modulus (G*) can be calculated. When the measurement is conducted in strain
controlled mode, using a software based feedback loop to keep the strain constant, the shear
strain for viscoelastic materials is calculated with Equation 1. When the shear stress is controlled

within the measurement, the shear strain can be calculated according to Equation 2 [130].
T(t) = 14 sin(wt + §) (Equation 1)
y(t) = y4 sin(wt + §) (Equation 2)

With: t(t) = shear stress [Pa]; y(t) = deformation [%]; Ta = shear stress amplitude [Pa]; ya = de-

formation amplitude [%]; w = angular frequency [rad/s]; t = time [s]; & = phase shift angle [°].

Another central parameter is the complex shear modulus G* which can be calculated with Equa-

tion 3 [130]. G* represents the stiffness of the sample and thus resistance against deformation.

P_1®

=0 (Equation 3)

With: G* = complex shear modulus [Pa]; T(t)= shear stress [Pa]; y(t)= deformation [%].
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As long as the test is conducted in the linear viscoelastic regime (LVE regime), G* is clearly de-
fined by sinusoidal waves in T and y. Then, G* can be split into the storage modulus G" and the
loss modulus G” (Equation 4). The storage modulus describes the elastic properties of the sam-
ple behavior and is calculated with Equation 5. The loss modulus characterizes the viscous
properties of the sample response and is calculates with Equation 6. Both viscoelastic moduli
are dependent on the phase shift angle &. The phase shift angle equals 0° for purely elastic ma-
terials and 90° for purely viscous materials. Viscoelastic solids exhibit a phase shift angle be-
tween 0° and 45°; here, the storage modulus dominates the material properties, accordingly. For

viscoelastic liquids, 6 ranges between 45° and 90° and the loss modulus is dominant [130].

G* =G +iG" (Equation 4)

G' = ;—A % cos(6) (Equation 5)
A

G" = V—A * sin(8) (Equation 6)
A

With: G* = complex shear modulus [Pa]; G'= storage modulus [Pa]; G"”= loss modulus [Pa]; Ta =

shear stress amplitude [Pa]; ya = deformation amplitude [%]; & = phase shift angle [°].

3.3.2 Determination of the frequency dependent shear behavior

To investigate the frequency dependent shear behavior of viscoelastic materials, frequency
sweeps are applicable. These are conducted in oscillatory mode and within the LVE regime, so
that the sample is not damaged during the measurement. Therefore, the displacement ampli-
tude has to be appropriately small. When the LVE regime of the sample is unknown, this has to
be determined by a pretest. In such a pretest, a small torque (e.g. 0.5 uNm) is applied to the
sample and the resulting deformation is measured. As displacement amplitude in the frequency
sweeps conducted in this thesis, the measured deformation is multiplied by a factor (e.g. 1.5).
This displacement amplitude then represents the “ideal” deformation, since it is high enough to
be measured accurately and small enough, so that the LVE regime is not exceeded. In addition,
no gelation processes are allowed to take place within the sample and environmental influences,
such as the temperature, have to be kept constant to ensure constant sample properties during

the whole experiment.

A frequency sweep is typically conducted in a frequency range between 0.1 Hz and 10 Hz. In the
regime of high and low frequencies, measurement artefacts may distort the results. Such meas-
urement artefacts can occur at high frequencies due to the moment of inertia resulting from the
mass of the measurement head. At low frequencies, slow movements of the measuring head can
cause artefacts since external vibrations have a higher impact when more time is needed to
generate a measuring point. Thus, results are not reliable when the measured signal fluctuates

strongly in these regimes.
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Whether a sample depicts a strong frequency dependence or not, gives insights into the intrin-
sic material characteristics. The properties of loosely entangled polymers that are not cross-
linked are dictated by steric interactions and movements of these molecules. In these materials,
the macromolecules are able to slowly disentangle and rearrange. This results in a dependency
on the frequency [130]. Especially at low frequencies, the molecules have enough time to diffuse
through their environment — a phenomenon that is called reptation. Thus even loosely entan-
gled polymers with many steric interactions, that show an elastically dominated behavior at in-
termediate frequencies, exhibit a viscosity dominated behavior in the low frequency regime.
When the frequency is increased, it is possible, that the molecules either lock each other, result-
ing in an increased stiffness; or the molecules align in flow direction and thus the stiffness is
reduced [130]. At very high frequencies, single filament fluctuation occurs. In this case, friction
forces, that occur due to undulatory bending of the molecular chains leads to the dissipation of

energy, which results in a dominance of the loss modulus in this regime [38, 131].

The material behavior of crosslinked polymer networks differs from that described above. Here,
the crosslinks prevent diffusion and shift of the molecular chains as long as the junctions are not
destroyed. Therefore, only the molecular chains themselves can be deformed in the LVE regime.
The extent of the possible deformation is dependent on the mesh size and degree of cross-links.
When the polymers are densely cross-linked, both viscoelastic moduli show only weak frequency
dependence for a wide range. Only weak cross-linked polymers show a broad frequency de-
pendency. Here, the stiffness increases with an increasing frequency, since the molecules have
less time to deform [130]. However, at very high frequencies, even for strongly cross-linked pol-
ymeric networks, single filament fluctuation can occur, and thus G” exceeds G' in this regime
[131]. For the differentiation with loosely entangled polymers, the low frequency regime can be
taken in account. In loosely entangled polymers, the storage modulus decreases continuing,
whereas this does not occur even for weak crosslinked polymers. The molecular crosslinks hin-
der the movements and thus lead to a plateau value of the storage modulus at low frequencies.

Reptation is not possible in cross-linked polymers [130].

3.3.3 Determination of gelation behavior

To determine the gelation behavior of a sample over time (e.g. as result of a temperature in-
crease), the viscoelastic properties are measured in the LVE regime and in oscillating mode as
well. However, here, a constant frequency and torque needs to be applied. When the measure-
ment is conducted in torque controlled mode, the deflection amplitude is continuously adjusted
according to the changing material behavior of the sample due to gelation and no pretest is
necessary. As soon as the storage modulus reaches the loss modulus, the sample transits from a

viscoelastic liquid to a viscoelastic solid. This event is classified as “gel point” [130].
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3.3.4 Non-linear rheology

To characterize the non-linear behavior of viscoelastic solids, oscillatory measurements can be
conducted with a rheometer as well and are known as large amplitude oscillatory shear (LAOS)
tests. These are of great importance to predict the material behavior at high mechanical load. In
these tests, the strain amplitude is increased at a constant probing frequency - up to the end of
the LVE regime and beyond. To display the obtained results, the viscoelastic moduli (in Pa) are
typically depicted as a function of the shear strain (in %). In the LVE regime (i.e. when the strain
amplitude is sufficiently small), both viscoelastic moduli are independent of the applied stain

amplitude. For viscoelastic solids, Hook's law applies in this regime: the ratio ;—A is constant and
A

the oscillatory stress response is sinusoidal. In the non-linear viscoelastic regime, however, both
moduli are dependent on the strain amplitude (G'(ya); G"(ya)); now, the resulting measurement
signal becomes distorted and is not sinusoidal anymore. Therefore, the viscoelastic moduli are

not clearly defined in the non-linear viscoelastic regime.

For calculating the viscoelastic moduli from a non-sinusoidal waveform, the most common
method uses a Fourier transform analysis of the first harmonic measurement signal [132]. If ma-
terial failure occurs and the structure of the sample becomes irreversibly altered, both viscoelas-
tic moduli start to differ from the plateau value (by showing decreasing or increasing values). To
define the limit of the linear regime and the onset of the non-linear regime, a common method
is to set a certain deviation from the plateau value (e.g. 1%, 5% or 10%) [130]. Then, as soon as
the loss modulus falls below the storage modulus, a material failure can be assumed and the
sample cannot be characterized as a viscoelastic solid anymore. When the sample is able to re-
cover its elasticity dominated material behavior after the experiment, this property is classified

as self-healing behavior [38].

In the non-linear regime, at least four different scenarios of material behavior can occur. They
represent different effects of (irreversible) material failure and molecular rearrangements and
depend on the sample material. These scenarios are strain weakening, strain hardening, weak
strain overshoot and strong strain overshoot [133]. Materials that obtain strain weakening be-
havior show a decrease of both viscoelastic moduli in the non-linear viscoelastic regime; this can
be due to chain orientation, alignment of microstructures along the shear direction or the dis-
ruption of chemical or physical bonds (Figure 9A). This is the most common behavior in the
non-linear regime and was observed for Bacillus subtilis 168 and P. aeruginosa biofilms for ex-
ample [38, 40].
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Figure 9: Exemplarily LAOS curves representing the different variants of material behavior in the non-
linear regime: strain weakening (A), strain hardening (B), weak strain overshoot (C) and strong strain over-
shoot (D). The vertical, dashed lines represent the boundary between the linear viscoelastic regime at
small strains (to the left) and the non-linear viscoelastic regime at high strains (to the right). Depicted are
exemplary curves for the storage modulus (blue full lines) and loss modulus (blue dashed lines).

In contrast to this, when strain hardening occurs, both viscoelastic moduli increase before mate-
rial failure sets in (Figure 9B). This can be due to interactions between the entangled molecules
that hinder their movement and alignment. Strain hardening was observed for Klebsiella pneu-
moniae and Staphylococcus epidermidis biofilms [41]. In a weak strain overshoot, G' first de-
creases and G" increases; this feature is then followed by a decrease of both viscoelastic moduli
(Figure 9C). Here, due to the mechanical load, new reinforcing interactions can arise in the ma-
terial, and simultaneously, other network junctions become destructed. However, the rate of
generating interactions is smaller than the loss of existing junctions. This leads to an increased
energy dissipation, until the majority of the network junctions are destroyed and both moduli
decrease [132]. Depending on the material, a rearrangement of unstable clusters [134] or the
destruction of microstructures which develop during the test [135] can also lead to a weak strain
overshoot. This material behavior can be observed in certain suspensions and soft hydrogel
spheres dispersed in water [136-138]. A strong strain overshoot is characterized by an increase
and subsequent decrease of both viscoelastic moduli (Figure 9D). This can occur when the rate
of arising interactions exceeds the rate of vanishing interactions induced by the high shear

strains [132]. This rare material behavior was observed in certain associative polymers [139].
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3.4Detachment tests

The detachment behavior of sticky and slimy substances such as bacterial biofilms is dominated
by two material properties, the cohesion and adhesion behavior of the material. “Cohesion” rep-
resents the internal forces of the material that maintain the structural integrity of the substance,
and "adhesion” represents the attachment process to external materials. In the case of bacterial
biofilms, either the adhesion to the growth substrate or to an object that comes in contact with
the biofilm surface can be of concern. For the investigation of the detachment properties of bac-
terial biofilms, only a few measurement techniques have been developed. For instance, it is pos-
sible to characterize the adhesion behavior of biofilms by removing them from their substrate
with a spatula and measuring the lateral force occurring during this scraping process [89]. An-
other possible approach is to apply capillary forces to remove the biofilms from a surface and to
measure the corresponding adhesion energy [90]. In contrast, there are different established
tests to quantify the adhesion and cohesion behavior of synthetic materials such as glues [140].
These techniques either apply stretching forces in the vertical direction thus measuring the ten-
sile strength of an adhesive connection (DIN EN 15870:2009-08), or large transversal shear forc-
es are applied to the adhesive connection by single-lap shear tests (DIN EN 1465:2009-07; 1ISO
11003-2:2019-06). The application of torsional forces on the adhesive joint is used as well, e.g.
by rotating two opposing surfaces relative to each other (ISO 10033-1:2011-04). However, these
methods, which were developed for synthetic glues, cannot directly be used to investigate the
adhesive strength of living materials such as bacterial biofilms, since the biofilm would need to
be removed from the surface prior to the measurement. This disrupts its structure and thus can
affect the result of the adhesion measurement. Moreover, with such pre-collected and thus po-
tentially altered material, a characterization of the biofilm adhesive strength to its growth sub-

strate is not possible anymore.

In a custom-made setup introduced within the scope of this dissertation (section 4.3), the de-
tachment behavior of bacterial biofilms can be investigated in situ. The measurement setup is
based on a commercial rheometer, which applies normal forces to the biofilm material and
measures the force that is needed for the detachment process. For this, the measuring head is
vertically removed from the sample at slow speeds (100 um s™). By analyzing the amount of
biological material that was transferred between the two test surfaces and evaluating the frac-
ture surfaces, it is possible to differentiate between an adhesive and cohesive failure of the bio-
material. With this setup it is possible to conduct the detachment process with different material

pairings, such as metal-on-biofilm and biofilm-on-biofilm (Figure 10).
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Figure 10: lllustration of the custom-made measuring setup to investigate the detachment behavior of
bacterial biofilms in situ with the use of a commercial rheometer. On the left side, the material pairing
metal-on-biofilm is depicted and on the right side the material pairing biofilm-on-biofilm.

3.5Biofilm wetting behavior

The wetting behavior of surfaces with water and aqueous solutions is dependent on the polarity
of the surface material and its surface texture ie. its roughness. Surfaces can be categorized into
hydrophilic and hydrophobic, according to their wetting behavior (Figure 11A and Figure 11B).
As a measure of the wetting behavior, the contact angle (6) of a water drop on the surface is
used. For hydrophilic surfaces, the material is easily wetted; the water drop distributes well over
the surface and the contact angle is smaller than 90°. On hydrophobic surfaces, however, the
drop tends to form a sphere; thereby, the contact area is reduced and the contact angle (8) be-
comes greater than 90°. For hydrophobic materials, both, the micro- and nanoscaled roughness
play an important role for the wetting behavior. With an increase of the roughness, a hydropho-

bic material can become superhydrophobic.

A superhydrophobic surface exhibits contact angles greater than 120° or even greater than 150°
(depending on the definition) [141]. Superhydrophobic surfaces can be differentiated into lotus
leaf like and rose petal like (Figure 11C and Figure 11D). For lotus leaf like superhydrophobic
surfaces, a Cassie-Baxter state is present. Here, air is entrapped between the microscaled fea-
tures of the rough surface, which leads to a very low contact area [141, 142]. For rose petal like
superhydrophobic surfaces, an impregnated Cassie state is present. Here, the distance between
the microscaled features of the surface is higher than for lotus leaf like surfaces. Thus, water is
able to penetrate the space between microscaled roughness features and air is entrapped only

between the nanoscaled roughness features [143].

When the surfaces are tilted, a water drop on a lotus leaf like surface will roll off, whereas the
drop will stick to a rose petal like surface. To quantify this difference in behavior, it is possible to

measure the contact angle hysteresis. Here, a small drop volume is placed onto the surface and
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this volume is first incrementally increased and subsequently decreased. For every increment,
the contact angle is determined. For lotus leaf like surfaces, the contact area of the water drop
to the surface increases and decreases in parallel to the increase and decrease of the drop vol-
ume. Accordingly, the advancing and receding contact angles are nearly constant during the
whole measurement. However, for rose petal like surfaces, the contact area increases with in-
creasing drop volume but stays nearly constant, when the volume is reduced. Thus, the advanc-

ing contact angle stays constant and the receding contact angle decreases [47, 143].

Within the scope of this dissertation, the wetting behavior of B. subtilis NCIB 3610, B. subtilis
natto and B. subtilis B-1 biofilms was determined in dependence of the growth conditions and
after treatments with metal salts. Here, the aim was to find dependencies between the wetting

behavior and the biofilm adhesion and detachment behavior.

A hydrophilic B hydrophobic
water drop

surface

C lotus leaf like D rose petal like
superhydrophobic superhydrophobic
microscaled nanoscaled

entrapped air

roughness features roughness features
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Figure 11: A: Wetting behavior of a hydrophilic surface with a contact angle (8) <90°. B: Wetting behavior
of a hydrophobic surface with a contact angle (8) >90°. C Detailed view of the interface of a lotus leaf like
superhydrophobic surface with air entrapped between microscaled roughness features of the surface
(Cassie-Baxter state). D: Detailed view of the interface of a rose petal like superhydrophobic surface with
air entrapped only between the nanoscaled roughness features (impregnated Cassie state). The distance
(d) between the microscaled roughness features is higher than for lotus leaf like surfaces.
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4. Summaries of publications

4.7Importance of the biofim matrix for the erosion stability of Bacillus subtilis NCIB
3610 biofilms
M. Klotz, M. Kretschmer, A. Goetz, S. Ezendam, O. Lieleg and M. Opitz [144]

The erosion stability is a central property of bacterial biofilms. In many cases, biofilms are not
desired and need to be removed from surfaces such as from implants placed into the human
body. In other cases, a strong attachment is desired to keep the biofilms on certain surfaces
where they fulfill special functions such as wastewater treatment. The erosion resistance of a
biofilm depends on its viscoelastic properties, its adhesion as well as its wetting behavior. Previ-
ous studies showed, that it is possible to alter this erosion stability by the addition of chemical
substances, such as metal cations or antibiotics. However, it is unclear how the individual biofilm
matrix components contribute to the erosion behavior of Bacillus subtilis NCIB 3610 biofilms.
The most important components of the B. subtilis NCIB 3610 biofilm matrix are the exopolysac-
charides produced by the gene products of the epsA-O operon, the fiber forming protein TasA,
and the protein BslA. The latter is a hydrophobin which self-assembles at the surface of the bio-

film.

In this study, the erosion resistances of B. subtilis NCIB 3610 and mutant strain biofilms were
investigated. Biofilms were cultivated on agar and immersed in pure water or water containing
either antibiotics or metal cations. To generate a water flow that leads to shear stresses and thus
erosion, this setup was set in rotational motion. Additionally the wetting behavior as well as the
viscoelastic properties of the biofilms were analyzed. It was found that the absence of each ma-
trix component decreases the erosion stability of B. subtilis NCIB 3610 biofilms in water. Espe-
cially the lack of the exopolysaccharides and BslA weakened the biofilm. Most likely, this is due
to a reduced stiffness and a loss of hydrophobicity which was observed in both biofilm mutants
(Figure 12). Upon addition of certain positively charged ions, the stiffness of the biofilm can be
increased, which results in enhanced erosion resistance. This increase appears to be independ-
ent of the biofilm content and thus seems to be based on unspecific cross-linking of the differ-
ent biofilm components. Moreover, when adding Ca?*, Na*, or the antibiotic ciprofloxacin, the
biofilm stiffness was not enhanced, yet its erosion resistance increased significantly nevertheless.
Maybe, an increase of the adhesion properties of the biofilm can explain this result, yet this
property is difficult to measure.
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Figure 12: Erosion stability and properties of B. subtilis NCIB 3610 biofilm. (A) Schematic representation of
the erosion experiment. Left: Carrier slide containing biofilm covered agar patches inserted into a test
tube filled with testing solution and set in rotational motion. Right: Images and sketches of agar patches
covered with biofilm, before (0% biofilm removal) and during (63% biofilm removal) an erosion experi-
ment. (B) Time-point of 50% detachment for B. subtilis NCIB 3610 and mutant strains in water. (C) Wetting
behavior of B. subtilis NCIB 3610 and mutant strains. (D) Normalized biofilm elasticity of B. subtilis NCIB
3610 and mutant strains as determined by rheology. All data depicted represent mean values with corre-
sponding standard deviation of at least three independent samples.

In conclusion, this study demonstrates that B. subtilis NCIB 3610 biofilm only possesses full ero-
sion resistance when all matrix components are present. As soon as only one biofilm component
is missing, the erosion resistance is strongly reduced. However, it is to date unknown, how the

different components interact with each other.

Individual contributions of the candidate: | contributed to the design and implementation of the

experiments, the data analysis, and the writing of the article.
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4.2 Chelate chemistry governs ion-specific stiffening of Bacillus subtilis B-1 and
Azotobacter vinelandii biofilms

M. Kretschmer and O. Lieleg [145]

The viscoelastic properties of bacterial biofilms can vary strongly, depending on the bacterial
species, environmental conditions and presence of chemical substances. In many cases, biofilms
can cause severe problems for industry and human health. To be able to combat bacterial bio-
films or to use them for human purposes it is important to understand the physical and chemi-
cal principles, which the material properties of bacterial biofilms rely on.

In this study, the effect of positively charged metal ions on the stiffness of biofilms from the
species Bacillus subtilis B-1 and Azotobacter vinelandii was investigated. A main component of B.
subtilis B-1 biofilm is the polyanionic biomacromolecule y-PGA. When B. subtilis B-1 biofilm was
exposed to certain divalent and trivalent ions, its stiffness increased strongly, whereas other di-
valent ions did not lead to this effect (Figure 13A). Interestingly, exactly the same ions led to the
formation of a gel, when added to a solution of y-PGA that was extracted from B. subtilis B-1
liquid culture (Figure 13B). This indicates that the ionic crosslinking of these biomacromolecules
is responsible for the increased stiffness of the biofilms. A different trend was observed for A.
vinelandii biofilm, which does not contain y-PGA, but can contain alginate instead (depending
on the cultivation method). When alginate is present in the biofilm, all tested divalent ions lead
to an increased stiffness, whereas this effect cannot be observed when the biofilm does not con-
tain this biomacromolecule. Here, different ions than for B. subtilis B-1 stiffen the biofilm. How-
ever, the same ions that lead to an increased stiffness of A. vinelandii biofilm, also lead to the
formation of a gel, when added to solutions of alginate that was extracted from liquid cultures
of this bacterium. This suggests that here, alginate is the crucial component for the stiffening
effect by the addition of positively charged ions. Those results were interpreted such that the
ions lead to the formation of chelate complexes with the respective biomacromolecules in B.
subtilis B-1 and A. vinelandii biofilms. Alginate and y-PGA have in common, that they are both
polyanionic, however due to the different structures (Figure 13C - Figure 13F), different ions
are able to initiate the formation of chelate complexes. In addition, alginate can occur in differ-
ent conformations depending on its biological source. Alginate from A. vinelandii and from al-
gea can contain G-blocks, whereas the alginate of other bacteria, such as Pseudomonas aeru-
ginosa is only composed of M-blocks or an alternating sequence of M- and G-Monomers. As it
is not possible to form chelate complexes with divalent cations and alginates that only possess
M-blocks, P. aeruginosa biofilm cannot be stiffed by divalent cations (as reported in previous
studies). It remains not fully understood, why different divalent ions lead to different effects on
the biofilm of B. subtilis B-1. An analysis of the data obtained here in combination with results
from the literature indicates that the ionic size plays a crucial role here. However, the ionic size
cannot be measured directly and varies depending on the binding partner resulting in different
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literature values. Nevertheless, it seems that smaller ions such as Cu®* lead to the formation of
chelate complexes with the biomacromolecules more easily than larger ones such as Ca®*.
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Figure 13: Viscoelastic moduli of B. subtilis B-1 biofilms (A) and y-PGA solutions (B) after exposure to
different aqueous solutions containing metal ions. Full bars denote the storage mdulus, G', and striped
bars the loss modulus, G”. The error bars represent the standard deviation as obtained from at least three
independent samples. The possible structural conformations of different alginate- and y-PGA chains are
shown in C-F. An alginate chain can be composed of a-L-guluronate residues forming G-blocks (C), of -
D-mannuronate residues forming M-blocks (D) or they can comprise an alternating mixture of both (E).
The structure of a y-PGA chain is shown in (F).

In conclusion, this study demonstrates, that formations of chelate complexes with the respective
biomacromolecules of biofilms are crucial for obtaining a stiffness increase when the biofilms
are exposed to certain cations. These central biomacromolecules are y-PGA for B. subtilis B-1
biofilms and alginate for A. vinelandii biofilms. Due to different structures of the biomacromole-
cules, different cations are able to form a chelate complex. On the side of the cations, their size
seems to be the determining factor whether a chelate complex is formed or not. These findings
contribute to the understanding of the viscoelastic behavior of biofilms and the molecular prin-
ciples governing their properties. They are useful to increase the biofilm strength for applica-
tions, where the biofilms are used for human purposes, as in bioreactors or for wastewater
treatment.

Individual contributions of the candidate: | contributed to the conception of this study, the de-
sign and implementation of the experiments, and the writing of the article. | was fully responsi-
ble for conducting the experiments and data analysis.
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4.3 Biofilm adhesion to surfaces is modulated by biofilm wettability and stiffness

M. Kretschmer, C. A. SchiBler and O. Lieleg [146]

The attachment of bacterial biofilms to surfaces is important for biofilm formation and thus cen-
tral to cultivate or combat them. However, it is not trivial to measure biofilm adhesion directly,
since biofilm attachment is dependent on different properties; especially a clear differentiation
from biofilm cohesion is challenging. When biofilm attachment is measured indirectly, for ex-
ample by determining the erosion resistance, not only the adhesion, but also the viscoelastic
properties and the wetting behavior play a role. For technical materials such as glues, a variety
of different methods are established to quantify these properties individually. However, biofilms
are living materials that actively form on surfaces. Thus, standardized measurement methods for

the characterization of the cohesion and adhesion of biofilms grown in situ are scarce.

In this study a method was introduced, which enables the characterization of the adhesion and
cohesion properties of bacterial biofilms in situ. The method is based on a commercial rheome-
ter, which applies normal forces to a biofilm on its growth substrate without the need of disrupt-
ing the biofilm prior to the measurement, and then measures the detachment force. It enables
the investigation of different material pairings, such as biofilm/metal or biofilm/biofilm. By ana-
lyzing the detachment behavior and material transfer of biofilms tested in different configura-
tions, conclusions about the adhesion and cohesion properties can be drawn. In the detachment
tests conducted here, four different modes of “fracture” can occur: One mode of fracture is the
complete detachment of the biofilm from its growth substrate in which the whole biofilm is
transferred from one side to another and the biofilm adhesion to its growth substrate is meas-
ured. Another possibility is the complete separation of the two surfaces without any material
transfer; here the adhesion between those surfaces is measured. The third mode is the cohesion
fracture, in which the biofilm is completely ruptured apart and the biofilm cohesion is deter-
mined by the rheometer. Also here, material transfer can occur, however compared to the mode
of fracture mentioned first, in a lower extent. And lastly, a mixed fracture can occur, where only
parts of the biofilm are ruptured and transferred. In this case, no clear disentanglement of the

individual effects is possible.

With this setup, the detachment behavior of biofilms, generated by B. subtilis NCIB 3610, B. sub-
tilis natto and B. subtilis B-1 bacteria, was investigated. Whereas the detachment behavior of B.
subtilis B-1 biofilms was dominated by adhesion forces, the failure behavior of the other two
biofilms was dominated by cohesion forces. In contrast to B. subtilis B-1 biofilm, which is very
soft and hydrophobic, the biofilms of B. subtilis NCIB 3610 and B. subtilis natto are hydrophilic
and exhibit a higher stiffness. Thus, the obtained results suggested, that the viscoelastic proper-
ties and wetting behavior play a major role for the detachment behavior of the biofilms. In fur-

ther tests, the influence of these two properties on the adhesion and cohesion behavior of bio-
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films was investigated in more detail. The biofilms were modified to alter these two properties:
The addition of certain positively charged ions to the biofilm growth substrate leads to an alter-
ation of the wetting behavior and stiffness of B. subtilis B-1 biofilms. In contrast, with the addi-
tion of Cu®* to mature B. subtilis B-1 biofilms, the stiffness could be strongly increased without
changing the wetting behavior. Finally, the cultivation of B. subtilis NCIB 3610 under nutrient
limitation changed the wetting behavior of the biofilm from hydrophilic to rose petal-like hy-

drophobic and increased the stiffness as well.

With these investigations, it could be concluded, that biofilms with a low stiffness and hydro-
philic properties tend to show material transfer during the detachment process and thus mostly
cohesion fractures. In contrast, biofilms with a high stiffness and hydrophobic properties tend to
exhibit no material transfer and thus adhesion fractures (Figure 14). Overall, these measure-
ments showed that the method introduced here is suitable for the characterization of the adhe-
sion and cohesion behavior of bacterial biofilms in situ. One advantage of this method is the
application of a uniform stress distribution to the biofilm. Moreover a characterization of both,
the adhesion and cohesion behavior is feasible by analyzing the fracture mode. In addition, the
modular setup enables the investigation of a variety of different material pairings such as ce-
ramics, polymer materials, hydroxyapatite and tissue samples. Also the environmental conditions
can be changes; by extending the experimental setup with a chamber, that enables the immer-

sion of the biofilms during the detachment process.
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Figure 14: Relation between the biofilm stiffness and wetting behavior of the investigated biofilms and
the occurrence of material transfer during the detachment tests in which two biofilm surfaces of the same
kind were pressed against each other for B. subtilis NCIB 3610 (left) and B. subtilis B-1 (right). Black color
denotes samples where material transfer occurred; gray colors denote samples which did not show such
material transfer.

Individual contributions of the candidate: | contributed to the conception of this study; | was

responsible for the design and implementation of the experiments and the data analysis, and |

contributed to the writing of the article.
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4.4A rotating bioreactor for the production of biofilms at the solid-air interface

Unpublished manuscript — in review process

4.4.1 Abstract

Conventional bioreactors are typically developed for the production of planktonic bacteria or
submerged biofilms. In contrast, reactors for the continuous production of biofilms at the solid-
air interface are scarce, and they require specific conditions since the bacteria need to attach
firmly to the surface and require a permanent supply of moisture and nutrients from below. Re-
cently, research from the field of civil engineering has pinpoint an increased need for the pro-
duction of terrestrial biofilms: several variants of Bacillus subtilis biofilms have been shown to be
useful additives to mortar that increase the water repellency and thus the lifetime of the ce-
mentitious material. The bioreactor introduced here allows for the continuous production of
such bacterial biofilms at the solid/air interface, and they have virtually identical properties as
biofilms cultivated via classical microbiological techniques. This is made possible by equipping a
rotating cylinder with a porous membrane that acts as a solid growth substrate the bacterial
biomass can form on. In this configuration, nutrient supply is enabled via diffusive transport of a
suitable growth medium from the core volume of the cylindrical reactor to the membrane sur-
face. In addition to cultivating bacterial biofilms, the versatile and adaptable setup introduced
here also enables the growth of other microbial organisms including the yeast Saccharomyces

cerevisiae and the fungus Penicillium chrysogenum.

4.4.2 Intoduction

According to Yin and Yang philosophy, there is something “bad” in every “good” and vice versa.
Similarly, bacterial biofilms, which are typically considered to be highly undesirable contami-
nants in industrial or medical setups, can have their perks as well. Indeed, for many biotechno-
logical applications, this persistent form of bacterial communities is actually preferred over
planktonic cells [44, 84, 147] — and this can be attributed to the same astonishing material prop-
erties that render biofilms annoying when found on surfaces such as pipes or implants: they can
be sticky [90, 146], sturdy and resilient [148, 149] and liquid-repellent [45, 46]. Recent research
efforts have identified a broad range of beneficial applications where bacterial biofilms can serve
as interesting components, and example areas include agriculture, biomedicine, (environmental)

biotechnology, electricity generation, and construction engineering [37].

The latter application area might seem the most surprising — even though biological additives to
construction materials were already explored by the ancient Egyptians and Romans and during
the Qing dynasty [150, 151]. Recently, the idea of using bacterial biofilms as additives to ce-
mentitious materials has been rediscovered, and the resulting hybrid mortar has been shown to
possess highly interesting water-repellent properties [81, 82]. Of course, for such a bio-

enhanced material to be used in real construction engineering efforts, larger biofilm amounts
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are required than can be grown in the lab using classical microbiological assays. However, there
are only few examples of dedicated bioreactors that produce bacterial biofilms — and in those
kinds of bioreactors, the bacteria are either attached to (suspended or packed) support materials
or directly to the bioreactor surface. Examples of biofilm bioreactors using support materials
include sequencing batch reactors [124, 152, 153], continuous stirred tank reactors [125, 154-
156], packed- or fluidized-bed reactors [126, 157-160], and trickling bed reactors [127, 128, 161].
Rotating disc contractors or membrane bioreactors are common examples where biofilm pro-
duction occurs on the bioreactor surface, and those are typically used in wastewater treatment
plants [129, 162-164]. The latter bioreactor variant also comes with the advantage to easily
separate the biofilm after usage and to enhance biofilm attachment and growth by chemically

modifying the reactor surface [165-167].

In most of these bioreactors, the biofilms perform a dedicated function in situ: The bacteria at-
tach to organic or inorganic support materials, generate a biofilm, then catalyze reactions within
the bioreactor, and finally are removed or inactivated once their task is fulfilled [168]. For an
application in construction engineering, however, the biofilm itself is the desired product that
needs to be harvested from the bioreactor. Thus, for the bioreactor to be sustainable, the sup-

port material used for biofilm cultivation needs to be reusable.

Here, we introduce a novel type of bioreactor that allows for cultivating bacterial biofilms on a
solid substrate. This reactor makes use of a cylindrical geometry such that the substrate inocula-
tion with bacteria and the biofilm harvesting step are conducted at different locations of the
cylinder surface. Nutrient supply is guaranteed via a combination of diffusion and convection
effects that drive a nutrient solution from the core of the cylinder to its outer surface. Here, a
combined agar/membrane layer supports the growth of different bacterial biofilms as well as
yeast and fungus biofilms. As a consequence of this particular design, when selecting a suffi-
ciently low rotation speed, a continuous biofilm growth/harvest cycle is enabled. We show that
B. subtilis natto biofilms harvested from this bioreactor have virtually identical material proper-
ties and hydrophobicity-conveying abilities to mortar as when they are grown in a classical mi-

crobiological manner, i.e., on agar-filled petri dishes.

4.4.3 Materials and Methods
4.4.3.1 Microorganisms and growth conditions

Two different bacterial stains were used in this study: Bacillus subtilis natto (27E3), obtained from
the Bacillus Gene Stock Center (BGSC, USA) and Bacillus subtilis 3610, obtained from the lab of
Roberto Kolter (Harvard Medical School, USA). Additionally, the yeast Saccharomyces cerevisiae
(Dr. Oetker, Bielefeld, Germany) and the fungus Penicillium chrysogenum DSM 848 (DSMZ, Ger-
many) were used. For the cultivation of bacterial biofilm on agar plates and membranes, liquid

cultures of B. subtilis natto and B. subtilis 3610 were generated by incubating small pieces of a
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frozen glycerol stock in 10 mL of 2.5% (w/v) LB medium (Luria/ Miller; Carl Roth GmbH, Karls-
ruhe, Germany) at 37 °C while shaking at 300 rpm for =18 h. For biofilm growth experiments
conducted on the bioreactor, the same liquid cultures were prepared in 500 mL of 2.5% (w/v) LB
medium at 37 °C while shaking at 100 rpm for =18 h.

Yeast liquid cultures were prepared by inoculating a small piece of dried yeast into 10 mL of
yeast extract peptone dextrose (YEPD) medium, which contains 1% yeast extract (Carl Roth
GmbH, Karlsruhe, Germany), 2% peptone (Carl Roth GmbH, Karlsruhe, Germany) and 2% glucose
(Sigma-Aldrich Corp., St. Louis, USA). The culture was incubated at 30 °C while shaking at
300 rpm for ~18 h.

To cultivate fungus, a potato/dextrose medium was prepared. In brief, 200 g potato was peeled
and sliced into small cubes. After boiling those pieces in 1 L distilled water for 1 h, the infusion
cleared by sieving, 20 g glucose was added to the infusion and the volume was adjusted to 1 L.
Then, a piece of frozen glycerol stock of P. chrysogenum was inoculated in 10 mL of this potato

dextrose medium, and the culture was incubated at 24 °C while shaking at 300 rpm for 3 days.

4.4.3.2 Microbial cultivation on membranes and agar

To find an optimal substrate for the growth of different microorganisms (bacteria, yeast, fungus),
several commercial membranes with a pore size of 0.2 um each were tested: cellulose nitrate
(obtained from analytical funnels for microbiology, Sigma-Aldrich Corp., St. Louis, USA), surfac-
tant-free cellulose acetate (SFCA; NalgeneTM Rapid-FlowTM Membrane, Thermo Fisher Scien-
tific,c Waltham MA, USA), hydrophilic polyvinylidene difluoride (hydrophilic PVDF; Microlab Sci-
entific Co., Ltd, Shanghai, China), hydrophobic polyvinylidene difluoride (hydrophobic PVDF;
Immobilon-PSQ Membrane, Merck KGaA, Darmstadt, Germany) and polycarbonate (PC; ipPore™
Track Etched Membrane, it4ip S.A. Louvain-la-Neuve, Belgium) membranes. Additionally, to
hydrophilize the commercial hydrophobic PVDF membranes, these membranes were immersed
into isopropyl alcohol (i-PrOH, HPLC grade > 99.9%, Sigma-Aldrich Corp.) for 12 h. Afterwards,
the samples were immersed into deionized water for 6 h to replace most of the alcohol with
water. The success of this hydrophilization procedure was verified by determining the contact
angle formed by a small water droplet (4.5 pL) on the membranes using the video-based optical
contact angle measuring system Drop Shape Analyzer (Kriiss - Easy Drop) and the software AD-

VANCE - sessile drop. Those measurements were repeated 5 times on each membrane.

For bacterial growth tests, round samples with a diameter of 3 cm were cut out from each
membrane variant and sterilized by exposure to UV-light for at least 15 min. Then, these sterile
membranes were placed onto 1.5% (w/v) agar gel patches of the same diameter having a thick-
ness of ~2.4 mm. The membrane-covered agar patches were inserted into tailored PTFE holders
with large holes, which then were placed into the wells of a 6-well plate. Each well was filled with

~8 mL of LB medium, YEPD medium and potato/dextrose medium, respectively. Afterwards, the
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amount of added liquid media was adjusted until direct contact with the agar patches was
achieved. Then, 13 pL of an overnight culture (diluted to an OD of 0.7) of either bacteria
(B. subtilis natto and 3610) or yeast (S. cerevisiae) were distributed across these membrane piec-
es. To grow P. chrysogenum biofilms on the membranes, the same procedure was followed yet
without diluting the fungal overnight culture. The 6-well plate was then covered and a sterile
towel was placed between the samples and the cover to prevent condensate water from drop-
ping onto the growing biofilms. To promote the diffusion of nutrients from the medium reser-
voir towards the upper membrane surface, a temperature gradient was created by incubating
the inoculated 6 well-plates on a heating plate at 37 °C for 2 days (with the top of the plates
exposed to room temperature). Owing to the different conditions required for fungus growth,
the fungus biofilms were grown at room temperature (without using a heating plate) for 4 days.
For all samples, the liquid medium was refreshed daily. After the respective incubation time, the
formed biofilms were harvested from the membrane surfaces by collecting them with a spatula
and their mass was determined by weighing (Balance XSE205 DualRange, Mettler Toledo GmbH,

GieBen, Germany).

As control samples that allow for assessing putative diffusion-hindering effects of the different
membrane variants, all microorganisms were also inoculated directly onto agar patches and in-
cubated at the same conditions as described above. A second set of control samples was creat-
ed to quantify putative growth retardation effects arising from the diffusion-limited nutrient
supply present in those membrane-covered agar patches (which resembles the final condition
on the bioreactor). For this purpose, standard agar plates with a diameter of 90 mm were pre-
pared and enriched with 2.5% LB medium; thus, in those samples, the nutrients were readily
available at the surface of the agar layer at the start of microbial inoculation. Then, 100 pL of
B. subtilis natto culture (diluted to an OD of 0.7) were distributed on these LB-enriched agar

plates and incubated in an incubator at 37 °C for 2 days.

For each microorganism/substrate combination, three independent samples were prepared from
each growth batch, and all experiments were repeated three times using a different growth

batch each time.

4.4.3.3 Bacterial cultivation on the bioreactor

To grow B. subtilis natto biofilm on the bioreactor, the bioreactor was fully assembled and an
agar layer was applied to the outer surface of the cylinder. To do so, the cylinder was manually
rotated while partially immersed into a bath of liquid agar (1.5% (w/v) agar-agar, Carl Roth
GmbH) heated to a temperature of =60 °C; a full rotation was conducted, then the cylinder was
removed from the agar bath until the applied agar layer had solidified. This procedure was re-
peated three times, after which an agar layer of 3 — 5 mm thickness was obtained. Additionally,

2 mL liquid agar was inserted into each hole of the cylinder (from its inside) to create an addi-
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tional resistance that helped preventing the liquid medium filled into the core volume of the

cylinder from leaking out.

A hydrophilic polyvinylidenfluorid (PVDF) membrane (Microlab Scientific Co., Ltd, Shanghai, Chi-
na) was then added on top of the agar layer and fixed as follows: A 10 mM solution of 1% DOPA
(dopamine hydrochloride, Sigma-Aldrich Corp., St. Louis, USA; dissolved in pH 8,5 TRIS buffer;
lllinois Tool Works Inc., Glenview, USA) was applied in circular lines onto the agar surface to glue
the membrane to the agar layer; in addition, a DOPA-hyaluronic acid conjugate was used to
glue the membrane overlap regions to each other. For this DOPA-hyaluronic acid conjugate, a
solution of 1% HA (hyaluronic acid sodium salt, Streptococcus equi, 91%, ThermoFisher GmbH,
Kadel, Germany), 0.1% EDC (1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide-hydrochlorid,
99%, Carl Roth GmbH) and 0.1% NHS (N-hydroxysuccinimide, 98%, Sigma-Aldrich Corp.) was
prepared in 10 mM MES and buffered to pH 5. The HA solution and EDC/NHS solution were
dissolved separately. Additionally, a solution of 1% DOPA (dopamine hydrochloride, Sigma Al-
drich Corp.) was prepared in PBS buffer at pH 8. After stirring overnight, the solutions were
mixed and dialyzed for 72 h at 4 °C using a dialysis membrane (Spectra/Por®7 Dialysis mem-
brane Pre-treated RC tubing, MWCO: 50 kD, Spectrum Chemical Mfg. Corp., New Brunswick,
USA). The dialyzed solution was frozen at 80 °C and lyophilized (Alpha 1-2 LDplus, Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany). In a final step, the freeze dried
DOPA-conjugate was dissolved at 8 mg mL™" in ddH.O, poured in a petri dish and dried at 60 °C

to generate a thin adhesive film.

To supply the bacteria on the outer membrane surface with nutrients, the inside of the cylinder
was infused with 5% (w/v) LB medium (Luria/ Miller; Carl Roth GmbH). For the first =24 h, the
reactor was run without bacteria to ensure that the liquid medium has enough time to diffuse
from the inside to the outer surface of the cylinder. Subsequently, the cylinder was partially im-
mersed (2 — 3 cm) into a bacterial bath, ie., a liquid culture of planktonic B. subtilis natto bacteria
having an optical density of 0.1 - 0.15. After 24 hours, the bacterial bath was renewed and the
PDMS blade was installed to initiate the biofilm harvesting process.

To examine the microbial composition of the cultivated biofilm (ie., to test for contaminations
with other bacteria), we collected biofilm samples from three different areas of the cylinder and
determined their mass by weighing. Then, these biofilm sample were added to 2 mL of a physio-
logical saline solution (0.9% w/v NaCl), and then rigorously stirred at ~2500 rpm for 20 min fol-
lowed by a short vortexing step. The such obtained bacterial solution was serially diluted until a
dilution of 10® was obtained. Then, 100 uL of each diluted solution was inoculated on LB agar
plates in duplicates and distributed by adding glass beads and shaking the plates. The inoculat-
ed agar plates were then incubated at 37 °C for 24 hours. For each dilution step, the grown col-
onies were evaluated regarding their morphological appearance, and the number of viable bac-

teria within the initial biofilm (CFU/mg biofilm) was calculated from the last two dilutions.
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4.4.3.4 Rheology

To compare the viscoelastic properties of biofilms cultivated under the different conditions de-
scribed above (i.e., on agar filled petri dishes and on the membrane surface of the bioreactor),
rheological measurements were conducted. For this purpose, a commercial shear rheometer
(MCR 302; Anton Paar) equipped with a 25 mm steel measuring head (PP25) and a plate-plate
geometry was employed. The plate separation was set to 0.3 mm, and a solvent trap was in-
stalled to prevent sample drying during the measurements that were realized at 21 °C and in
strain-controlled mode. To ensure linear material response, small strains corresponding to a
torque of 0.5 uNm (this corresponds to a shear stress of =0.1 Pa) were applied. In every rheo-
logical experiment, both the storage and loss modulus were determined over a frequency range
of 0.1-10 Hz. Since, in all cases described in this study, the moduli obtained for a given biofilm
sample were only weakly dependent on frequency, the obtained storage moduli were averaged
over the complete measured frequency spectrum to obtain the bar plots shown in the manu-
script. Obvious outliers resulting from measuring artefacts were excluded from calculating these
mean values. For each sample type, at least three samples were tested, which were obtained

from different locations of the reactor surface and from different agar plates, respectively.

4.4.3.5 Biofilm-enriched mortar samples

Sample preparation:

To cultivate biofilm on agar plates, 100 pL of a bacterial overnight culture were plated onto each
agar plate (1.5% v/w, Agar Agar, Kobe I, Carl Roth GmbH; enriched with LB medium (2.5% v/w))
and incubated at 37 °C for 24 h. From those agar plates, the grown biofilm was harvested by
manually scraping the plates. On the bioreactor, biofilm was grown as described above and
manually collected from the PDMS blade. Both biofilm variants were freeze-dried for three days,
and afterwards ground into a fine powder having an average particle size of ~500 um. In full
analogy to previous experiments with such freeze-dried biofilms [81], the biofilm concentration
added to mortar is described by the parameter bc (biofilm content), which describes the ratio of
fresh biofilm with respect to the mass of dry cement used for mortar sample generation. Using
the mass loss factor, which is defined as the ratio of fresh biofilm with respect to the mass of
lyophilized biofilm, the required amount of lyophilized biofilm can be calculated to match the

respective amount of fresh biofilm.
Water repellency tests:

To evaluate the wetting resistance of different mortar samples, small mortar samples were pre-
pared by mixing a 3:1 mixture of CEN standard sand (NORMENSAND GmbH, Beckum, Germany)
and cement (Portland cement CEM 42.5 N, Schwenk Zement KG, Ulm, Germany) with a suspen-
sion of biofilm powder in the respective amount of water. All mortar samples were prepared

with a w/c ratio of 0.5 and cured for 3 days at room temperature before contact angle meas-
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urements were conducted. For measuring contact angles, a drop shape analyzer (DAS25S, Kriss
GmbH, Hamburg, Germany) was used. Five 4 pL droplets of ddH.O were placed onto each sam-
ple at different spots, and images were acquired from a lateral view using the built-in high-
speed camera (CF04, Kriss GmbH, Hamburg, Germany). The contact angle was then evaluated
using the software ADVANCE (Kriiss GmbH, Hamburg, Germany).

For capillary water uptake experiments, samples were prepared according to DIN EN 196-1 us-
ing an automatic laboratory mortar mixer (ToniMix, Zwick Roell, Ulm, Germany). Cement and
biofilm powder were added to the desired amount of water within 10 s, and the mixing process
was immediately started at a stirring speed of 140 rpm. After 30 s, sand was added within a time
window of 30 s, and the mixture was stirred at a stirring speed of 285 rpm for an additional 30 s.
Then, the mixing process was stopped for 90 s. During this break, mortar adherent to the stirring
head and/or the upper part of the bowl was transferred back to the bottom of the bowl using a
rubber scraper, and the stirring process was continued for additional 60 s at a stirring speed of
285 rpm. The prepared mortar was then poured into the desired mold within 120 s, while being

compacted using a vibrating table.

4.4.4 Results and Discussion
4.4.4.1 Bioreactor design

Bacillus subtilis biofilms form at the solid/air or liquid/air interface, and they require a moisture
and nutrient supply from their growth substrate. For instance, a thin biofilm layer — so called
pellicles — can be formed on the surface of standing liquids. Yet, here, the generated biomass is
very low. The most common laboratory procedure to cultivate B. subtilis biofilm makes use of
agar-filled petri dishes, where the nutrients (typically LB medium) are added to the agar layer.
However, due to the nutrient depletion from the agar substrate during biofilm growth, this pro-
cedure does not allow for a continuous biofilm cultivation. Moreover, biofilm harvesting from
such agar plates needs to be conducted manually and carefully to ensure that only biofilm is
removed during the harvesting procedure while avoiding contaminations of the bacterial bio-
mass with small agar pieces. Owing to those limitations, this traditional biofilm cultivation pro-
cess is very material- and work-intensive and thus not suitable for the production of larger bio-

film amounts.

To solve those limitations, we here introduce a new type of bioreactor that meets the require-
ments mentioned above but allows for a continuous growth/harvesting cycle of biofilm on/from
the same substrate. The basic principle of this new bioreactor is depicted in Figure 15. It com-
prises a hollow cylinder that is rotated along its long axis. At its lower apex, the cylinder is im-
mersed into a bacterial liquid culture which — during rotation — applies a bacterial coat to the
cylinder surface. This cylinder has a length of 26.8 cm and an outer diameter of 19.9 cm, which

results in an outer surface area of 1675 cm? It is suspended horizontally by a framework, which
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allows for adjusting the z-position of the cylinder (Figure 15A). As a material for this cylinder,
we selected hydrophilic polypropylene (PP-H AlphaPlus, Simona AG, Kirn, Germany). This mate-
rial was chosen as it can be autoclaved (for sterilization) and offers mechanical properties suita-
ble for machining. However, growing biofilms directly on this PP material is very difficult; thus, a

membrane layer is added on top to facilitate bacterial attachment and growth (vide infra).
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Figure 15: Schematic representations of the bioreactor. (A) A cylindrical, hollow central unit can be posi-
tioned at different z-levels such that it is partially immersed into a bacterial liquid culture located in a tray.
(B) The cylinder is covered with an agar layer and a membrane to support microbial attachment and
growth. (C) The growth medium located in the core of the cylinder reaches the membrane surface
through channels in the cylinder wall by a combination of diffusion and convection effects. During a full
rotation of the cylinder, the whole surface becomes inoculated with the bacterial liquid culture, and the
grown biofilm is automatically harvested by a PDMS-blade.

Nutrient supply to this membrane layer is enabled by a combination of two measures: first, cy-
lindrical holes with a diameter of 1 cm are drilled into the PP cylinder; this allows a nutrient solu-
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tion added to the inner volume of the cylinder to reach the outer surface. Resupply of this nutri-
ent solution is guaranteed by connecting the inner volume of the cylinder to a tank via tubings.
Second, an agar layer of 3 — 5 mm (1.5%, Carl Roth GmbH) is sandwiched between the cylinder
and the membrane; during this step, the holes in the cylinder are filled with agar as well. This
agar layer acts as a sponge-like structure that guarantees nutrient transport to the membrane
surface via capillary forces while preventing uncontrolled leakage of the nutrient solution from
the bottom part of the bioreactor. The membrane is fixated to this agar layer in two ways: at the
edges of the cylinder, two rigid PVC rings clamp the membrane to the cylinder; in addition, thin
lines of L-DOPA glue the membrane to the agar substrate and stabilize the mem-

brane/membrane overlap region (Figure 15B).

The last structural component of the bioreactor is responsible for biofilm harvesting: We in-
stalled a PDMS-blade, which is brought into mechanical contact with the membrane surface via
elastic springs (spring rate: 0.7 N mm™"; Figure 15A). Images of the fully assembled bioreactor
are shown in Figure 16. With this configuration — once the bioreactor is set into rotation — the
PDMS-blade can collect the cultivated biofilm from the membrane surface without damaging
the membrane (Figure 15C and Figure 16A). Such rotation is enabled by a 12 V direct current
motor (BQLZR DC 12V 0.6RPM, Shenzhen, China; Figure 16C), and the rotation speed is chosen
to be slow enough that a continuous biofilm layer can form during 5/6 of a full rotation (ie., a
full rotation requires 12 h to conclude). To implement this slow speed, the rotational movement
is clocked, so that the cylinder rotates for 60° and then pauses again. Once the harvesting step is
completed, the membrane surface is immersed again into the bacterial liquid culture, and the
cycle starts over. The whole bioreactor is placed into an incubator (CB-S 170, Binder GmbH, Fi-
gure 16B), where the temperature (typically, 37 °C) and the relative humidity (we here selected
80% - 90%) can be controlled. The biofilm harvested from the reactor by the PDMS blade that is
slightly pressed against the membranes by springs (Figure 16D and Figure 16E) can then man-

ually be collected from this blade, e.g., once every 24 h.
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Figure 16: Detail images of the assembled bioreactor. (A) Side view depicting the membrane-covered
cylinder and the PDMS blade used for biofilm collection. The bioreactor is placed into an incubator (B)
and connected to an outside reservoir (containing growth medium) via tubings. A 12 V motor moves the
cylindrical reactor in a rotational manner (C). A spring system ensures that the PDMS blade used for bio-
film collection is in contact with the membrane surface (D). After a minimum of one full rotation, the bio-
film material grown on the membrane surface is automatically harvested by the PDMS blade (E, red ar-
rows indicate the collected biofilm material). The scale bar in (A) corresponds to 5 cm.

4.4.4.2 Membrane selection for microorganism cultivation

To cultivate microorganisms on the cylinder, a membrane layer is used. Employing such a mem-
brane surface is preferred over direct cultivation on the agar layer since such membranes are
more durable than the brittle agar; thus, the membranes should be able withstand multiple har-
vesting cycles without being damaged. To identify a membrane material that combines suitable
material properties with good microbial growth behavior on its surface, we compare the per-
formance of four different membranes, which were reported in the literature to allow for micro-
bial cultivation [169, 170]: a cellulose nitrate membrane, a surfactant-free cellulose acetate
(SFCA) membrane, two polyvinylidene difluoride (PVDF) membranes (hydrophilic and hydro-
phobic, respectively), and a polycarbonate (PC) membrane (Figure 17A) — and all those mem-
brane variants were selected to have a pore size of 0.2 um each to prevent inoculated bacteria

from penetrating the membrane layer.

In a first step, the membranes are inoculated with B. subtilis natto bacteria and then incubated
to allow for biofilm formation. For those growth tests, a custom-made setup is chosen (see Fi-
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gure 17B) to mimic the growth conditions present on the surface of the bioreactor. In brief, with
this setup, nutrient supply to the membrane surface is enabled by a combination of diffusion
and convection effects (see section 4.4.3.2 for details). After an incubation time of 2 days, we
find equal or even higher amounts of B. subtilis natto biofilm on almost all membrane variants
than when bacterial inoculation is conducted directly on agar (Figure 17C). Only on hydropho-
bic PVDF membranes, biofilm formation is negligibly low. However, after treating those hydro-
phobic PVDF membranes with i-PrOH, the membranes become slightly hydrophilic as verified by
an alteration of the contact angle from 149.31° + 5.30° to 83.93° + 9.01°; consistently, biofilm
growth on these hydrophilized membranes is comparable with the growth on commercial hy-

drophilic PVDF membranes which obtain a contact angle of 34.65° + 5.05°.
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Figure 17: Experimental tests for membrane selection. (A) Photographic images of the different mem-
brane materials before (upper row) and after (lower row) folding. (B) Experimental setup of the growth
experiments, in which the microorganisms are cultivated on top of a membrane and supplied by nutrients
from a liquid reservoir by diffusion through a porous agar patch. (C) Photographic images of different
microorganisms cultivated on PVDF and PC membranes using the setup depicted in (B). (D) Harvested
biomass of B. subtilis natto biofilms; they were either cultivated on standard agar plates or with the
growth setup depicted in (B); for the latter, different membrane materials and, for the hydrophilic PVDF
membrane, two different nutrient concentrations (25 g L' and 50 g L") were investigated. With the same
membrane-based setup, the amount of harvested biomass obtained on hydrophilic PVDF and PC mem-
branes, respectively, is shown for B. subtilis 3610 biofilms (E), S. cerevisiae cultivation (F) and
P. chrysogenum cultivation (G). #: no biofilm growth; ##: biofilm growth occurred, but harvesting was im-
possible without destroying the substrate. Scale bars in (A) and (C) correspond to 1 cm. Data shown in (D)
— (G) represents the mean and the standard deviation as obtained from at least 6 independent samples
from at least 2 growth batches.
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Importantly, ‘classical’ cultivation of this biofilm on standard agar plates (where the agar layer
has the same agar thickness as in the diffusion experiments but the nutrients are added to the
agar layer during its production) returns less biomass than growth on the different membrane
layers. We attribute this finding to a limitation of nutrients in those classical agar plates: here, as
soon as all the accessible nutrients from the agar layer are consumed by the bacteria, biofilm
growth will come to an end. In contrast, owing to the ongoing replacement of the growth media
in the liquid reservoir used for the diffusion experiments with membrane layers (which imitates
the continuous nutrient resupply that will be enabled on the rotating bioreactor), nutrient limita-
tion is not an issue there. However, also for biofilm cultivation those membranes, a boost of the
biomass output can be obtained if the nutrient concentration in growth medium is increased
(Figure 17D).

When handling those different membrane variants, it becomes apparent that the cellulose ni-
trate and SFCA membranes are not ideal for the use intended here: when they are folded, they
break apart. This indicates that their life time on a rotating bioreactor, where the membrane
layer will be continuously challenged by mechanical forces (arising from scraping), will be rather
limited. In contrast, PVDF and PC membranes are more robust, which is why further experiments

were conducted with those two membrane variants only.

In a next step, another biofilm variant, ie., biofilm created by the bacterium B. subtilis 3610, is
cultivated on the two membranes. This biofilm variant is selected here as it has been shown be-
fore to be suitable to increase the hydrophobicity of mortar as well — which is why it is of similar
interest for applications in construction engineering. With the same setup and conditions as
used for B. subtilis natto cultivation, we obtain similarly high biofilm amounts on PVDF and PC
membranes as for their direct cultivation on agar (Figure 17D). Importantly, successful cultiva-
tion of microbial biomass is not limited to bacteria: the yeast S. cerevisiae can be grown on both
membrane variants as well (Figure 17E); only the liquid growth medium needs to be changed to
fit the needs of this particular microorganism (see section 4.4.3.1). Finally, even a fungal biofilm
can be cultivated on those two membranes when the growth medium and growth conditions
are adjusted (see section 4.4.3.1): P. chrysogenum, which can be employed for the production of
penicillin, can be successfully grown on and harvested from both membranes using the same
setup as described before (Figure 17F). In contrast, whereas cultivation of P. chrysogenum on
bare agar surfaces works out well, it is impossible to remove the fungal biomass without de-
stroying the agar layer (the fungus tends to grow its mycelial network into the substrate, and
harvesting the fungal biomass breaks the brittle agar layer apart). Because of this problem, Figu-
re 17F does not list a value for harvestable biomass in this particular case. This result under-
scores the great advantage brought about by using porous membranes as a growth substrate:
they are very suitable for cultivating a broad range of different microorganisms and greatly sim-
plify the harvesting process of the generated biomass.
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4.4.4.3 Material properties of biofilm collected from the bioreactor

As the results described above show, the basic principle used by the bioreactor, ie., cultivating
microorganisms at the interface between a solid substrate and air while supplying a nutrient
solution from the substrate via diffusion, is indeed suitable to grow a variety of different micro-
organism. Moreover, this strategy comes with the advantage to easily adjust the type of nutrient
source and to harvest the microbial biomass from the growth substrate. In previous research,
bacterial biofilm — in addition to other bacterial additives [83] — has already been proven its val-
ue as a hydrophobizing agent in mortar [81, 82]. However, the classical microbiological produc-
tion process of biofilm, ie., its cultivation on sterile petri dishes and the subsequent manual har-
vesting step, is time consuming and not economical. With the presented biofilm reactor, those
issues are mitigated — provided that the bacterial material produced on the reactor has proper-

ties comparable to biofilm generated via the ‘classical’ method.

To assess this, we first verify that the microbial product grown on the bioreactor is indeed com-
posed of the bacteria of choice; this is not trivial as — different from the ‘classical’ cultivation on
agar plates — the biofilm develops on the bioreactor in a non-sterile environment. Since there
are typically other bacterial spores in the air (e.g., other Bacillus variants than the one used for
biofilm production), a contamination of the reactor with other bacterial strains might compro-
mise the quality of the grown biomass. However, as results from a contamination study con-
ducted with serially diluted biofilm pieces collected from the bioreactor show (Figure 18), such
contaminations are rare: we find mostly colonies with a morphology typical for B. subtilis natto
colonies grown at the conditions selected here — and it is this particular strain that was used for

the liquid culture (and thus biofilm growth) in those contamination tests.
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Figure 18: Microbial composition of biofilm cultivated on the bioreactor. To test the B. subtilis natto bio-
film harvested from the reactor for microbial contamination, a serial dilution assay was conducted (see
section 4.4.3.3). The bacterial colonies marked with red arrows represent such contaminations, which are
rare and established by spores of a different B. subtilis strain (B. subtilis B-1) used in the same lab where
the bioreactor was set up. The number of colony forming units (cfu) from this biofilm sample was deter-
mined to be 8.8 x 107 cfu/mg.

We attribute this positive finding to the high number of planktonic bacteria present in the liquid
culture that is used to inoculated the bioreactor and the relatively short time interval (12 h) be-

tween two individual inoculation cycles.

Accordingly, we also expect the material properties of the B. subtilis natto biofilms cultivated on
either, agar plates or the biofilm reactor, to be very similar. We test this expectation by deter-
mining the viscoelastic properties (Figure 19A) and water content (Figure 19B) of the two bio-

film variants.
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Figure 19: Material properties and hydrophobizing abilities of biofilm grown on the bioreactor. The vis-
coelastic properties of B. subtilis natto biofilms (A) as well as their water (B) is compared for biofilm culti-
vation on the bioreactor (dark green) and ‘classical’ cultivation on agar-filled petri dishes (bright green).
For biofilm-enriched mortar samples, the obtained water-repellent properties are quantified by contact
angle measurements (C) and capillary water uptake tests (D) after partial immersion into a water bath for
1 h (full bars) and 24 h (striped bars), respectively. Standard mortar samples devoid of biofilm additives
(grey) are shown as controls. Error bars denote the standard deviation.

B. subtilis natto biofilm cultivated on agar-filled petri dishes exhibits a viscoelastic behavior that
is clearly dominated by elastic properties (Figure 19A). This is an important property for the
biofilms to be successfully cultivated on the rotating biofilm reactor as it prevents the bio-
material to flow off the reactor surface during rotation. Moreover, similar to the manual harvest-
ing process applied to collect the biofilm from agar plates, this viscoelastic material behavior
enables the biofilm to be automatically collected from the cylinder by a PDMS blade. Moreover,
the rheological characterization reveals that the two variants of B. subtilis natto biofilm show
very similar absolute values of viscoelastic moduli, i.e., stiffnesses in the range of ~1 kPa each
(Figure 19A).

With this result in mind, it is also not surprising that both biofilm variants exhibit a very similar
water content of 80-90% (Figure 19B) — a parameter this is intimately related to the absolute
stiffness of the biofilm. However, this result is not trivial: when grown in petri dishes with the lid
closed, the biofilm is very well protected from dehydration. Our results suggest that placing the
bioreactor into an incubator (which, in addition to covering the petri dishes, is also done when
the ‘classical’ biofilm cultivation approach is chosen) is sufficient to control the temperature and

humidity requirements during biofilm growth.
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In a last step, we ask if biofilm material collected from the bioreactor is equally suitable in con-
veying water-repellent properties to mortar as biofilm generated on classical petri dishes. To
answer this question, we compare hybrid mortar samples containing biofilm powder (i.e., freeze-
dried bacterial biofilm) of the bacterial strain B. subtilis natto cultivated on both, agar and the
biofilm reactor, and we test the wetting resistance and capillary water uptake properties of those
biofilm-enriched mortar samples (Figure 19C and Figure 19D). In addition, unmodified refer-

ence mortar samples are analyzed as a control group.

To assess the wetting resistance of the samples, water contact angles are determined on the
surface of small mortar samples (see section 4.4.3.5). For the unmodified reference samples, low
contact angles of ~35° (Figure 19C) are obtained, and this result represents strongly hydrophilic
behavior. In contrast, for biofilm-enriched samples (either obtained from cultivation on petri
dishes or from the biofilm reactor), the wetting resistance is considerably enhanced: here, we
measure contact angles in the range of 70° - 80°. Similarly, we obtain very good results in capil-
lary water uptake tests (Figure 19D): here, the amount of invaded water is reduced from
~8.5 g/day (measured for the control group) to ~3 g/day (measured for either variant of bio-
film-enriched mortar). In other words, when mortar samples are continuously exposed to water
for 24 h, both variants of the produced B. subtilis natto biofilm powder can reduce the capillary

water uptake of mortar by ~2/3.

4.4.4.4 Further possible improvements to obtain an industrial scale bioreactor

The bioreactor we introduce here is a lab-scale prototype that fulfills its envisioned task. Howev-
er, to be able to produce biomass in large amounts as relevant for industrial applications, its
dimensions would need to be increased. Then, placing the bioreactor into a lab incubator will
not be feasible anymore. To still provide the correct temperature levels required for biofilm
growth, it should be possible to heat the hollow cylinder from the inside — and changing the
material of this cylinder into a material with good heat transport properties and corrosion re-

sistance (e.g., stainless steel) will be helpful to realize this modification.

As of now, we make use of an agar layer as an intermediate structure sandwiched between the
cylinder and the membrane layer; this setup is completely suitable for a continuous cultivation
of biofilms over several days, but it might turn out insufficient when the reactor is run for a
longer period of time such as several weeks or months: since agar is a biological material, it will
start to decompose at some point — and this will require a new layer to be applied to the reac-
tor. Such a time-consuming maintenance step might be avoidable when a synthetic material is
used to replace the agar layer. To guarantee a good diffusive transport of nutrients from the
cylinder to the membrane layer, a hydrophilic and porous, sponge-like material is required. In
addition, sufficiently high elastic properties are needed so that this intermediate layer is not

squished by the mechanical scraping process used to harvest the biofilm layer. With those con-
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siderations in mind, plastic foams (made from, e.g., PU, PE, or PET) appear to be the most likely
candidates for this purpose. These materials should be equally potent in preventing the liquid
medium added to the core of the cylinder from leaking trough the membrane layer while effi-

ciently distributing the nutrients from the growth medium to the membrane surface.

Finally, we here identified two hydrophilic membrane variants as suitable support systems to
facilitate the growth of different microbial organisms. Depending on the selected microorgan-
ism, however, another membrane variant might turn out to be even more efficient. Also, it is
possible that applying a macromolecular coating to the membrane can further boost the bio-
mass production of certain microbes by promoting their attachment to the membrane layer
[171, 172], but such modifications certainly would need to be optimized for each targeted mi-

croorganism.

4.4.5 Conclusion

As we demonstrate here, a membrane-covered rotating bioreactor can be used to successfully
cultivate and harvest biomass generated by different microorganisms, such as bacteria, yeast
and fungi, in a continuous manner. Importantly, the membrane layer not only provides this ver-
satility, but also allows for obtaining more biomass compared to direct cultivation on bare agar
layers and ensures an easy harvesting procedure. The latter aspect is especially important when
fungi are cultivated as those microorganisms tend to grow into soft substrates such as agar, and
this makes harvesting them from such agar substrates very difficult. In addition to antibiotic-
producing fungi such as P. chrysogenum tested here (as well as others such as Acremonium
chrysogenum [173], Fusidium coccineum [174], Muscodor albus [175, 176] or other endophytes
[177, 178]), also other fungi such as Trichoderma harzianum [179, 180] and Metarhizium an-
isopliae [181, 182] (which have applications as a biocontrol agent in agriculture) could be inter-
esting future targets for this bioreactor. Thus, bioproducts generated on this device could have

applications in civil engineering, medicine, and agriculture.

Individual contributions of the candidate: | contributed to the conception of this study, the de-

sign and implementation of the experiments, the data analysis, and the writing of the article.
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4.5Viscoelastic behavior of chemically fueled supramolecular hydrogels under load
and influence of reaction side products

M. Kretschmer, B. Winkeljann, B. A. K. Kriebisch, J. Boekhoven and O. Lieleg [183]

Hydrogels are soft materials that are used for a variety of different purposes in everyday life,
such as body care, medical purposes and technical applications. In transient hydrogels, the su-
pramolecular structures are built and disassembled dynamically. This offers possibilities to adjust
their life-time and stiffness in a controlled way. Dynamic materials can be based on a fuel-driven
reaction cycle that provides the driving force to obtain the materials and keep them in a non-
equilibrium state. Examples for such materials can be found in nature; the building blocks of the
actin cortex assemble into filaments by consuming energy provided by the hydrolysis of ATP. To
mimic these properties, fluorenylmethyloxycarbonyl (Fmoc)-protected peptides can be used. In
aqueous solution, the self-assembly of Fmoc-peptide-conjugates leads to the formation of hy-
drogels, which is driven by a carbodiimide fuel. Here, the properties of the material are tunable
by varying the conjugated amino acid sequence. This amino acid sequence affects the reaction
kinetics of the system as well as the shape, size, and lifetime of the generated supramolecular
structures. For the usage of those transient gels in technical applications, it is essential to be

aware of their exact lifetime and viscoelastic properties such as the stiffness and yield stress.

In this study, the viscoelastic properties of Fmoc-AVD and Fmoc-AAD hydrogels were investi-
gated with a focus on their lifetime, linear and non-linear behavior, and the influence of waste
products. To induce the self-assembly of the  tripeptides,  1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimid-hydrochlorid (EDC) was used as a fuel, which was converted
in '1-[3-(dimethylamino)propyl]-3-ethylurea (EDU) by the reaction cycle (Figure 20A). Simulta-
neously, the Fmoc-derivatives were converted into their anhydride state. Here, the electrostatic
repulsion between the molecules was eliminated, which resulted in their assembly due to hy-
drophobic interactions. However, the anhydride product was not stable in aqueous conditions
and disassembled spontaneously. Both Fmoc conjugates possess a hydrophobic character,
which is less pronounced in Fmoc-AAD. This resulted in a different morphology of the assem-
bled structures from wide, flat fibers (Fmoc-AVD) into thinner, more twisted helical structures
(Fmoc-AAD). As a consequence, the reaction kinetics and viscoelastic properties of the hydro-
gels differed. Right after the addition of fuel, Fmoc-AVD gels obtain a distinct stiffness maximum
and subsequently, the stiffness decreased until a plateau value was reached (Figure 20B). Fmoc-
AAD gels obtained a stiffness plateau as well. However, it was on the same level as their maxi-
mum (Figure 20C). Overall, the stiffness of the Fmoc-AVD gels was higher than for Fmoc-AAD
gels. In both systems, an increase of the gel stiffness was observed when the fuel amount was
increased to an EDC concentration of 250 mM. Large amplitude oscillatory shear (LAOS) meas-
urements revealed, that Fmoc-AVD as well as Fmoc-AAD gels showed strain weakening at strain
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levels above ~y = 1 - 2% independent of the fuel concentration. By applying normal loads to
the gels, which was made possible by a custom-made fluidic system, a similar material behavior
was observed. The maximal pressure resistance was higher for Fmoc-AAD conjugates, than for
Fmoc-AVD conjugates; for both systems, this resistance increased with the EDC concentration
analogous to the viscoelastic properties that were observed by rheology. This implied, that the

failure of the hydrogel clogs occurred as soon as the linear elastic regime was left.

However, it was unclear, why further increasing the EDC concentration did not prolong the life-
time of the Fmoc-AVD gels. As one reason, the hydrophobic waste product EDU was identified.
When EDU was mixed with either Fmoc-AVD or Fmoc-AAD solutions prior to gelation, the gel
formation was completely inhibited. Tests with the EDU mimetic methyl 3-(dimethylamino)pro-
pionate (MDP), led to the same effect. This implied, that the hydrophobic and cationic carbon
chain of EDU (or MDP) interacted with the Fmoc-systems such that its self-assembly process was
disrupted. Even preformed Fmoc-AAD gels were dissolved by the addition of MDP. However,
this was not possible for Fmoc-AVD gels. Most likely, this is due to the gel-stabilizing, hydro-

phobic properties of the peptides, which were weaker in the Fmoc-AAD conjugates.

In conclusion, these results showed that gels assembled from the chemically fueled peptide con-
jugates Fmoc-AVD and Fmoc-AAD offer tunable viscoelastic properties in the linear and non-
linear regime as well as a tunable lifetime, and both parameters could be regulated by a varia-
tion of the peptide sequence and fuel concentration. Moreover, the effect of the waste product
EDU was demonstrated, which offers additional possibilities to control the lifetime of the hydro-
gels. These multiple possibilities enable a broad range of future applications, such as the use as

sealings for micro-fluidic systems, and as components in soft actuators or in micro robotics.
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Figure 20: Reaction cycle of an Fmoc-based peptide precursor to its anhydrite state, driven by a car-
bodiimide fuel, and subsequent deactivation in aqueous solution (A). Viscoelastic properties of Fmoc-AVD
(B) and Fmoc-AAD (C) hydrogels. The viscoelastic properties, depend on the fuel concentration for both
hydrogel systems.
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4.6Self-healing fiber network formed by chemically fueled self-assembly

Unpublished manuscript

In many natural systems, the formation of supramolecular structures is based on self-assembly.
A prominent example of this phenomenon is the fuel-driven formation of actin fibers. Here,
monomeric actin (G-actin) self-assembles into filamentous actin (F-actin) by the conversion of
ATP into ADP [105-107]. This fuel-driven self-assembly process can be mimicked by chemically
fueled peptides. Fmoc-protected tripeptides exhibit fuel-driven self-assembling possibilities that
lead to the formation of fibers in a non-equilibrium state and thus form dynamic hydrogels [110,
117, 123, 184-186]. The underlying dynamic reaction cycle that leads to the continuous activa-
tion and deactivation of the peptide anhydride state, can be repeated as long as fuel is present
in the system. Thus, such systems might have the (limited) ability to heal themselves. This
means, that also when mechanical loads induce damages to the hydrogel, the structures might
be able to reassemble driven by the consumption of chemical fuel, and this might recover the
initial stiffness of the gel. Indeed, the self-regenerating character of chemically fueled dissipative

materials has been reported before [187].

In this study, the self-assembling and self-healing mechanisms of fluorenylmethyloxycarbonyl-
alanine-alanine-aspartic acid (Fmoc-AAD) hydrogels that are chemically fueled by 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimid-hydrochlorid (EDC) are investigated. In the precursor state,
these peptides repel each other due to electrostatic repulsive forces. In the presence of a suita-
ble fuel (here: EDC) the precursors are converted into their corresponding anhydride product,
and a waste product (here: 1-[3-(dimethylamino)propyl]-3-ethylurea (EDU)) is generated. In the
anhydride state, the electrostatic repulsive forces are eliminated; thus, the peptides can self-
assemble into supramolecular structures (such as fibers) due to hydrophobic interactions
(Figure 21) [123]. When such a fiber network is disrupted by shear forces, it is expected that the
dynamic reaction cycle leads to a regeneration of the supramolecular structures (Figure 21).
However, in aqueous solution, the anhydride is not stable and spontaneously transforms back
into its precursor state. Only as long as fuel is available in the system, the activation cycle can be
repeated and a hydrogel can be maintained. When the fuel is fully consumed, the fibers will par-
tially disassemble (Figure 21). Moreover, as shown in section 4.5, the waste product EDU can
influence the self-assembling kinetics of the Fmoc-peptides and can cause disassembly of the
supramolecular structures [183]. A high performance liquid chromatography analysis (HPLC) of
10 mM Fmoc-AAD fueled with 500 mM EDC reveals, that 60 min after the addition of the fuel,
200 mM EDC is left and an anhydride concentration of more than 4 mM is present in the system;

after 180 min, the EDC is fully consumed.
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Figure 21: Model expectation of the fuel-driven self-assembly and self-healing behavior of Fmoc-
protected tripeptides. Owing to the fuel-driven reaction cycle, the Fmoc-peptides self-assemble into fibers
that form a network. Upon mechanical damage, the fibers are disrupted; however, due to the repeatable
reaction cycle they are able to regenerate as long as fuel is present in the system. When the fuel is fully
consumed, the fibers disassemble in aqueous solution with time.

To analyze the self-healing properties of Fmoc-AAD hydrogels, inverted tube tests and rheologi-
cal characterizations were conducted (Figure 22). When 500 mM EDC is added to 10 mM
Fmoc-AAD in MES buffered water (pH = 6.0), the sample turns turbid. This indicates the success-
ful generation of supramolecular structures. Rheological measurements reveal, that the samples
exhibit elasticity dominated properties as soon as the fuel is added to the precursor. In other
words, the fuel turns the system into a viscoelastic gel (Figure 22A). To induce mechanical stress
and thus to destroy the gel structure, the gel is vortexed for 20 s. Subsequently, the viscoelastic
properties are monitored for 5 minutes. When the mechanical stress is applied 5 min after the
addition of fuel to the precursor, the samples are able to recover their elasticity dominated
properties, however, their stiffness remain reduced (45% + 5% of the original stiffness) (Figure
22B). Moreover, after a waiting time of 5 min subsequent to the disruption, the gels are able to
resist gravity again and stay in place when the tubes are turned upside down (Figure 22B).
When the mechanical stress is applied 30 min after the addition of fuel, the samples are able to
re-form gels as well. However, compared to unchallenged hydrogels, their stiffness remains fur-
ther reduced (31% + 14%) (Figure 22C). A stress application 60 min after the fuel addition
(Figure 22D) reduces stiffness of the hydrogels crucially (5% = 3%), but the samples still recover
their elasticity dominated properties. However, these samples starts to flow as soon as the tubes
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are inverted, due to their low stiffness. For gels, in which the mechanical damage occurs 180 min
(Figure 22E) after the addition of fuel, a different material behavior is observed: These samples
are not able to form gels after the mechanical disruption anymore, thus no self-healing could be
observed at all. Consistently, the samples start to flow as soon as the tubes are inverted. This
indicates that, only in the first minutes after fuel addition, Fmoc-AAD gels are able to self-heal
and their gel structure seems to recover for a certain extend. At later timepoints, this ability is
more and more reduced. According to the kinetics of fuel consumption, however the fuel con-
centration should be high enough to regenerate the hydrogel even after 60 min. Thus, another
parameter than the anhydride and fuel concentration has to be considered to explain the lack of
self-healing potential observed at those later time points. One possibility for the reduced self-

healing ability with time is the accumulation of the waste product EDU.
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Figure 22: Inverted tube tests and rheology of 10 mM Fmoc-AAD hydrogels fueled with 500 mM EDC.
The rheological behavior of the gelation process is depicted in (A). Inverted tube tests and rheology after
a mechanical challenge by vortexing are depicted in (B-E). Vortexing was conducted at 5 min (B), 30 min
(C), 60 min (D) and 180 min (E) after the addition of fuel. The depicted data represent the mean value of
three independent samples with corresponding standard deviation.

In additional investigations, the self-healing ability of Fmoc-AAD is examined and visualized on
a microscopic scale. By means of fluorescence confocal microscopy, the recovery of the gel after
a mechanical disruption (induced by a scratch) is monitored (Figure 23A). Here, the gel is dam-
aged by a scratch induced with a 0.2 mm thick needle using a micromanipulator setup. The re-
sulting scratch exhibits a width of 201.5 ym £+ 19 uym. When the scratch is applied 13 min after
the addition of fuel, the fiber network is able to regenerate within 72 min (Figure 23B). When
the scratch is performed earlier than 13 min after the fuel addition, the structural self-healing
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actually occurs too fast to be monitored. When a scratch is performed much later than 13 min
after the fuel addition, an incomplete and slow self-healing is observed (Figure 23C). Moreover,
the self-healing ability is dependent on the scratch size. The fastest recovery of the induced
damage is observed for scratches smaller than 200 pm, whereas for scratches greater than

~300 um, no regeneration of the fiber network can be observed (Figure 23D).

Furthermore, the effect of the reaction waste product EDU is investigated. Here, it is observed,
that the self-healing ability of the system decreases with increasing EDU concentration (Figure
23E). When the EDU concentration is too high (>=150 mM), no self-healing is present at all. This
motivates the hypothesis that the decreasing ability to self-heal with time could be due to the

increasing EDU concentration in the gel.
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Figure 23: Fluorescence confocal microscopy images of 10 mM Fmoc-AAD fueled with 500 mM EDC be-
fore and after scratching with a 0.2 mm thick needle (A). When the scratch is executed 13 min after the
fuel addition, a recovery of the gel structure within 72 min is observed (B). The depicted data in B repre-
sents an exemplarily sample. Furthermore, the velocity of recovery of 10 mM Fmoc-AAD fueled with
500 mM EDC in dependence of the gelation time (C), scratch size (D), and EDU concentration (E) are de-
picted. The depicted data in C-E represent the mean value of at least two independent samples with cor-
responding standard deviation.

Based on these observations, it can be hypothesized, that the fiber network is able to reassem-
ble after a mechanical disruption by the consumption of EDC. The building blocks within a fiber

undergo permanent activation and deactivation reactions, however, due to kinetic trapping, the
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fibers can remain in their assembled state and do not disassemble immediately. Indeed, the fi-
bers represent a co-assembly state combining building blocks in their precursor- and anhydride

state (Figure 24), as confirmed by "H-NMR spectroscopy.
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Figure 24: Possible self-healing mechanism of Fmoc-AAD hydrogels after a mechanical damage. The ini-
tial fiber formation is generated by the fuel that leads to the conversion of the precursor into the anhy-
dride product. Due to the permanent activation and deactivation reaction of the Fmoc-peptides as long as
fuel is available, some building blocks are present in the precursor state and others in the anhydride state
within one fiber. When a mechanical stress is induced, the fibers are disrupted and break into pieces.
When the fiber end caps are reactivated by the fuel, new building blocks can assemble and thus the fiber
is regenerated. Due to kinetic trapping, the fibers can be maintained for a certain extent, even when the
fuel is fully consumed.

When the fibers are mechanically ruptured apart, new fiber end caps are created (Figure 24).
When the building blocks of the fiber ends are reactivated by EDC, it seems that new Fmoc-
anhydrides can assemble at the fiber ends. This leads to the reconstruction of the fiber network
and thus to the recovery of the gel stiffness (Figure 24). However, due to the accumulation of
EDU, which influences the assembling kinetics of the Fmoc-AAD peptides, self-healing is only
possible within the first minutes after fuel addition. As soon as the EDU concentration exceeds a
certain threshold, the self-healing ability is reduced, or even fully inhibited. This effect can be
due to electrostatic or hydrophobic interactions established by the waste product. To extend the
self-healing capability of these hydrogels, it is imaginable to continuously remove the EDU from
the system by diffusion, similar to what was shown for the waste product of other systems [188].
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For applications in technical fields, the self-healing ability of the presented hydrogels is advan-
tageous. For gels, that exhibit no self-healing capability, their application and transfer is difficult,
since mechanical stress can destroy them irreversibly as soon as they are gelled. However, for
hydrogels that are able to self-heal after gelation, high shear forces are unproblematic, since the
gels are able to regenerate their stiffness autonomously. This offers the possibility to inject them

or to pass them through a hose for application.

Individual contributions of the candidate: | contributed to the design and implementation of the

experiments, the data analysis, and the writing of the article.

59



60



5. Discussion

Bacterial biofilms exhibit extraordinary properties, such as the capability to self-assemble certain
molecular structures and the ability for self-healing [38, 48, 100]. Furthermore, the EPS fulfills a
variety of different tasks and enables the bacteria to survive even in challenging conditions. To
obtain these properties, biofilms are composed of a variety of different molecules and feature a
complex internal structure and topography [1, 8, 189]. Problematic bacterial biofilms are respon-
sible for many issues in human health, in the food sector, and in the industry [2, 3, 55, 57-60].
Because of this, the formation of these biofilms needs to be prevented, or they have to be re-
moved efficiently. However, due to the biofilms viscoelastic material behavior, self-healing abil-
ity, resistance against toxic substances, such as ions and antibiotics, and wetting behavior (which
can be superhydrophobic), this task is challenging [33, 38, 46, 47]. In contrast to those examples,
bacterial biofilms can also be beneficial for humans and can fulfill important tasks, such as the
production of certain substances, removal of toxins during wastewater treatment, or serving as
additives for construction materials [6, 7, 75, 78-83]. For these applications, it is important to
cultivate biofilms with dedicated properties. Thus, in both cases (when biofilms need to be effi-
ciently removed or cultivated), it is necessary to be aware of the biofilm material properties such
as the erosion stability, viscoelasticity, adhesion behavior, and wetting behavior. The detailed
characterization of these biofilm properties helps to understand the chemical and physical prin-
ciples on which they are based on. Furthermore, these insights offer the possibility to modify

biofilm properties as desired and to mimic them with artificial materials (e.g. in synthetic hydro-

gels).

An important biofilm property is their erosion resistance, which determines the attachment to a
surface submerged in liquids when shear forces are applied to the biofilm by water streams (e.g.,
in pipes or fluidized-bed reactors) [33, 46]. In previous work, it was shown that the erosion re-
sistance of biofilms (such as those generated by B. subtilis B-1 and B. subtilis NCIB 3610) can be
altered by different chemical treatments or biological additives, especially by the addition of
certain metal cations or biopolymers [33, 190]. As described in section 4.1, for B. subtilis NCIB
3610 biofilms, the exopolysaccharides that are the gene product of the epsA-O operon seem to
play a crucial role for the erosion resistance. However, only B. subtilis NCIB 3610 biofilms that
produce this polysaccharide as well as BslA and TasA exhibit an optimal erosion resistance.
When B. subtilis NCIB 3610 biofilms lack one of these components, the erosion resistance is re-
duced, which can be rationalized by a reduced stiffness and a loss of hydrophobicity as ob-
served in these biofilms. Apart from that, the erosion resistance of these biofilms can also be
increased, for example by exposure to certain metal cations, which enhances the biofilm stiff-
ness. This indicates a certain inter-dependency of these two material properties. Another possi-
bility to increase the erosion resistance of biofilms is the addition of certain polymers such as
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PGA, alginate, or PEG to the biofilm matrix during biofilm growth. Here, in contrast to ionic
treatments, the addition of these polymers does not alter the biofilm elasticity [190]. This exam-
ple nicely illustrates that, due to dependencies of the erosion stability on other biofilm proper-
ties (such as the stiffness, wetting behavior and adhesion) (Figure 25), a characterization of one

property alone is not sufficient to understand the complex biofilm behavior.

Kf\\ﬁfv @/y/

eroded @\D ‘ )

biofilm  aterflow —

=
L\zm\{\%ox\ =

Y Y Y

biofilm surface biofilm cohesion biofilm adhesion
properties (i.e. viscoelastic
(e.g. wetting behavior) behavior)

Figure 25: lllustration of a bacterial biofilm attached to the inner surface of a pipe. Shear forces generated
by a water flow can erode the biofilm. However, some biofilm are able to resist certain shear forces. Here,
their material properties, especially the combination of the biofilm surface properties, cohesion and adhe-
sion play an important role.

The consistency of biofilms is described by the viscoelasticity, which can be very complex and
relies mainly on the interactions between the molecules of the biofilm matrix. The most im-
portant interactions, that hold the biofilm matrix and cells together are steric interactions, van
der Waals forces, electrostatic forces (including ionic cross-links), hydrogen bonds, and dipole-
dipole interactions (Figure 26) [8, 33]. The viscoelastic behavior of biofilms is typically dominat-
ed by the elastic properties. Natural biofilms are rather soft but are able to resist gravity and do
not flow by themselves [33, 38, 40, 191, 192]. However, the viscoelastic properties of bacterial
biofilms can be altered by different additives: By the addition of citric acid, biofilms can be
weakened [38], and biofilms can be stiffened by the addition of certain biomacromolecules (e.g.
eDNA) and metal cations [33, 193]. With the latter modification, biofilms can be stiffened by up
to three decades, as observed for B. subtilis B-1 biofilm for example [33]. A major component of
this particular biofilm is the polypeptide y-PGA that also largely affects the viscoelastic proper-
ties. As described in section 4.2, when solutions of y-PGA are exposed to certain metal cations,
hydrogels are formed, which is most likely due to the formation of chelate complexes. By inter-
actions between the metal cations and the polyanionic y-PGA, the molecules become cross-
linked and thus form a network. It was shown, that the same set of metal ions that increase the
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biofilms stiffness, also lead to hydrogels when added to solutions of y-PGA. This finding strongly
indicates, that y-PGA is the critical component that is mainly responsible for the ion-induced

stiffening effect observed for B. subtilis B-1 biofilm.

Also other polyanionic biomacromolecules are able to form chelate complexes with certain met-
al cations: the polysaccharide alginate, which can be produced by A. vinelandii, forms chelate
complexes upon exposure to Ca®* [34, 97, 98]. Thus, it is possible to form alginate hydrogels by
adding certain metal cations. However, not all alginate variants can be crosslinked by Ca®*, and it
is a set of different ions than for y-PGA that lead to hydrogel formation. As a reason for this dis-
crepancy, different molecular architectures of alginate (that can vary depending on the biologi-
cal source) were identified to be responsible. Only alginates that contain G-blocks are able to
form chelate complexes with Ca®* [97]. For both, A. vinelandii biofilm and the alginate produced
by this bacterium, the same set of ions lead to an increased stiffness or the formation of a gel
respectively. This indicates that alginate is the most important component of A. vinelandii bio-
films responsible for stiffening after exposure to certain metal cations. However, it remains
somewhat curious, why only some metal cations are able to form chelate complexes with y-PGA
and alginate. Potential factors for this question are the ionic size and the possible coordination
number in the formed chelate complex, and the experiments conducted in this dissertation indi-
cate, that the ionic size indeed plays an important role: smaller ions (e.g. Cu®*) tend to form che-

late complexes with a higher propensity than bigger ions (e.g. Ca**).

Such a formation of chelate complexes with metal cations offers various advantages for biofilms
although, for planktonic bacteria, high concentrations of these metal cations are toxic [33].
When these cations are bound by the biofilm matrix, they become immobilized and their toxic
effect for the bacteria is reduced. At the same time, as the stiffness of the biofilm is increased by
the ionic cross-links generated upon binding, the biofilm can resist higher normal forces and

shows increased erosion resistance [33].

In addition to the viscoelastic properties, also the adhesion behavior of biofilms is of great inter-
est for their removal and cultivation: The adhesion of biofilms to surfaces determines (in combi-
nation with the biofilm viscoelasticity) their resilience against shear- and normal forces. In sever-
al previous studies, the attachment and growth of biofilms on a variety of different surfaces has
been investigated either to prevent biofilm growth [194-198] or to enhance it [171, 172, 199,
200]. Biofilm adhesion can be established by specific and non-specific interactions between the
biofilm matrix and the surface. Common contributions are mechanical interactions with rough
surfaces, van der Waals interactions, hydrogen bonds, specific interactions (e.g. peptide bonds),
electrostatic interactions, and hydrophobic interactions (Figure 26) [172, 201]. However, there

are only a few methods to investigate the adhesion properties of bacterial biofilms [89, 90], and
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neither of them can determine adhesion in response to normal forces only. Thus, in section 4.3 a
novel measurement method was described that allows for investigating the detachment behav-
ior of bacterial biofilms exposed to such normal forces. With this method, it is possible to differ-
entiate between different modes of fracture (i.e., adhesion fracture, cohesion fracture, and mixed
fracture). It is observed that the detachment behavior is influenced by the adhesion forces to the
substrate, the biofilm stiffness (cohesion), and the biofilm wetting behavior. The results obtained
in this dissertation indicate that, in such detachment events, biofilms are more prone to material
transfer (and to fail via cohesion fractures) when they exhibit a low stiffness and hydrophilic sur-
faces properties. In contrast, a biofilm with a high stiffness and hydrophobic surface tends to not

show material transfer and thus is more prone to adhesion failures.

These findings imply, that it is easier to remove a hydrophilic biofilm with a low stiffness from
surfaces (e.g. in pipes). When a naturally grown biofilm does not exhibit these properties, it can
be possible to reduce its stiffness by treatment with citric acid [38] and to reduce its water repel-
lency via treatment with either a concentrated saline solution or a concentrated glucose solution
[46]. The former reduces ionic cross-links from the biofilm matrix whereas the latter flattens the
surface roughness of the biofilm by osmotic deflation effects. Biofilms with a lotus like hydro-
phobicity can be rendered rose-like hydrophobic (e.g. by treatment with NaCl-solution or glu-
cose solution), and rose-like hydrophobic biofilms can be turned hydrophilic (e.g. by treatment
with KCl-solution) [46]. For the cultivation of biofilms (e.g. for waste water treatment), a high
attachment of the biofilm to the substrate and thus a high stiffness and water repellency is de-
sired. Here, the stiffness can be increased by treating the biofilm with certain metal cations as
described in Grumbein et al. (2014) [33] and in this thesis. The water repellency can be increased
by specific culture conditions (such as by cultivation with nutrient limitation [47]) or by the addi-

tion of polymers (e.g. PGA, alginate, or PEG) during biofilm growth [190].

However, depending on the bacterial species, the cultivation of biofilms comes with distinct de-
mands that limit the cultivation possibilities. Thus, dedicated approaches are necessary to culti-
vate biofilms with desired properties. Many biofilms, such as those of Acinetobacter calcoaceti-
ucus and Comamonas denitrificans that are used for wastewater treatment, form biofilms on
surfaces submerged in water [202], whereas other bacterial species, such as B. subtilis spec. do
not. Bacterial cells from the latter genus either tend to form pellicles or biofilms on solid surfac-
es at the solid/gas interface. Common bioreactors are used to cultivate biofilms submerged in
water; here, the nutrient supply can easily be realized and for, certain applications such as
wastewater treatment, such direct contact with the medium is required. However, also the culti-
vation of B. subtilis biofilms (such as those of B. subtilis natto) is desired since those biofilms can
be used as additives to increase the water repellency of mortar [81, 82]: cementitious materials
are commonly used for a wide range of applications in the construction industry in which the
materials are exposed to challenging conditions, such as moisture and ice. With an increased
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water repellency, the lifetime of cementitious materials can be increased [82, 203, 204]. However,
for this purpose, large amounts of biofilm are necessary. In this dissertation, a cylindrical biore-
actor was introduced, which enables the continuous production of B. subtilis natto biofilms at
the solid/gas interface (as described in section 4.4). Here, the biofilm is cultivated on the outer
surface of a rotating cylinder, which is covered by a membrane; the nutrients are supplied by
diffusion from the cylinder core. To cultivate biofilms with this reactor, the biofilm needs to be a
sufficiently strong viscoelastic solid, so that it can stay on the rotating cylinder and does not flow
off by itself. For the same purpose, the attachment of the biofilm needs to be strong enough,
but also weak enough to allow for efficient biofilm removal. The tests conducted in this thesis
revealed, that B. subtilis natto biofilm cultivated with the novel bioreactor shows similar proper-
ties as biofilm cultivated in petri dishes: Not only the viscoelasticity and wetting behavior were
found to be similar, it was also possible to remove the biofilm automatically with a PDMS-blade,
and an increased water repellency of mortar was achievable with biofilm harvested from this
reactor as well. Thus, for usage as an additive to mortar, the biofilm cultivated with this bioreac-
tor is suitable and offers the advantage that it can be produced continuously in larger amounts.
A stronger attachment of the bacterial cells to the reactor surface could increase the biofilm
yield further. An improved binding of bacterial cells to the reactor surface during inoculation
could be achieved by modifications of the growth substrate: To promote bacterial attachment, it
is possible to activate the surface (e.g. chemically or physically), or to coat it with polyelectrolytes
or silanes [171, 172].
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Figure 26: Overview of different physico-chemical interactions that determine the adhesion and cohesion
of biofilms. Biofilm adhesion is defined by interactions between the surface and the biofilm matrix. Me-
chanical interactions are possible with irregularities of rough surfaces. Adhesion is also affected by van der
Waals interactions, hydrogen bonds, specific bonds (e.g. peptide bonds), and electrostatic interactions. In
agueous environments, also hydrophobic interactions with hydrophobic surfaces can occur. Biofilm cohe-
sion, and thus its viscoelastic properties, is defined by interactions between the biofilm molecules and/or
bacterial cells. Possible interactions include mechanical interactions, van der Waals interactions, electro-
static interactions (including ionic-cross-links), hydrogen bonds, and dipole-dipole interactions. Especially
ionic cross-links can greatly increase the biofilm stiffness [8, 33, 172, 201].

In a second part of this dissertation, the viscoelastic properties of synthetic hydrogels that were
inspired by biological systems were investigated. The curious properties of bacterial biofilms
make them unique materials: Biofilms are known to recover their stiffness after exposure to
large shear strains [38]. This phenomenon is called “self-healing” and biofilms even exhibit this
property when stiffened by metal cations. However, the molecular mechanisms that are respon-
sible for this behavior are widely unknown; it is particularly curious, that bacterial biofilms exhibit
this property, whereas ionically crosslinked alginate and y-PGA gels do not. Another interesting
property is the self-assembling ability of certain biofilm molecules into complex structures; ex-
amples are the amphiphilic surface protein BslA and the amyloid fiber forming protein TasA [30,
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31, 48, 100]. BslA consists of a hydrophobic and a hydrophilic region that are diametrically lo-
cated. In biofilms, amphiphilic BslA is capable to self-assemble into a stable surface layer. At the
interface between the biofilm and the surrounding environment (e.g. air), BslA polymerizes and
orientates itself with its hydrophobic cap towards the environment. This assembly occurs with-
out the aid of another protein or carbohydrate partner (Figure 27A) [48, 100]. TasA assembles
into amyloid fibers that specifically bind to the bacterial cell wall associated protein TapA. Thus,
a protein scaffold is formed that holds the cells together (Figure 27B) [1, 30, 31, 101]. In combi-
nation with the exopolysaccharides, these fibers mainly account for the mechanical stability of B.
subtilis NCIB 3610 biofilms. Self-assembling supramolecular structures are also found in other
natural systems such as eukaryotic cells. Here, the self-assembly of actin filaments is driven by
the chemical fuel adenosine 5'-(tetrahydrogen triphosphate) (ATP). Monomeric actin (G-actin)
forms filamentous actin (F-actin) through a reversible, noncovalent self-association. During this
polymerization, the monomeric G-actin (to which an ATP molecule is noncovalently bound) hy-
drolyzes the ATP into adenosine 5°-(trihydrogen diphosphate) (ADP) and free inorganic phos-
phate (Pj) in two steps. First, ATP becomes cleaved and F-actin-ADP + P; is formed. In a second
step the inorganic phosphate is released to the surrounding environment. The polymerization
and depolymerization results in the continued hydrolysis of ATP and thus a dynamic fiber can be
maintained (Figure 27C) [105-107]. For the cohesion of the actin monomers within one fiber,
hydrophobic interactions play a role [107, 205]. The self-assembly process as well as the self-
healing properties of these different biological systems can be mimicked artificially by Fmoc-
protected peptides (Figure 27D) [110, 117, 123]. As described in section 4.5, supramolecular
structures of Fmoc-protected peptides can be maintained in a non-equilibrium state by car-
bodiimide based fuels such as EDC. As a consequence, transient hydrogels are generated. For
Fmoc-precursor, the molecular assembly is prevented by repulsive electrostatic interactions.
With an activation reaction driven by a carbodiimide fuel, the Fmoc-precursor transform into
their anhydride state. In the anhydride state, the repulsive forces are eliminated and thus the
molecules assemble due to hydrophobic attractive forces into supramolecular structures such as
fibers. Thus, the cohesion of the molecular building blocks is based on hydrophobic interactions,
similar to BslA and actin fibers. In aqueous solution, the anhydride state of the Fmoc-peptides is
not stable and they transform back into their precursor state. Thus, both states are simultane-
ously present in the fibers. As long as fuel is available in the system and the concentration of the
waste product is low enough, these supramolecular structures can be maintained in the non-
equilibrium state [110, 117, 123]. These dynamic hydrogels offer the possibility to tune their ma-
terial properties by varying the peptide sequence and fuel concentration. It was observed here
that, with this approach, the stiffness, lifetime and yield point of the gels can be altered. Fur-
thermore, the waste product EDU (which is generated by the reaction cycle and accumulates in

the gel) influences the assembly of the supramolecular structures. By adding this waste product
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to the system, it is possible to prevent gel formation, and it is even possible to destroy the gel in

a controlled manner.

In further studies, the self-healing properties of these hydrogel systems were investigated. When
Fmoc-AAD hydrogels are disrupted by large shear forces, they are able to recover their stiffness
— at least to a certain extent. Most likely, this is due to the ongoing reaction cycle of the system,
which enables a reassembly of the supramolecular structures. However, the degree of self-
healing remains low in comparison to biological systems such as biofilms. A possible reason for
this might be the accumulation of the waste product EDU in the system. With further optimiza-
tions, these gels, inspired by natural systems, have the potential to be used as pre-
programmable sealings for (micro)-fluidic systems, or as components in soft actuators and mi-

cro-robotics.
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Figure 27: Self-assembly mechanisms of different natural and synthetic systems. A: BslA self-assembles
into a stable surface layer at the interface of the biofilm and surrounding environment (e.g. air) due to its
amphiphilic character [48, 100]. B: The amyloid fiber forming protein TasA specifically binds to the cell wall
associated protein TapA and thus forms a scaffold [30, 31, 101]. C: ATP driven self-assembly of actin fila-
ments [105-107]. D: Carbodiimide fuel driven self-assembly of Fmoc-based peptides into transient fibers
[110, 117, 123].
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In conclusion, this thesis gives insights into the molecular mechanisms and relations that deter-
mine the material properties of bacterial biofilms and bioinspired synthetic hydrogels. These
findings contribute to developing improved strategies to remove or cultivate bacterial biofilms.
However, due to the high complexity and diversity of bacterial biofilms, several questions remain
unsolved, such as, how biofilms are able to almost fully recover their mechanical strength after
exposure to high shear stresses, even when they are ionically crosslinked by certain metal cati-
ons. Furthermore, new methods to investigate and cultivate bacterial biofilms have been
demonstrated in this thesis. A dedicated method to investigate the detachment behavior of bac-
terial biofilms enables the characterization of their adhesion and cohesion properties in situ by
the application of well-controlled normal forces. Moreover, the development of a novel bioreac-
tor enables the continuous cultivation of B. subtilis natto biofilms at the solid/gas interface. In
addition, the characterization of bioinspired synthetic hydrogels in dependence of the used pep-
tide sequence, as well as fuel and waste concentration offers possibilities to finely tune their
viscoelastic properties, such as stiffness, lifetime and yield point. The self-assembly process of
these hydrogels is based on a fuel-driven reaction cycle that is inspired by the self-assembly of
actin fibers. These dynamic hydrogels even exhibit certain self-healing properties (similar to bio-
films) and have the potential to be used in different technical applications, for instance, as tem-

poral and programmable sealings.
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6. Outlook

The dynamic character of the synthetic hydrogels presented here can be beneficial for certain
applications: it allows us to program the properties of transient hydrogels, and the self-healing
capability of those materials enables advanced application possibilities (e.g. injection). Gels with
self-healing abilities can also be very useful in certain biomedical applications, such as for con-
trolled drug delivery, 3D bio-printing and tissue regeneration [206]. However, for these applica-
tions, not only good biocompatibility is necessary - in some applications (e.g. for wound heal-
ing), also gels with constant properties are needed. Yet, in such passive gels, the self-healing
possibilities are limited. A biological material that exhibits constant properties and simultane-
ously a very high ability for self-healing are bacterial biofilms. Thus, it is of great interest to mim-
ic these biofilm properties by synthetic hydrogels. However, the detailed mechanisms that are
responsible for the self-healing ability of bacterial biofilms remain enigmatic: It is unclear, why
bacterial biofilms are able to regenerate their stiffness after a mechanical disruption, even when
the matrix is strongly ionically crosslinked. Confusingly, it is possible to crosslink the biomacro-
molecules alginate and y-PGA with metal cations as well, but these hydrogels do not exhibit the
ability to self-heal after a mechanically induced disruption. However, in this thesis it was shown,
that these molecules are involved in the stiffening effect of bacterial biofilms when the biofilms
are exposed to certain metal cations. Most likely, the formation of chelate complexes induces
the increased stiffness here. Thus, one reason for the self-healing abilities of biofilms might be

hidden in certain interactions with other biofilm components.

Interestingly, it is possible to obtain hydrogels capable of self-healing based on chelate chemis-
try. For instance, the ability to self-heal was observed for different gels based on polymers (e.g.
polyethylene glycol (PEG), hyaluronic acid (HA), and polyacrylic acid (PAA)) that are functional-
ized with certain ligands (e.g. catechols, bisphosphonates, histidines, thiolates, and carboxylates)
[206-212]. Gels based on L-DOPA-conjugated polymers (e.g. PEG or HA), were shown to exhibit
good self-healing properties due to chelate complexes of the catechol groups with certain metal
cations [213-215]. In contrast to bacterial biofilms, the self-healing properties of L-DOPA are
pH-dependent: only at high pH (~9-12) a strong gel with self-healing properties is obtained
[213]. However, this indicates, that it should be possible to obtain hydrogels with self-healing

properties by using biofilm components.

Moreover, in further studies, it would be of great interest to identify the biofilm components
that are responsible for their self-healing properties. The ability to self-heal was observed in
biofilms of different bacterial strains that strongly differ in their composition, such as P. aeru-
ginosa and B. subtilis B-1 [38, 145]. To identify the responsible biofilm components, alginate and
PGA hydrogels could be enriched with further biofilm components until a system with self-
healing abilities is obtained. With this method, step by step, a reconstituted biofilm can be rec-
reated artificially. In this context, it is also possible, that the bacterial cells themselves play a role
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for the self-healing ability of biofilms. However, it was observed, that biofilms are also able for
self-healing, when the bacterial cells are not viable [38]. Thus, the self-healing ability of biofilms
is a passive material property, independent of an active bacterial metabolism. To investigate the
influence of bacterial cells on the biofilm self-healing properties, it is also possible to use bacte-
rial strains that are not able to produce a biofilm matrix by themselves and to enrich these bac-
teria with respective matrix components. When an artificial biofilm with self-healing abilities can
indeed be successfully created, this will also provide new insight into the molecular mechanisms
that are responsible for this phenomenon occurring in natural biofilms and offers new possibili-

ties to design artificial hydrogels with self-healing properties.
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Importance of the biofilm matrix for the erosion
stability of Bacillus subtilis NCIB 3610 biofilmsf
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Production and secretion of biomolecules can provide new emengent functionaities to the synthesizing
organism. In particular, the secretion of extracellular polymernc substances [EPS) by biofilm forming
bacteria creates a biofilm matrix that protects the indnadual bactera within the biofilm from external
stressors such as antibiotics, chemicals and shear flow. Although the main matrx components of
biofilms formed by Bscillus subtiis are known, it remaine unclear how these matrix components
contribute to the emsion stablity of 8. subtilis biofilms. Here, we combine different biophysical
techniques to 3ssess this relation. In particular, we quantify the importance of specific biofilm matrix
components on the erosion behawor of biofilms formed by the well -studied Bacllus subtilis NCIB 3610.
We find that the absence of biofilm matrx components decreases the emsion stability of NCIB 3610
bicfilms in water, largely by abolishing the hydrophobic surface properties of the biofilm and by reducing
the biofilm stiffness. Howewer, the erosion resistance of NCIB 3610 biofilms is strongly increased in the
presence of metal ions or the antibictic ciprofloxacin. In the first case, unspecific lonic cross-linking of
bicfilm components or individual bacteria seems 1o be responsitie for the observed effect, and in the
second case there seems to be an unspecific interaction betwesn the antibiotic and the biofilm matr.
Taken together, our results emphasize the importance of the biofilm matrix to reduce biofilm enosion
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Introduction

The production and secretion of extracellular  polymeric
substances (EPS) by biofilm forming bacteria provides the bio-
film forming community with new emergent properties:* the
bacteria are embedded within these exopolymers [the biofilm
matrix), the resulting custers protect them from the environ-
ment, antibiotes™ and other chemicals,® and the structural
rigidity provided by the biofilm matrix enables the community
to withstand high shear forces or other mechanical stresses®
and governs invasion resistance.® Although biofilm formation
can be benefid al for industrial applications,™ biofilms growing
on heart valves or medical implants cause serious infections
and device failure.*"* The biofilm matrix can be composed of
different exopolymeric substances such as proteins, poly-
saccharides, DMNA or lipids.'**" One finds an accumulation of
multiple substances like eDNA, proteins, lipids, water and sugar
within the assembled biofilms. However, not all bacterial cells
produce these biopolymers that determine the structire of
bacterial biofilms;* instead, one observes a division of labor of
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and give insights into how the specific biomolecules interact with certain chemicaks to fulfill this task

secreting and non-secreting cells and a high physiological
heterogeneity in biofilms.** Although the biofilm  matrix
composition is understood for many bacterial species, *-* 448
it is largely unknown how the individual biopolymers
contribute to the biofilm properties, eg. which of them provide
the biofilm with its high mechanical stability, Only recently,
technical advances in high-resolution optical microscopy™ and
seanning electron microscopy allowed the investigation on how
spedfic matrix components affect biofilm structure. For bio-
films formed by Escherichia colf it was shown, that cellulose
serves as an architectural element and that a network of curli
fibers forms the outer biofilm layer, “*** Similarly, the funcion
of specific proteins for cell-cell adhesion and cell encasement
within Vibrio cholerge biofilms was described.™** However,
further studies are needed to understand the role of single
matrix components for certain (physical) biofilm properties. In
this study, we focus on the soil bacterium Bacilius subtilis that
forms biofilms on solid nutrient surfaces in air, or at liquid -air
interfaces. ™ The biofilm matrix of the B subrilis strain NCIB
3610 used in this work is mainly composed of an exopoly-
saccharide produced by the gene producks of the gpsd-0
operon™ and an amyloid fiber forming protein TasAS* A
seoond biofilm matric protein, BslA™* is a sclf-assembling
hydrophobin that is primarily found on the surface of B sub-
tilis MCIE 3610 biofilms.

BSC Ade, 20199, 115211509 | 11621

75



RSC Adwances

In the past years many studies have investigated physical
properties of B suhtilis biofilms including biofilm erosion,* bio-
film elasticty'™™ and surface properties.~** However, only
recently direct correlations between the biofilm matrix compo-
siton  and specific  biofilm  properties could be  deter
mined. " Importantly, it was shown that the surface layer
protein BslA is important for the surface stiffness and surface
roughness™ of NCIB 3610 biofilms, and this protein also strongly
affects the biofilm wettability,™*** Both for B subtifs B-1 bio-
films and biofilms genemted by Preudomonas aeruginosa™ it was
shown that multvalent ions protect the biofilms from erosion.
However, if and how these ions interact with biopolvmers within
the biofilm matrix to provide this stability remains elusive.

Using a set of deletion mutants, we here investigate the
importance of selected biofilm matric components on the
erosion stability of B subtilis NOB 3610 biofilms. In addition, we
show that — similar to biofilms created by strain B-1 - also bio-
films generated by strain MCIE 3610 are protected from erosion
in the presence of metal ions. In contrast to our expectations, this
effect does not stem from interactions between a specific matrix
component with these ions, but seems to be due to unspecific
crossdinking effects - either between some matrix compone niks
or between the bacterial cells themselves. Finally, we report that
the antibiotic ciproflecacin increases the erosion resistance of
MCIE 3610 biofilms — an effect that is surprising but appears to be
specific rather than generic for antbiotics.

Materials and methods
Strains and growth conditions

The B subtilis strains used in this study are NOB 3610, CA017,
ZK3660 and N24, as described in Table 1. LB medium (Luria/
Miller; Carl Roth GmbH, FKarlsruhe, Germany) served as
complex medium for all B subtilis strains and contained the
corresponding antibiotic (Table 1), Bacterna were cultaated
ovemight in 5 ml medium at 37 “C and 300 rpm agitation. The
culturs were then diluted to an 0D, of 0,05 and grown until an
0Dy, of 0.1 was reached, representing the beginning of the
exponental gowth phase The cultures were again diluted to an
Dy of 0.05 for the erosion assay. Ster ke polvtetrafiuorethylene
(PTFE) chips [Fig. 1a) containing 10 chambers [Le., cylindrical
holes of 6 mm diameter and 3 mm depth) wene filled with hot 1B-
agar as growth medium for the biofilms. After cooling of the
medium 5 pl of the diluted cultures were applied on cach agar
patch and the chips were then incubated at 37 °C lying flat in
sterile Petri dishes without agitation for 24 h for biofilm gowth,

Tablel Strains used in this study
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These chips were then transferred to the prefilled falcon tubes
used in the erosion assays as described be low.

Erosion assay
To conduct the erosion tests, 45 ml of a testing liquid was
prepared and filled into falcon tubes, Depending on cond itons
spedfic for the different experiments, either double deionized
water, ionic solution or antbiotic solution was used as testing
liquid. The PTFE chips were placed into the faleon tubes
(Fig. 1a) which in turn were mounted onto a lab shaker (Innova
4200, Mew Brunswick Scientific). The lab shaker was then set
into rotation at 300 rpm for defined tme intervals, which
generated a shear stress of approdmately 180 mPa. The shear
stresswas calculated by measuring the rotation speed inside the
falcon tubes and using the appropriate caleulation presented in
Grumbein et ol , 2014.* After exposure to this shaking induced
shear force, images of the biofilm-covered agar patches were
acquired (Fig. 1a) using a stereomicroscope (Nikon SMZ1000).
Images were then analyzed using the freeware Image]
[version 1.48) and a graphic tablet [Wacom Intuos Art M) by
manually marking the arca of each patch that was covered with
biofilm forall measured tme steps. The detached area fraction
was determined by dividing the area covered at each time step
with the area covered at the beginning (t = 0 min]).
Measurements with antibiotic agents were performed for
three different antibiotics at the following concentrations: van-
comycin 0.75 pg ml ™" (Van); ciproflosacin 0.25 g ml™ [Cipro);
spectinomycin 64 pg ml™" [Spec). In omder for the antbiotic
agents to be able to penetrate the bicfilmjthe cels, the
measurements probocols were adapted as follows: a reference
image for time ¢ = —15 min was taken. Then the biofilm shides
were placed into a falcon tube filled with 45 ml of water [con-
taining the antibiotic in the concentrations described above) for
15 minutes. After that, the slides were taken out of the falcon
tubes and an image was taken of all biofilm patches (¢ = 0 min)
and the measuremenits were then performed as described before.

Rheological characterization

Biofilms were oultivated in Petri dishes on LBagar for 24 h
using similar growth conditions as described above, The two
following differences in the growth protocol were applied to
obtain large amounts of biofilm as needed for rheology: culti-
vation overnight was executed in 10 ml LB medium, and 100 pl
of this liquid culture was applied and homogeneously distrib-
uted on a Petri dish filled with LBE-agar. The biofilms were
incubated with different salt solutions (50 mb FeCly, 50 mM

Sirain Genoly pe Remalning maln matrix compositlon Antblote and coneentration Reference
MCIB 3610 Wild-type Proteins Tasa & Bela, exopolysaccharide Mone 53
CAT* tagdskan Pratein Bela, exopolysaccharide Kanaryeln, 50 pg il =" 28

N24* Bl vt Protein Tasa, exopolysaccharlde Chlomamphenicol, 5 g ml™ et
ZHEARED" apd-0ztet Protein Tasa Tetracyeline, 125 pg ml ™" Lt
BIM30 Wwild-type Unable to produce a proper biofilm matris Maone 55

* These sirains are non-sogenic dedvatives of strain NCIB 3610,
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Fig. 1 Erosion stability of NCIB 3610 biofilms. [A] Schematic representation of the erosion expenment. Left: a PTFE slide containing 10 biofilm -
cowered 3gar patches is inserted into atube which is then filled with a testing solution [middle). Shear forces are induced by setting the tube ino
rotational motion using a lab shaker. Right: images and sketch of biofilm-covered agar patches before (0% biofilm removal) and during [63%
bicfilm removall an emcsion experiment. Sometimes folding of the biofilm over the edge during detachment was cbserved. Consequently, only
the biofilm free area was caloulated as a measure for biofilm remanal. [B) Biofilm e rosion of biofilms formed by the NCIB 3610 wild-type strain and
mutant strains inwater. [MCIB 3610 is depicted in blue, the tasA mutant in turguotse, the balA deletion mutant in green and the epsA-Crmutant in
orangel. [C] Time-point of 50% detachment for NCIB 3610 and mutant strains in water.

CuS0y, 50 mM CaCly, 250 mM MNaCl, or double deionized water
as a control] for one hour, For hydrophilic biofilms |gped-0,
hst4), 10 ml of the solutions were poured onto the biofilm; for
hyd rophobic biofilms (B. subtilis NCIE 3610, tagd) 20 ml were
added, so that the liquids were able to cover the whole biofilm.
After the incubation the solutions were discarded and the bio-
films were harvested from the agar plates by manual seraping.
Additionally, reference samples were prepared which were not
incubated with liquids at all. Those reference biofilms were
harvested directly after the growth period.

Eheological measurements were performed using a commer-
cial shear rheomete r{hM CR 302; Anton Paar Gm bH) equipped with
a 25 mm plate-plate grometry. The plate separation was set to
0.4 mm for almost all samples; only for the samples incubated
with FeCl: (which exhibited a very high stiffness) a larger plate
separation of 0.7 mm had to be used. For a single measurement,
biofilm from up to two agar plates had to be pooled to collect
enough materdal to fill the measunng gap. A sobent trap was
applied to prevent drying of the samples during the measure-
ment. All measurements were conducted at 21 “C and in strain-
controlled mode, and frequency sweeps were recorded in
a frequency mnge of 0.1 Hz to 10 Hz. Small strains comes ponding

This joumal i€ The Royal Society of Chemistry 2119

to a constant torque of 0.5 pNm were applied to guarantee linear
response. For each condition, three different samples were tested.

Within each rheologial experiment, the storage and loss
modulus were determined; however, for simplicity [as the loss
moduli exhibited the same trends we describe for the storage
moduli], only the storage modulus is discussed in the manu-
seript. Since the recorded moduli showed only a very weak
frequency dependence, the obtained storage moduli were
averaged over the complete measured frequency spectrum to
obtain the bar plots shown in the manuscript. Obvious outliers
resulting from measuring artefacts were excluded from caleu-
lating these mean values., This averaged storage modulus is
referred to as biofilm stiffness (Ga) in the manuscript. Error bars
denote the standard deviation calculated from the mean values

of three frequency sweeps.

Here, the above described day cultures were diluted to an optical
density of 0,05 in a 1.5 ml reaction tube containing 500 pl of LE
medium before being spotted onto LBE-agar plates. On cach plate,
five 5 pl spots wene applied at equal distance and the plates were
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incubated at 37 °C for 24 h. Then 10 pl drops of water were
applied to the biofilm surface. An image of each droplet on the
biofilm surfaoe was acquimed with a Canon PowerShot G 12 digital
camera and the contact angle was determined using the angle

tool of Image].

Significance analysis

For signifimnce analysis we performed a Wilcoxon rank test
using the program Igor? Pro (version 7.04, WaveMetrics) as the
samples were not normally distributed. The significance level
was chosen as ¢ = 0.05 (**] and plotted in the corresponding
figures and ES1 Table 2.4

Results

Matrix components contribute to NCIE 3610 biofilm erosion
stability
In a first set of experiments, we studied the erosion stability
of hiofilms formed by the Baclivs subtilis NCIB 3610 wild-
type strain exposed to water [Fig. 1a). When challenged by
fluid shear induced by shaking, biofilms formed by this
strain detached from the agar patches on the PTFE chip
within 65 min: the averaged erosion behavior of these wild-
type strain biofilms was approximately linear [Fig 1b,
Table 511), with 50% of the biofilm mass being detached
from the agar surface after 32 £ 4 min (Fig. 1c). This was in
contrast to submerged control samples investigated in the
absence of shear forces, which did not detach [data not
shown). In a next step, we investigated the erosion stability
of biofilms formed by several mutant strains each lacking
one or two components of the biofilm matrix (Fig. 1b). The
first deletion mutant, tasd, lacks the amyloid fiber forming
protein TasA,=* Biofilms formed by this mutant detached
from the agar patches in a sigmoidal fashion (Fig. 1b and
Table 51t) and faster than the wild-type strain biofilms: here
50% of the biofilm was already eroded after 22 £ 2 min
(Fig. 1c). Biofilms generated by a deletion mutant lacking the
surface layer protein BslA™* also detached in a sigmoidal
fashion (Fig. 1b, Table S1f) with 50% of the biofilm mass
being eroded within 13 + 2 min. The lowest erosion stability
was observed for biofilms formed by a deletion mutant
unable to produce the exopolysaccharide.** Here, biofilm
removal was exponentially growing with time (Fig. 1b, Table
511), with a 50% detachment value of 9 + 2 min (Fig. 1c). In
this context, it is important to note that expression of the
exopolysaccharide is necessary for the producton of the
BslA protein®® Consequently, this epsA-0 mutant also lacks
the BslA protein which might explain why this biofilm
variant exhibits the highest sensitivity to erosion. From this
data, we conclude that - among the conditions tested here -
the absence of either BslA and/or the exopolysaccharide has
a strong influence on the erosion stability of the biofilm.
To better understand the mechanisms by which the biofilm
matrix components contribute to the biofilm erosion stability, we
investiga ted two physical biofilm properties that could be relevant.
First, we analyzed if the lack of certain biofilm matrix com ponents

11624 | G50 A, 2199, NE31-11500
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would affect the wettability of MCIE 3610 biofilms. This question
was mobvated by previous results on wild4ype biofilms which
demonstrated that a reduction of the biofilm suface hydmpho
bicity can mable faster erosion.* To assess the biofilm wettability,
we determined contact angles: values greater than 90 indicate
a hydrophobic surface, while contact angles smaller than 90°
represent @ hydrophilic surface. We found that the surface of
biofilms formed by the wild4ype strain was hydrophobic with
a contact angle of (129 + 2T (Fig. 2a). In contrast, bsl4 and gped-0
mutant stmins formed biofilms with hydrophilic surfaces as
demonstrated by measured contact angles smaller than 35
(Fig. 2a). For tazd biofilms, the wetting properties were a bit more
complimted. Here, the biofilm initially echibited langre contact
angles in the range of (132 + 2T ; however, the droplet then spread
and reached final contact angle values comparable to those ob-
tained for the other mutant strain biofilms.

werall, this agreed with previous results from the litera-
ture™ and demonstrated that the absence of one or two biofilm
matrix components strongly alters the wetting behavior of the
biofilm, shifting it from hydrophobic to byd rophilic. Moreover,
the differences in biofilm erosion stability described above
agree well with the differences in biofilm wettability: the
hydrophobic wildtype biofilm showed the strongest erosion
resistance, the hydrophilic bsid and epsA-0 biofilms (which both
lack the hydrophobic surface protein BslA) showed the weakest
erosion resistance, and the tesd biofilms exhibited both inter-
mediate wetting and intermediate erosion properties.

A second possible biofilm property which could affect the
biofilm erosion process is the biofilm bulk stiffness. Althowgrh
previous experiments™ showed that the stiffness of untreated
wild-type biofilm is comparable to that of biofil ms formed by the
individual mutant strains, this could change afrer pmlonged
biofilm exposure to water [as it is the case in our erosion tests) -
especially since the different biofilm variants exhibited differ-
ences inwettability. Indeed, after incubation with water, biofilms
formed by the three mutant strains showed a decreased biofilm
stiffmess [Fig. 2h): this drop in biofilm stiffness was strong for the
gped-0 mutant biofilm, weaker for the bsld mutant biofilms and
virtually absent for (hydrophobic) tasd and wild-type biofil ms.
From this data, we conchide that softening of the biofiln matrix
by prolonged exposure to water may also contribute to the
erosion behavior of the biofilm - and that this softening effect is
direetly related to the biofilm wettability.

Metal ions increase the erosion sta bility of NCIE 3610 biofilms

InGrumbein et al, 2014 * it was shown that selected metal ions
increase the erosion stability of Becillus subtilis B-1 biofilms,
whose biofilm matrix is mainly composed of y-polyglutamate.
Consequently, we assessed if metal ions are also able to increase
the erosion stabi lity of MCIB 3610 biofilms which - as described
above - possess a completely different biofilm matriz We
therefore tested the erosion behavior of NCIB 3610 biofilms in
the presence of Fe'', Cu™" and Ca™; those ions were chosen
since they have been shown to induce a strong increase in
erosion stability of B-1 biofilms?* In addition, we also tested the
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Fig. 2 Abszence of biofilm matrix components affects wettability of the biofilm surface and biofilm stiffness. (&) Wetting behavior of NCIB 3610
wild -type and mutant strain biofilms. Turquoise +: corresponding contact angle right after application of water droplet [this value i not included
in the significance analysis). [B) Biofilm stiffness given as the storage modulus obtained by macrorheclogy.

influence of the monowvalent ion Na®, which had shown no
effect on the erosion behavior of B-1 biofilms.

Indeed, we found that all three multivalent ions Fe*", Cu™,
and (a™" strongly decreased erosion of NCIB 3610 biofilms
[Fig. 3a}; in case of the former two, biofilm erosion was almost
totally inhibited . However, biofilm erosion was also decreased
in the presence of the monovalent ion Na® (Fig. 3a). In a set of
control experiments, we ensured that the pH of the ion solu-
tions alone was not responsible for the observed increase in
erosion stability (Fig. 4). Hence, we believe that the presence of
the metal ions in our experiments is the main reason for the
decreased biofilm erosion of the tested biofilms. Interestingty,
the effect of metal ions to decrease biofilm erosion is not
exclusively due to an increase in biofilm stiffness [Fig 3b),
although we did find an effect on both properties for ™" and -
albeit weaker - for Cu™.

Interaction of metal ions with biofilm matrix components

In a next set of experiments, we assessed the questdon if the
tested metal jons interacted with specific components of the
biofilm matrix, and if such an interaction was responsi ble for
the observed increase in biofilm erosion stability. To do so, we
repeated the erosion experiments with the ion solutions, but
this timewe applied the ion solutions to biofilms created by the
mutant strains introduced above. We found that, in the pres-
ence of Fe'', biofilm erosion was almost completely inhibited
for all mutant strains tested (Fig. 3a). At the same time, biofilm
stiffness was increased to similar levels for all mutant strain
biofilms as for the wild-type biofilm (Fig. 3b). Interestingly,
a bacterial colony formed by a B subfilis strain unable to
produce any biofilm matrix [ESI Fig. 1f) was also completely
protected from erosion in the presence of Fe''. From those
experiments, we conclude that the Fe'” ions do notinteract with
a single specific biofilm matrix component Instead, the
observed increase in biofilm stiffness and erosion resistance
seems 0 be due to unspecific ionic ross-linking effects. Of
course, the source of this unspecific cross-linking effect is
difficult to pinpoint as it could occur either between different

This joumal i © The Royal Sockedy of Chemistry 219

matrix components, between matrix components and biofilm
bacteria, or between individual bacterial cells themselves and/
or the agar substrate,

In the presence of Cu®”, we obtained a similar picture as for
Fe'": biofilm erosion was decreased for all mutant strains
however, this effect was not always as strong as for the wild-type
biofilm (Fig. 3a). As for Fe'™", also for Cu™, we detected an
increase in biofilm stiffness for all biofilm variants - albeit less
pronounced than for Be''. Taken together, this seemed o
suggest that erosion sensitivity and biofilm stiffness are directly
related for B. subtilis NCIE 3610 biofilms, and both can be
affected by unspecific cross-linking effects induced by multi-
valent ions.

Experiments conducted with solutions containing either
Ca™" or Na“, challenged this picture. Here, we did not find
combinations of ions and biofilms where the biofilm stiff-
ness was increased compared to the control performed with
pure water. Nevertheless, there were conditions where bio-
film erosion was significantly decreased - even for Ma®

[Fig. 3).

The antibiotic ciprofloadn inoreases crosion stability of
MCIE 3610 biofilms

In a last set of experiments, we investigated if spedfic antibi-
otics also affect the erosion stability of NCIE 3610 biofilms.
Antibiotics represent an important medical treatment to coun-
teract bacterial growth and are often applied in an squeous
environment. We tested three different antibiotics that differ in
their mode of action: (i) vancomydn, which inhibits the
production of the bacterial cell membrane® (i) ciprofloxacin,
that inhibits DMA replication® and (iii] spectinomycin, that
inhibits protein synthesis®** All antibiotics where applied at
concentrations that are above the individual minimal inhibitory
concentration (MIC) proven to have an effect on single bacterial
cells (ESI Fig. 2t). We find that biofilm erosion of the wild-type
strain NCIE 3610 is not significantly affected in the presence of
vancomydn and spectinomycin (Fig. 5a). The presence of
ciprofliadn, howewer, increased the erosion stability of NCIB
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Fig.3 Metal ions increase the erosion stability of NCIB 3610 biofilms. (A) Biofilm erosion of the NCIB 3610 wild-type and several mutantstrains as
mean fraction of removed biofilm from the agar patches compared to the fully covered patches at time t = O min. (B) Biofilm stiffness ofthe NCIB
3610 wild-type and several mutant strains. (A and B} Black line indicates value of comesponding water treated sample.

3610 biofilms (Fig. 5a). Surprisingly, the presence of this anti-  biofilms lacking one or two biofilm matrix components, and
biotic lead to a small decrease in biofilm stiffness (ESI Fig. 31), found that in the absence of one or two biofilm matrix
which is the opposite trend as we described abowe for the metal  components the protective effect of ciprofloxacin was strongly
ions. Whenwe studied the erosion stability of the mutant strain  reduced (Fig. 5b).
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Fig. 4 Influence of pH on biofilm erosion. The pH of each tested ionic solution s gvenundemeath the comresponding biofilm removal data of
the wild-type strain.
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Discussion

In this study, we presented a quantitative time-resolved ana lysis
on the erosion stability of Bacills subtilis NCIE 3610 biofilms.
In particular, we demonstrated the importance of the biofilm
matrix in thisregard and showed that the erosion kinetics d iffer
fior all strains studied ranging from linear erosion observed for
the wild-type strain, over sigmoidal erosion kinetics for strains
lacking the TasA protein in the biofilm matrix, to exponential
erosion kinetics for the strain not able to produce the exopoly-
saccharide. Linear erosion kinetics were previously also found
for a different Bacillus subtilis variant, ie. B subtilis B-1," whose
biofilm matrix is mainly composed of y-polyglutamate.”

Different molecular factors might be important for the
erosion stability of bacterial biofilms** such as biofilm
composition or the distribution of molecules throughout the
extracellular matric, In this study, we addressed two physical
biofilm properties influencing biofilm erosion. We showed that
B. subtilis WCIBE 3610 biofilms with a hydrophobic biofilm
surface, as well as biofilms with a high biofilm stiffness exhibit
an increased biofilm erosion stability, and that this erosion
stability is stromgly reduced if one or two biofilm matric
components are missing in the biofilm matrix Thereby, the
TasA protein seems to be of minor importance, while the
surface layer protein BslA and the exopolysaccharide have
a strong impact. However, the presence of all biofilm matrix
components is necessary to achieve the full erosion stability of
MCIE 3610 biofilms. It appears reasonable that a less hydro-
phobic biofilm would be more susceptible to softeni ng ind ueed
by water ingress, and that a softer biofilm can be removed from
a surface by shear forces more easily than a stff biofi b variant.
Howewer, how the different biofilm matrix molecules work
together to fine-tune both of those properties at the same time,
cannot be disentangled at this point.

In our study, we also investigated the importance of certain
chemicals on the erosion stability of Bacillus subtilis NCIB 3610
biofilms. First, we addressed the presence of metal ions on

This joumal = € The Royal Society of Chemistry 2019

biofilm erosion stability. Both, mone and multivalent metal
ions are presentin many fluid environments such as the human
blood,*” or in pipes and tubes of the food industry.® In contrast
to biofilms formed by the Bacillus suhtilis strain B1 * that were
protected from erosion by mult-valent ions only, we here found
that the erosion properties of biofilms formed by strain NCIB
3610 can also be modulated by the mono-valent ion Na”, At this
point, we attribute this difference in biofilm response to
differences in the composition of the biofilm matrix of these
strains.”** Similar to previous results obtained for B subiis B-1
biofilms,* here we also detected a stiffening of the biofilm upon
exposure to Fe'" and Cu™ ions. However, specific interactions
between a certain biofilm matrix component and these metal
ions seem ot to be required to obtain this effect. This finding
appears to fit into a broader picture,®** as an effect of seleced
metal ions on the erosion stability and/or stffness was also
described for Psendomones geryginese™** (where the main bio-
film component is alginate] and Staphylococcus epidermidis
biofilms.® This sugrests that protecting themsebes from
erosion by absorbing metal ions from the liquid environment
might be a more generic principle that biofilms developed to
optimize their survival in the presence of mechanical shear
forces, and that different bacterial species ma ke use of a distinet
set of matrix molecules to achieve this effect.

Second, we investigated the effect of selected antibiotics on
the erosion stability of biofilms. While the antibiotics vanoo-
mycin and spectinomycin had no effect, the presence of the
antibiotic ciprofloxacin increased erosion stability of mature
MCIE 3610 biofilms, that is attributed to an unspedfic interac-
tion with the biofilm matriz. However, biofilm stiffness was not
considerably altered by the antibiotic ciprofloacing so we
specaulate the increase in biofilm erosion sta bility being due to
an increase in biofilm adhesion. An effect of certain antibiotics
on hiofilm stiffness was also described for 5 gpidermidiz and P
geruginosa. ™**** In the latter case, the antibiotic ciprofloxacin
decreased biofilm stiffness. To our knowledge, no information
is yet available on how these different types of chemicals (ions
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or antbiotics) interact with the single biofilm matrix compo-
nents to achieve the effects described above.

In summary, we have shown that the biofilm matrix compo-
sition is important for the erosion stability of NCTB 3610 biofilms
and that this stability can be altered by certain chemicals such as
mono and mult-valent ions or the antibiotic cipofloadn.
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Supplementary Tables and Figures

Supplementary Tables

Table §1
Linear fit a+h x
a b
3610 0x0 1.6+ 0.03
Sigmoidal fit base+] max /| 1+exp(|xhalf-x)/rate) )}
base max xhalf rate
tasA 0+0 100+ 0 18.31+046 6.02+041
bsiA 0+0 100+ 0 913+0.26 | 2.09+0.25
Exponential fit yO+A*explinvTau*x)
w0 A InvTau
epsA-0 100+0 -98.19+2.94 015+0.01

In this table, the fit parameter for Figure 1b are given. The wild-type strain shows
a linear erosion kinetic. The mutants fasA and bslA show a sigmoidal erosion kinetic.

The mutant epsA-0 shows an exponential erosion kinetic.

Table 82
tasd bslA epsA-0
m L *k L
wt(Cipro) | tasA(Cipro) | bslA(Cipro) | epsA-O(Cipro)
strain Hz;O = n.s. * n.s.

Significance of biofilm detachment in the absence and presence of the antibiotic
ciprofloxacin. Siginficance levels from high to low significance: ** o=0.01, * o=0.05

and not signigicane: n.s. Top: significance between wild-type and mutants in the



presence of ciprofloxacin. Bottom: significance between each strain in the absence of

ciprofloxacin and in the presence of the antibiotic.

Supplementary Figures
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Fig §1: BD630 erosion over time. Biofilm detachment in water (black circles) and

Fe* solution (grey triangles).
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Fig S2: Antibiotics tested in this study kill the bacteria in solution as long as no
biofilm is formed. Overnight cultures of NCIB 3610 in LB medium with water or
antibiotic agent added in concentrations used for erosion experiments (from left to right:
H20, VAN: 0.75pg/ml; Cipro: 64pg/ml; Spec: 0.25pg/ml).
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Fig 83: Stiffness of biofilms does not change significantly with antibiotic
treatment. A) Storage modulus of NCIB 3610 freated with water and 3 antibiotics. B)
Storage modulus of NCIB 3610 wildtype and mutants treated with ciprofloxacin. Black

lines indicate corresponding treatment values of elasticity measured in water.
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A.2 Chelate chemistry governs ion-specific stiffening of Bacillus subtilis B-1 and

Azotobacter vinelandii biofilms

™ oovAL SOCIETY
« OF CHEMISTRY

Biomaterials
Science

View Article Online

View Journal

Chelate chemistry governs ion-specific stiffening
of Bacillus subtilis B-1 and Azotobacter vinelandii
biofilms+
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Urwanted formation of bacterial biofilms can cause problems in both the medical sector and industrial
settings. Howewer, remowving them from sufaces remains an ongoing challenge since biofilm bacteris
efficiently protect themsebes from extemnal influences such as mechanical shear forces by embedding
themsehes inte 3 matrix of extracellular polymenc substances. Here, we discuss microscopic principles,
which are responsible for alterations in the viscoelastic properties of biofilms upon contact with metal
ions. We suggest that it 5 a combination of mainly two parameters, that decides if bioflm stiffening
ocours or not the jon size and the detailed configuration of polyanionic macromaolecules from the
biafilm matrie Our results provide new insights in the molecular mechanisms that govem the mechanical
properties of biofilms. Also, they indicate that hydrogels comprising purified biopolymers can serve as
suitable model systerms to reproduce certain aspects of biofilm mechanics — provided that the correct
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raclibiomaterils-soenoe biopotymer is chosen.

1. Introduction

Bacteria am able o live in a variety of conditions, ewen in
hostile environments where mechanical or chemical chal-
lenges ame present This is made possible by the ability of bac-
teria to form biofilms, Le, colonies that sette on solid
surfaces.” ™ Biofilm formation is enabled by the secretion of
extmeellular polvmeric substances which the bacteria use to
embed themselves.”™ In such biofilms, the bacterial cells are
protected from ecternal influences such as shear forees, ant-
biotics or metal ions that are toxic for individual, planktonic
hamﬁa_'m-'lé

In industrial settings, biofilms can canse problems as they
can clog pipes or pmmote corrosion.”” Unwanted biofilm for-
mation is also an issue in the food industry and in the medical
sector:™™® when biofilms are not adequately dealt with, patho-
genic bacteria can induee health problems ™' Indeed, bac-
teria embedded into a biofilm matrix are moch more difficult
to remove or insctivate. To fight biofilms and to enable their
removal from surfaces, it is cudal to understand the micro-
seopic principles which dictate the mechanical properties of
this biomaterial. Accordingly, them is increasing effort in

Munich School of Fidenginearing and Department of Mechanical Engineering,
Technical University of Munich, 85748 Garching, Gamany.
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recent biofilm msearch to find meatment strategies to modify
the mechanical properties of biofilms, ™

Typically, biofilms exhibit a slimy consistency and can be
classified as viscoelastic materials.™ ™ However, the material
properties of biofilms can be dmstically altered when they are
exposed to certain substances such as antibiotics, enzvimes,
chelators or metal ions.™ ** If and how the material properties
of a bacterial biofilm are affected by a chemical substance
seems to depend strongly on the bacterial species generating
the biofilm.**~* For instance, whereas several bacterial bio-
films, eg, those formed by Pseudomonas aeruginosa,™
Pseudomonas fluoescens,™ Pseudomonas putida™ and Bacillus
subtilis NCIB 36107 and Bacillus subtilis B1™ have been
reported to show an increased stiffness upon spposum o
certain metal ions, they do not all react to the same set of
metal cations: whereas some divalent metal ions increase the
stiffness of B suhbtilis B-1 biofilms, other ions do not.*® In con-
trast, P gemuginosa biofilms seem to be virtally unaffected by
divalent ions, but become stiffer when exposed to trivalent
ions such as A" or Fe™"

Biofilms generated by different bacterial species not only
differ regarding the bacteria residing in the biofilm matrix,
they also comprise distinet sets of bio/ macrojmolecules. This
even applies if biofilms are crested by variants of the same
genus, Le, if biofilms by B subtilis NCIB 3610 and B. subtilis
B-1, are compared. The former secretes a mnge ufpmhclns“
and a polyssccharide whereas the lstter mainly comprises
y-polygluamate [yPGALY Of course, bacteria from other
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orders such as Pseudomodales (eg., Peendomonas aeruginosa
or Azotobacter vinelandii) differ fundamentally from B subeilis
and secrete, for example, alginate®* Howewer, whereas the
molecular composition of certain biofilms is (at least to some
extent] understood, it remains an open question which com-
ponent of the biofilm matrix is wsponsible for interact ng with
chemical substances such as metal ions.

Here, we study the influence of metal ions on the visco-
elastic properties of biofilms generated by two selected soil
bacteria, B. subtilis B-1 and A vinelandii We observe that,
depending on the biofilm variant studied, different metal
cations induce biofilm st ffening. Our results suggrest that it is
not the ion valency but mther the ion size which dictates
whether biofilm stffening occurs or not. For each biofilm
variant, we demonstrate that solutions comprising the main
macromolecular component of the respective biofilm matrix,
i.e., either yPGA or alginate, show a stiffening response to the
same subset of metal ions as the mult-component biofilm
does. Moreover, we argue that the detailed spatial organizat on
of anionic side groups of the polyanionic biopolymers is
important for the successful formation of a chelate complex
with the added metal ions.

2. Materials and methods

Bacterial strains and growth conditions

The bacterial strains used in this study are Bociius subtilis
B-1** and Azotobacter vinelandii [DSMZ 13529). B. subtilis B-1 is
a Gram-positive bacterium that is found in soil and the gastoo-
intestinal tract of humans.* B. subtilis B-1 was isolated from
an oil ficld and is able to form biofilms on solid surfaces®®
A. vinelandii is a Gram-negative bacterium from the order of
Pseudomonadales and is found in soil as well* A liquid
culture of B subtilis B-1 was obtained by mltvating small
pieces of a frozen glyeerol stock in 10 mL LB medium (Luria/
Miller; Carl Roth GmbH, Karlsrube, Germany] at 37 9C amd
300 rpm agitation for ~18 h. Then, biofilms were cultivated on
LE agar (15 g L™ Agar-Agar Kobe I enriched with 25 g L™ LE;
Carl Roth GmbH, Karlsruhe, Germany) by homogeneously dis-
tributing 100 pL of this liquid culture across a Petri dish filled
with 25 mlL LE agar and incubating the agar plates for 24 h at
37 °C and high humid ity [>80%).

To create liquid cultures of A vinelondii, two different proto-
cols were followed, and each of those made use of modified
Burk's medium as described in Pefia et al*® The difference
between growth conditions was as follows: either, cultivation
was realized in 50 mL mediom at 35 °C and 200 rpm for 72 h
[growth conditions #1) or at similar conditions as for
B. subtilis B-1 (Le., in 10 mL medium at 37 C and 300 rpm for
42 h) (growth conditons #2). The latter set of growth pam-
meters was chosen to reduce the bacterial alginate product on
to determine the effisct of alginate on the material poperties
of the biofilms. A wnelandii biofilms were also cultivated in
Petri dishes filled with 25 mL agar; however, here, the agar was
enriched with azotobacter medium [composition per liter:

Wik Articls Onling

Blomaterials Sclence

agar, 15 & glocose, 5 g; mannitol, 5 g; CaCle2H20, 0.1 &
MgS0,7H20, 0.1 g; Na:MoOy2H20, 5 mg; Ka:HPOY, 09 &
KH2POy, 0.1 g FeS0y TH20, 001 g; Cal0s, 5 ). For generating
A. vinelondii biofilms, 200 pL of the liquid o lhre was homoge-
neously distributed across the agar plates and incubated for
24 hoat 37 °C and high humidity (=80%]).

Extraction of y-PGA and alginate

-PGA was extracted from B, subtilis B-1 liguid cultures based
on a protoeol published in Kaplan™ In brief, B. subhilis B-1
was cultivated in 10 mL mediom E* at 30 °C and 100 rpm for
15 h. Subsequently, 5 mL of this liquid colore was added o
250 mL medium E in baffled Erlenmeyer flasks and incubated
at 30 °C and 100 rpm untl the static phase of bacterial growth
was mached [this occurred after ~70 h). Then, the culture
broth was mixed with ice in a volumetric ratio of 2: 1, and the
cold liquid was centrifuged at 3500g and 4 °C for 1 h
Afterwards, the supernatant was mixed with ice<old ethanol
in a ratio of 1 : 4 and incubated at —20 °C for 48 h. The result
ing precipitate was dried at 37 °C, sobed again in 100 mL
ddH, 0 and dishzed against ddH.O at 4 °C for 48 h using
dialysis membranes with a MWCO of 12-14 kDa. Then, the
polymer solution was centrifuged at 100000g at 4 °C for 4 h,
the supernatant was frozen at —20 °C and freezedried. The
identity of the purified wPGAwas verified using a com bination
of chromatography and spectroscopy [Fig. 511).

Alginate was exmeted from A vinelgndii liquid cultomes
sccording to the pmtocol outlined in Sabra & al® The pub-
lished procedure was followed stepby-step with one exception:
here, the alginate prod udng culture was cultivated in 50 mL of
Burk's medium in 250 mL unbaffled Erlenmeyver flasks at
35 °C and 200 rpm for ~72 h.

Rheological measumments

To determine their rheological properties, biofilms generated
by B. subtiliz B-1 or A vinelandii were harvested from the sgar
substmte by manual scraping; afterwards, thoy were reated
with different salt solutions at defined pH or (as controls) with
0.6 M HCl and ddH,0, respectively. The unbuffered stock solu-
tions of the different metal salts had concentrations (those are
different due to differences in ion solubility) and pH values as
follows: CaCl, (1 M; pH 2.8), MnCl, [1 M; pH 2.7), ZnCL, (1 M;
PH 5.4), CuCl, (1 M; pH 0.9], MgCl, (0.4 M; pH 4.1), CrCl, (0.4
M; pH 0.1), FeCly (0.4 M; pH 0.2); VCL, (04 M; pH 2.5). VCL,
was dissolved in buffer containing a mix of goomse oxidase/
catalase to slow down the naturally occurring  oxidation
process of the ions. Nevertheless, we expect that, at all con-
ditions tested here, there is a mix of V" and V' ions present
[which ratio changes over time as the ions oxidize). To assess
the influence of pH on the outcome of the experiments, the
pH of CaCl, and ZnCl, solutions was - for a subset of experi-
ments - increased to 6.8 by adding 1 M Tris-buffer to the salt
solution; for a similar purpose (as indicated in the caption of
respective figure), the pH of the ZnCls solution was red need to
2.1 by adding of 32% HCL
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For a single measurement, biofilm from up to two agar
plates had to be pooled to collect enough material to fill the
measuring gap. The salt solutions were mived with the biofilm
such that the final concentration of the metal cations was
adjusted to 0.25 M. The biofilms were oeated with the salt
solutions for 5 h before their rheological characterization was
initiated .

These ion concentrations ame much higher than what bac-
teria ame exposed toin nature — in natural environments such
as soil, the concentrations of metal ions can be up to 570 mg
kg~ zinc and 750 mg kg~ copper.® However, the aim of this
sty is to unmvel why certain metal ions induce biofilm stiff-
ening whemas others do not Bemuse of that, also rather
exotic metal ions such as Vanadium were investigated.
Mommer, 0 minimize experimental uncertainties, the high
ion concentratons were chosen here. With this stmtegy,
unwanted side effects associated with inhomogeneous distri-
butions of ions within the biofilm sample (which would be
maone likely for lowerion concentrations) were reduoed.

Rheological measurements were performed using a com-
mercial shear rheometer (MCR 302; Anton Paar GmbH, Graz,
Austria) equipped with a 25 mm plate-plate geomeiry. For
biofilm samples with a stiffness of G' < 10 kPa, the plate separ-
ation was set to 0.3 mm. For biofilm samples with a higher
stiffness, the plate sepamtion had o be increased to 0.7 mm.
A solvent trap was applied to prevent sample drying during the
measurements, which were realized at 21 °C and in strain-con-
trolled mode. To ensure linear material response (which is
confirmed by large amplitude oscillation measurements, see
Fig. 52 and 531), small strains cormesponding to a torgque of
~{1.5 pNm (this cormesponds to a shear stress of ~0.1 Fa) were
applied. For each cond ition, at least three samples were tested,
which wemr obtained from one to two biological replica.

Measurements with y-PGA and alginate solutons were con-
ducted at a final biopolymer concentration of 1.5% (wiv) each,
and the final concentration of added metal cations was always
set 0 0.25 M. As reference, the biopolymer samples were
mixed with ddH»0 or 0.6 M HCL The biomacomolecule solu-
tion was always placed first onto the bottom plate of the rhe-
ometer; then, either a salt solution, ddH,0 or HCl was added
onto this biomacromolecule laver without any additional
mixing. This procedure was chosen since, when mixed outside
the rheometer, phase sepamtion occurred in several cases,
which made a rheological evaluation of those samples
impossible because parts of the sample will be lost during the
transfer process. In contrast, when the sample is mixed
directly on the rheometer, the ions lead to the formation of a
skin-like film on the surface of the biopolymer sample and,
here, this thin surface layer can be maintmined for the
measurement. Finally, the measuring head was lowered onto
the sample, and after a waiting tme of five minutes the
messurement was initiated.

The sample volume used was 200 pL for all samples, and
the plate separation was set to 0.1 mm for all y-PGA-samples
as well as the alginate samples mived with ddHx0 and MnCls
amd to 0.3 mm for all other alginate samples. For the smaller
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plate separation, this caused exoess sample to be squeczed out
from the gap.

Data analysis

In every rheological experiment, both the storage and loss
modulus were determined over a frequency range of 0.1 Hz o
10 Hz with 21 measuring points, Exemplary frequency spectra
for both, biofilms and biopolymer solutions/gels [with and
without exposure to a selected metal ion) are shown in the ESI
(Fig. 54-571). Since, in all cases described in this paper, the
moduli obtained for a given sample were only weakly depen-
dent on frequency, they were avemged over the complete
measured frequency spectrum and are referred to as platean
moduli [Ge) in the manuscript. Obvious outliners resulting
from measuring artefacts were excluded from calculating these
mean values, Then, averaged values obtained from different
repetitions of a sample were sveraged again to obtain the bar
plots shown in the manuscript.

Subsequent to the first frequency sweep, a strain ramp was
executed for all biofilm samples. As a consequence of this
strain ramp, the material was exposed to a shear strain as large
as 1000%, which is sufficiently high to induce material failure/
yielding.™ Afterwards, the sample was allowed to rest for 15
seconds; then, a second frequency sweep in the range of 0.5
Hz to 10 Hz was conducted. To determine the degree of self
healing, the average storage moduli of the first and second fre-
quency sweep were determined in the frequency range of 0.5
Hz to 5 Hz, and the ratio of these two average values was
calculated.

Error bars shown in Fig 1, 3 and 4 denote the standard
deviation as calculated from the mean values of at least three
different samples.

3. Results and discussion

When exposed to certain metal ions, the viscoelastic properties
of B subtilis B-1 biofilms are significantly altered; previoos
results showed that a mechanical fortification of this biofilm
[Le., an increase of both viscoelastic moduli) can be achieved
with Fe*" ions but not with Fe** ** Whereas this finding seems
to suggrest that a certain ion valency might be required for
obtaining such an effect, experiments conducted with other
trivalent and divalent ions challenge this hypothesis: the
addition of Cu™, Zn*" and Cr*" leads o an increase in biofilm
stiffness whereas adding other metal cations such as ™ and
Mn*" does not Fig. 14). This shows that, at least among diva-
lent ions, other parameters need to be considered.

One possible explanation for this somewhat puzzling result
could be that the salt solutions contsining the metal ions
differ in terms of pH, and that those differences in pH are
responsible for the different experimental outcomes. Indeed,
at a concentration of 1 M of the respective metal cation,
unbuffered agqueous solutions of CaCls, MnCly, CuCly and
CrCls exhibit a strongly acidic pH below 3 (see Methods for
details), whemas solutions containing ZnCly are only mildly
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addic (pH ~ 5.4). However, as depicted in Fig. 14, altering the
pH of the salt solutions (Le., lowering the pH of the ZnCl, solu-
tion to 2.1 or increasing the pH of either the CaCl, or ZnCl,
solution to 6.8) does not qualitatively change the experimental
outcome - only the degree of biofilm fortfication is affected.
Momoer, in additonal control experiments, where the
biofilm was exposed toa 0.6 M HCI solution | pH = 0.1) devoid
of metal ations, the stiffness of the B subtilis B-1 biofilm was
even reduced. Together, this shows that the increase in biofilm
stiffness observed after exposure to selected metal cations is
due to ion specific effects.

There are at least three possible variants of ion-specific
intemctions, which could be considered to contribute to the
observed  biofilm  stiffening: counter ion  condensation,”*
Hofmeister effects,™ or the formation of a chelate comples.™
If counter ion condensation ocours, (metal) ions concentrate
on polyanionic polymers and thereby alter the charge density
on the polymer chain. This lead s to conformational changes of
the polymer, affects its interactions with other polymers and
thus might alter the viscoelastic properties of a polymer
network (such as a bacterial biofilm). For this effect o be mele-
vant, Manning's criterion needs to be fulfilled, fe., the ratio of
the Bjerrum length and the line charge of the polyanionic
polymer should be well above 1. However, for the main polva-
nionic macromol ecule of the matrix of B subtilis B-1 biofilms,
7-PGA™ we caloulate a value of ~0.9. Thus, Manning con-
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densation is not likely to explain the observed biofilm
stiffening,

The net possible scenario we consider am Hofmeister
effects. According to Hofmeister theory, ions can be either cos-
motmpic or chaotropic: whereas cosmotropic ions indoce
protein precipitation [*salting-out’) by enhancing hydrophobic
interactions, chaotropic ions cause protein denaturation
[‘saltingin'] by weakening hydrophobic intemctions, Even
though the main component of the B subtilis B-1 biofilm
matrix, y-PGA, does not carry hydrophobic motifs, other
biofilm components could be affected by altemtions in hyd m-
phobic interactons, and this might explain the observed
changes in biofilm viscoelasticite. Hyde et al® showed that
both, Mn*' and Zn™, have a cosmotropic effect on proteins,
whemas Cu™ has a chaotmpic effect However, we find that
Zn*" and Cu™ increase the stiffness of B. subtilis B-1 biofilm,
whereas Mn™ does not This dissgreement almeady indicates
that Hofmeister effects cannot mtionalize the ion-spedfic
increase in biofilm stiffness observed here.

Instead, it was suggested before, that di- and trivalent metal
ions can induce ionic cross-linking in biofilms, and that this
crossdinking is responsible for biofilm stiffening. Of course,
for metal cations to act as cross-linking agents, they require a
polvanionic target polymer, and the polyanionic macm-
molecule ¥-PGA has already been described to be able to form
chelate complexes with positively charged ions.*** Thus, it is
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reasona ble to assume, that solutions of purified y-PGA react to
the same subset of metal cations as B, subtilis B-1 biofilms.

Of eourse, different from biofilms (which are viscoelastic
solids, see Fig. 54f), 1.5% [wv) solutions of y-PGA are visco-
elastic fluids (Fig. 55f) and thus are slightly dominated by
their viscous properties (Fig. 1B). On a microscopic level, this
can be explained by the absence of cross-links in a pure y-PGA
solution - entanglements alone are not suffident for those
flexible polymer chains to establish a pronounced elastic char-
acter. Howewer, when y-PGA polymers become cross-linked, for
example by metal ions, the viscoelastic properties change and
the storage modulus becomes dominant, fe gelation is
induced. This is, eg, observed when y-PGA is mixed with
ZnCl,, both at acidic and neutml pH. The latter result is
important since cxperiments described in the literatme indi-
cated that strongly addic conditions may induce gelaton of
T-PGA solutions even in the absence of metal ions, However, at
the conditions tested here, acidic gelation seems not to be nele-
vant: when a yPGA solution is titrated to stoongly acidic levels
by mixing with an HCl solution), both viscoelastic moduli are
dereased below levels of 1 Pa. Moreower, exposure of 7-PGA
solutions to Cu™ or Cr"" ions induces gelaton (Fig. 18)
whereas the addition of Ca™ or Mg™ does not. These results
correlate very well with the behavior we described for
B subtilis B-1 biofilms abowe: either a8 metal ion shows an
efiect on the viscoelastic properties of both materials or not at
all. Together, this data underscores our assumption, that the
biomacromolecule y-PGA is the key plaver in governing the
ion-specific stiffening behavior of B-1 biofilms.

lonic crss-linking of polyanionic macmmolecules typically
occurs wag the formation of a compleg however, whether or
not such a chelate effect occurs depends on the properties of
the macromolecule as well as on the properties of the cation,
i.g. its valency, coordination mumber and size. Since the same
subset of metal ions entails cross-linking in both systems, Le.,
multi-component biofilms and solutions of purified y-PGA,
this indicates that differences in the cation properties are
responsible for the observed differences in biofil m stiffening,

A first obvious difference between the tested ions is their
valency, and indeed Fe™ and Cr'* trigger biofilm stiffening
and y-PGA grlation whereas some divalent ions do not.
However, as we already dismissed above, considering the ion
valency alone is not sufficient to understand biofilm stffening
since also some divalent ions can entail this effect.

The next parameter we consider is the coordination
number, which different ions achieve in a chelate complex
According to Huheey et al,* all ions tested here can form
compleces with a coord ination number of siv, and many of the
tested jons (with the ewception of Cr**, V9%, and Ca™) can
also assume a coordination of four (Fig. 2A). Howewer, since
Cr'? and V/V* indoce gelation of y-PGA but Ca** does not,
no clear picture emerges from analyzing this pammeter.

A third property, in which the catons differ, is their size.
Acoording to the same litemture soume we used for comparing
the coordination numbers,™ Ca®" and Mn™ are relatively large
ions whereas the other cations, Le., Zn®", Co®, V¥ and o™,
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are reported to be comparably small (Fig. 2B). This seems to
suggest that smaller ions are more likely than larger ones to
induce the ion-specific biofilm stiffening and -PGA gelation
we report here. To visualize this relation, we also plotted the
individual results obtzsined for the stomge moduli of the
biofilm samples as a function of the radius of the added ions
[see Fig. SBT).

This hypothesis is further supported by experiments con-
ducted with VCl,. In aqueous solutions, vanadium can spon-
taneously oxid ize from V' to V' and even further to V', Here,
we tried to countemet this oddaton pmooess by adding a
glucose oxidase/catal ase mix to the VCl, stock soluton. Stll, a
change in color of the VCl, solution showed that the vanadinm
ions nevertheless slowly oxidized over the course of several
hours (Fig. S9f). Intemestingly, for this particular metal ion
spedes, we also detected a biofilm stffening response that
became stronger over time: when a freshly prepared solution
of VClz (Le, within the first hour after the solution has been
prepared) was incubated with either B subtilis B1 biofilm or a
7-PGA solution for 5 h [as for the other metal ions tested).
Here, we measured a well-defined stiffness increase of either
sample to a final shear modulus of ~100 kPa (Fig. 1A and B).
Similarly high values wemr obtained if the incubation tme of
either sample was shortened to 5 min but when, at the same
tme, VCly solutions were used which were allowed to oxidize
for at least 3 h [Fig. 5104t ). Consistently, a short incubation of
cither, biofilm or y-PGA solutions, with VCl, solutions of lower
age lead to a weaker (but also reprodudble) increase in sample
stiffness (Fig. S10A and S10Bf). We interpret those finding as
follows: when the vanadium ion oddizes from Vo V7 [or
even to V'), the ion radius deceases, and the propensity to
create a chelate complex with v-PGA is increased . This, in turn,
leads to samples with more cmss-links and thus with a higher
shear elasticity.

Previous msults obtined with B subtilis Bl biofilms
exposed o Mg, Fe', Fe'', or A" seem to agree with this
pictume masonably well: whereas, there, the smaller ions Fe™
and A" induced biofilm stiffening, the somewhat larger
cations Fe™ and Mg™" did not A similar comparative analysis
of the different ion mdii using™ as a wference returns a
similar picture. However, due to the relatively large differences
in the reported literature values for the different ion sizes, the
agmement with our msults remains imperfect. Thus, we
further challenge this picture by exposing y-PGA solutions ©
Mg*" and Fe'" as well, and find that - as expected - the large
Mg"" ion does not induce gelation whereas the smaller Fe™
does (Fig. 1B).

Having analyzed the detailed requirements that lead to ion-
specific stiffening of B subtilis B-1 biofilms, we next ask if
another property of those bacterial biofilms, Le., their ability o
recover their initial mechanical strength after exposure to large
shear forees, is affected by the metal cations.™ Previous msults
had indicated that this socalled seff-healing behavior of bio-
films is wery robust the degree of mechanial recoweny
remained close to 100% after the biofilm is exposed to selected
metal ions™® Here, we can confirm this result with the broad
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range of metml cadons tested here (Fig. 3). Only biofilm The data discussed so far indicates that the polvanionic
samples exposed to Zn*" or Cr** exhibit somewhat reduced self-  macromolecule y-PGA, the key component of B. subtilis B-1
healing capabilities with degrees of recovery below 80%; for all  biofilms, is responsible for the ion-specific stiffening of this
other conditions, the corresponding value is well above 80%. biological material. However, different bacteria make use of

I
wnirganed  H,O Cﬂi CaCl,  MnCL 2001, 200l Cudl, CCl, WCLAWEY,
BH2B oHER pH2Y oM2) pHER pHOS oHOY oH28

e
=

=
&

=
[

degrea of self-haaling

Fig. 3 Degree of self-hesling for B sublilis B-1 biofilms trested with different squeous solutions containing selected metal cations. The degree af
sell-healing represents the ratio of the forage modulus obtained before and aler the application of a thear ramp_ For comparison, the wll-healing
abilities of untreated biofilms are shown. Error bars denote the dandard deviation as obtained from at least three independent samples.
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distinct biopolymers o construct their biofilm matrix, For
instance, the soil bacterium Azotobacter vinelandii, which
belongs to the order of Psendomonadales and also forms
biofilms on solid substrates, does not produce ¥-PGA;
however, when cultivated at the correct conditons (eg.,
growth conditions 21, see Methods), A vinelondii secretes
alginate.™ Similar to y-PGA, also alginate is a polyanionic
macromolecule, and it is well established, that alginates can
be crosslinked with positively charged ions®" However,
different from the results we obtained with B subtilis B-1 bio-
films, the stiffness of those alginate producing A, vinelgndi
biofilms is not only increased after exposure to Cu™', but
also after exposure to Ca® and Mn™ (Fig. 4A). Importantly,
this effect is absent when growth conditions are used that do
not promote alginate production [growth conditions #2,
Fig. 44).

In agreement with the picture discussed so far, solutions
comprising alginate purified from A, vinelandii liquid cultures
show a qualitatively similar behavior as the multi-component
A vinelgndii biofilms obtained at alginate-producing growth
conditons, i.e., they show an increased stiffness upon contact
with either Ca™, Mn*", or Cu™: in each case, gelation of the
algingte soludons is induced, and their elastc modulos is
increased by at least one order of magnitude compared to the
treatment with water alone. Importantly, alginate solutions are
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also mmed into viscoelastic gels when they are exposed o
strongly acidic conditions (Fig. 4B). Thus, we conducted
control experiments where the stock solutions of CaCly and
MnCl, were prepared at a pH close to neutral conditions. Here,
in the absence of addic conditions, we still detected the for-
mation of an alginate gel. Together, this demonstmtes that
metal ion induced alterations in the viscoelastc properties of
alginate solutions agree well with similar altemstions in the
viscoelastic properties of A, vinelandii biofilms. This indicates
that, also for A. vinelandii biofilms, the polyanionic biomacmo-
molecule is the key component of the biofilm matrix that is
responsible for the stiffening response of the multi-component
biomaterial.

Of course, alginates are not only produced by A, vinelandi
but also by various other bacterial species from the order
Pseudomonad ales and by certain algae. Depending on the bio-
logical source, however, the conformation of the alginate
chains can be different (Fig. 5A-C): whereas alginate from
algae such as Lomingriz hyperborea comtains  so-called
G-blocks,™ alginate from most alginate-secreting  bacteria,
such as Peendomongs geruginoss or Peeudomongs putida, pos-
sesses either only M-blocks or exhibits an alternating chain
sequence.® In fact, the conformation of alginate plays a major
role whether or not ionic cross-linking can occur when these
biomacromolecules are exposed to metal ations. ™
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Fig. 4 ‘Viscoslastic maduli of A vinelandil biofilms (&) cultivated at twa different growth conditions and purified alginate solutions (B). In both cases,
samples are shown after exposure to diferent squeous solutions st different pH levels as indicated (see Methods). Full bars denote the storage
madulus, G, and striped hars the loss modulus, G The erfor bars represent the stand ard devistion as abtained from three independent samples.
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Fig. 5 Possible sructural conformations of diflerent slginate- and y- PGA chains. An alginate chain can be compesed of o-i-guluronate residues
farming G- blocks (A). of f-o-mannuronate residues forming M-blocks [B) or they can comprise an allernating mixture of both [C). An exemplary
chelste complex between a calcium cation and two slginate-chains 1G-blodk type) is depicted in (D). In this particular example the coondination
number af the calcium jon is six. The structure of a y-PGA chain is shown in (E), and a possible configuration of a chelate complex between a copper
cation and two y- PGA chaing is depicted in (F. In this example the coondination number of the copper ion s Lix.

In this context, it is important to realize that the alginate
from A vinelandii comprises G-blocks with a density between
5% and £5%.%* Thus, the results we obtain here with in-lab
purified alginate solutons agree very well with data published
on commercially purified alginate solutions obtained from
algae® |which also contain G-blodks). There is, however, an
important difference to the behavior of Pseudomonos gerugt-
nosa biofilms: those biofilms [which contain M-blodk and MG-
block alginate) show increased stiffness after exposume to triva-
lent ions such as Fe'" or A, but not when exposed to divalent
ions such as Ca™' or Co ™™

When alginate is present in a G-block configu ration, it can
achieve a coordination number of six or even higher (Fig. 50).
This is, however, not possible for alginate chains with an
M-block configuration: in this particular configuration, owing
to the very straight chain structure of the polypeptide, the
anionic carboxyl groups face alternating sides of the polymer
chain [Fig. 5E). Thus, only a few anionic side groups can
interact with a given metal ion, so that the achievable coordi-
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nation number might be too low to form a stable chelate
comple

According to Rehm ™" also the mixed configuration (MG-
blocks) of alginate should be able to form chelate complexes
as MG-blocks are thought to be able o achieve a relatively
high coordination number with a central cation. However,
results from other research groups™ challenge this idea - at
least for Ca™" ions. The current set of data suppests that, for
this MG-configuration, only some metal ions are able to form
a chelate complex - as it was also observed here for y-PGA.
Indeed, in Lieleg & al,™ it was observed, that only small triva-
lent ions such al AP and Fe™* lead to an increased stiffoess of
P geruginosa biofilms - and those biofilms contain alginates
with M-and MG-blods.*

From a molecular point of view, the following explanation
might help rationalizing those observations: different from the
M-block type alginate, in y-PGA, the monomer units of the
polymer can rotate mlative to cach other. Thus, y-PGA might
be able to achieve a coordination number, which is sufficie ntly
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high to form a chelate comple: with ions incloding smaller
ones [Fig. 5F).

Together with the data we discussed so far, the following
picture emerges: whether or not a bacterial biofilm shows
increased stiffness after exposure to metal cations depends -
to a large extent - on the ability of the biofilm components to
form a complex with those cadons. A biofilm, whose main
macromolecular component is G-block-type alginate ([e.g
A. vinelandii biofilm), can even form complexes with large
cations such as Ca®'. For biofilms making use of M-blocktype
alginate as a key component (eg, Pseudomonos geruginoss
biofilm), this is not possible. Similarly, also for y-PGA-based
biofilms (e.g., Becillus subtilis B-1 biofilm), the range of cations
that induce an increase in biofilm stiffness is limited.

A possible benefit biofilms might experience from their
ability to form chelate complexes is that the absorption of
metal ions into the biofilm matrix and their stable arrange-
ment into a chelate complex permanently remowes theses
cations from the surrounding fluid - which is important for
the biofilm bacteria when the froe metal jons am taxic.™ In
addition, biofilms, which have absorbed metal ations, exhibit
increased erosion resistance.”™™ This is espedally beneficial
for biofilms gmwn on surfaces where they expericnce contino-
ous shear forces, e.g by flowing water. Of course, when bio-
films develop in their natuml environment, eg., in pipes, soil
or on the surface of medical devices or industrial equipment,
they might almady be exposed to metal ions during biofilm
growth. In such a scenario, additional effects might come into
play. For instance, we recently foumd that, when B submiis
3610 bacteria are grown on agar enriched with low concen-
trations (Le, 0.5 mM to L5 mM) of either CuS0O, or Zndl,, the
production of edtracellular matrix components is reduced 54
This effect seems not to be specific for a certain matrix com-
ponent but rather appears to be a generic one affecting all
mairix constituents across the board. How such a redudion of
the extmeellular matric components affects the viscoelastic
properties of the biofilm is, at this point of mesearch, unclear,
and needs to be addressed in future experiments.

4. Conclusions

Here, we demonstrated that the material behavior of biofilms
generated by B subrilis B-1 and A vinelandii depend s crudally
on the biomacromolecule that primarily builds the biofilm
matrix These key biomacromolecules are y-PGA in the case of
B. subtilis B-1 and alginate in the case of A vinelandii, For both
biofilm types, the formation of a chelate comple seems to be
responsible for the increased biofilm stiffess we observe
UpOn EposuE to certain metal cations.

Our msults show that both, the properties of the biomacro-
molecule as well as those of the metal catons, detcrmine
whether a chelate complex can be formed. On the side of the
biomacromolecule, the structure of the polymer chain and
thus the orientation of the negatively charged side chains is
crucial. On the side of the cmsslinking metal cations, it
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appears that it is mainly the ion size rather than other ion po-
perties, which decides if complex formation is possible.

Of course, for many bacterial biofilms their molecular com-
position is only partially known - if at all. Thus, it remains
very difficult to predict how such incompletely characterized
biofilms will mact when exposed to environments containing
metal cations. However, a profound understanding of the
mechanical behavior of biofilms and how this is regulated on
a microscopic level is essential to efficiently combat unwanted
biofilms or to prevent their formation in the first place.
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1. Purity of purified y-PGA

As in a previous study from our group [1], we purified y-PGA from liguid cultures of
E. subfilis B-1 bacteria following a purification procedure established for different
bacteria of the genus Bacillus, such as B. subiilis naito [2].

As deseribed there, the identity of v-PGA can be verified spectroscopically by
comparing it to commercial PGA (obtained from Sigma Aldrich St. Louis, USA) as
shown below:

85

- = Commercial PGA_280 nrm
55 —_— Comirmercal PGA_220 fim
= = Purifigd PGEA_ZFED nm
—— Purified PGEA_ZE0 nm

Absorbance [mall)]

25

1] 50 100 150 200 250 300 350
Retention time [min]

Figure 51: Gl filtration chromatograms of commercial and in-lab purified PGA. The same

amount of a commercial or purified PGA solution (concentration 0.05% (wiv)) was nmn through a

Sepharose 6FF XE50/100 colimn, and the absorbance at 220 nm and 280 nm was compared. Both

PGA vanants give a strong peak at 220 nm and at the same retention time_ Moreover, neither sample

exhibits significant absorption at 280 nm, which shows that the punty of both samples is
comparable.
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1. Exemplary large amplinde oscillatory shear (LAOS) measurements

To determine the linear response range of both soft (= treated with water) and stiff
(=metal 1on enriched) biofilm samples. LAOS measurements are conducted as shown
below. The excellent reproducibility of those measurements alse shows that surface
slippage events do not cceur with the slimy, sticky biofilm material
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Figure 51: Viscoelastic behavior of B. subnlis B-1 biofilms at increasing oscillatory shear strain
(LAOS measurements). Viscoelastic moduli are shown m dependence of the shear strain, and biofilm
samples treated with water (blue symbols) and CuCl, (pink, final concentration in the samples was
250 mM), respectively, are compared. Full symbols denote the storage moedulus, &7, and open symbols
denote the loss modulus, &°. The values shown represent the mean cbtained from three independent
measurements, and the emror bars (which are sometimes smaller than the symbol size) represent the
standard deviation.
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Figure 53: Viscoelastic behavior of 4 sinelandii biofilms at increasing oscillatory shear strain
(LAOS measurements). Viscoelastic moduli are shown in dependence of the shear strain, and biofilm
samples treated with water (blue symbols) and CuCly (pink, final concentration in the samples was
250 mM), respectively, are compared. Full symbols denote the storage modulus, &, and open symbaols
denote the loss modulus, &°. The values shown represent the mean obtamed from three independent
measurements, and the error bars (which are sometimes smaller than the symbol size) represent the
standard deviation.
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3. Exemplary frequency spectra
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Figure 54: Viscoelastic response of B. subnlis B-1 biofilm with and without exposure to CuCl,.
Frequency spectra are shown for biofilm samples treated with water (blue symbols) and CuCl: (pink),
respectively. In the second case, the final concentration of Cu® ions in the biofilm was set to 2350 mM
{using a CuCl; stock selotion of 1 M which had a pH of 0.9). Full symbols denote the storage
modulus, &, and open symbols denote the loss modulus, &°. The values shown represent the mean
cbtained from three independent measurements and the error bars (which are sometimes smaller than
the symbol size) represent the standard deviation.
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Figure 55: Viscoelastic response of a 1.5 %% (wiv) 7-PGA solution with and without exposure to
CuCly. Frequency spectra are shown for y-PGA selutions treated with water (blue symbols) and CuCly
(pink). respectively. In the second case, the final concentration of Cu™ 1ons in the biofilm was set to
250 mM (using a CuCl; stock solution of 1 M which had a pH of 0.9). Full symbols denote the storage
modulus, &, and open symbols denote the loss modulus, &°. The values shown represent the mean
obtained from three independent measurements and the error bars (which are sometimes smaller than
the symbol size) represent the standard deviation.
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Figure S6: Viscoelastic response of an 4. vinelandii biofilm with and without exposure to CuCl,.
Frequency spectra are shown for biofilm samples treated with water (blue symbols) and CuCl, (pink),
respectively. In the second case, the final concentration of Cu®" ions in the biofilm was set to 250 mM
(using a CuCl: stock solution of 1 M which had a pH of 0.9). Full symbols denote the storage
modulus, G, and open symbols denote the loss modulus, G*°. The values shown represent the mean
obtained from three independent measurements and the error bars (which are sometimes smaller than
the symbol size) represent the standard deviation.
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Figure S7: Viscoelastic response of 1.5 % (w/v) alginate solution with and without exposure to
CuCl,. Frequency spectra are shown for alginate solutions treated with water (blue symbols) and
CuCl; (pink), respectively. In the second case, the final concentration of Cu® ions mn the biofilm was
set to 250 mM (using a CuCl, stock solution of 1 M which had a pH of 0.9). Full symbols denote the
storage modulus, G, and open symbols denote the loss modulus, G**. The values shown represent the
mean obtamed from three independent measurements and the error bars (which are sometimes smaller
than the symbol size) represent the standard deviation.
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1. Elastic modulus of metal-ion treated biofilms as function of the ionic radius
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Figure S8: Plateau modulus of B. subnlis B-1 biofilms treated with different metal cations as a
function of the ionic radius. Full circles denote the storage modulus. G°, in the plateau regime as
obtained in this study for individual samples. The final concentration of metal ions in the biofilms was
250 mM for all measurements conducted in this study (data depicted as circles). In addition, data
points from a previous study by Grumbein ef al. [3] is added to the graph (cross symbols). Samples
from this earlier study had a final metal 1on concentration of 50 mM. The ionic radius shown on the x-
axis was chosen according to Riedel [4].

2. Time dependent biofilm stiffening induced by vanadium chloride

Figure S9: A vanadium chloride solution changes color as it oxidizes. A freshly prepared
vanadium chlonde solution (left) exhibits a mint-like, green color. Over time, this color changes mto
brown as the vanadium ions oxidize. The age of the solution is indicated above the respective image.
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Figure 510: Viscoelastic moduli of B. subnlis B-1 biofilm (A) and y-PGA solutions (B) treated
with aging vanadium(IT) chloride solutions. Full bars denote the storage modulus, &, and stmped
bares the loss modulus. G7°. The samples were always treated for 3 muimites, only the age of the
solution ncreased up to § hours. With mcreasing age of the vanadium(IT) chlonide solution, the ratio of
V* and V¥ changes az V" omidizes over time. The error bars represent the standard deviation as
obtained from at least three independent samples.
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A.3 Biofilm adhesion to surfaces is modulated by biofilm wettability and stiffness
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Biofilm Adhesion to Surfaces is Modulated by Biofilm

Wettability and Stiffness

Martin Kretschmer, Carina Anke Schilffler, and Oliver Lieleg*

Although marmy surfaces in industry and medicine are colonized by bacterial
biofilms, litte Is known about the physical principles that govern the adhe-
slon properties of such bacterlal communities. In part, this Is due to the
technical challenge ass oclated with the characterization of a blofilm directly
on the substrate it Is grown on. Moreover, distinguishing between the cohe-
sive and adhesive properties of a (blo)material requires information on the
amount of material transferred between the Interacting surfaces, which Is not

easily possible in existing measurement techniques applled in blofilm research.

Here, a new method Is Introduced which allows for charactertzing the detach-
ment process of blofilms In situ and makes it possible to identify the
dominant mode of fracture. As a countersurface in those detachment tests
with blofilm layers, either a synthetic/Inorganic material surface or another
biofilm layer can be used. By comparing results obtained with different bio-
films generated at distinct cultivation conditions, how two selectad material
properties, |.e., the biofilm wettability and the biofilm stiffness, contribute to
the detachment process can be shown. The novel measurement approach
demonstrated here can easily be adapted further to enable adhesion/detach-
ment measurements with a broad range of other biofilms including those

include pipes. ship hulls, teeth or medical
implants."" Biofilms contain not only
bacteria but also ecwracellular polymeric
substances (EPS) secreted by them.[5-
Typically, the EFS comprises polysaccha-
rides, proteins and extracellular DNA -2
Whereas many studies have investigated
the adhesion of individual bacterial cells
to surfaces 271 loss is known how the
biofilm matrix contributes to this phenom-
enon 531 There are, however, strong indi-
cations that the biofilm matrix polymers
play an imporant role here as well:F
croeslinking of the biofilm matrix by, e.g.
metal ions, has been shown to strongly
alter the viscoelastic properties, cohe-
sion strength and erosion resistance of
biofilms;3+¥1 it appears likely that those
material properties are closely related to
the adhesion behavior of biofilms.
Different techniques have already been
established to quantify certain mate-

grown at submerged conditions.

1. Introduction

Bacteria form slimy substances, so-called biofilms; this allows
them to settle permanently on surfaces™4 and 1o protect them-
selves from external challenges, such as temperature differ-
ences, toxic substances or shear loads ™1 Biofilms are able o
adhere to nearly any surface in a wet environment; examples
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rial properties of biofilms. For instance,

macrorheology is very well suited o imves-

tigate the shear stiffness and yielding
behavior of viscoelastic materials such as biofilms™*l—and
such measurements allow for draw ing conclusions on the cohe-
sion behavior of these slimy substances. Classical macrorheo-
logical measurement protocols, however, cannot assess the sur-
face adhesion properties of biofilms, and standardized proce-
dures to characterize this surface adhesion behavior of biofilms
do not exist yet.

In contrast, for synthetic materials such as ghees, there are
well-defined protocols for quantifying their adhesion and cohe-
sion strength®™ Those either apply stretching forces in the
vertical direction thus measuring the tensile strength of a mate-
rial ¥ or they make use of large shear forces to study the internal
yielding behavior of a ghie ™45 Other methods apply torsional
forces to a sample to generate a defined shear stress, eg, by
rotating the two opposing surfaces relative to each other!* With
the latter protocols fwhich can, in similar form, easily be imple-
mented in a standard rheometer), however, drawing conclusions
on the adhesion properties of a material i= not easily possible.
In addition, standard procedures developed for testing synthetic
ghees would require a biofilm (prior to its characterization) to be
removed from the substrate it was grown on—and this can sig-
nificantly affect the result of an adhesion measurement.

There are. however, a few examples of dedicated setups
which allow for investigating the adhesive properties of biofilms
in situ. For instance, Chen et al. characterized the adhesion

© 2071 The Authors. Advanced Materiaks Interfaces published by 'Wiley.VOH GmbH
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behavior of biofilms by removing them from their substrate
with a spatula and measuring the lateral force ocourring
during this scraping process[¥1 A different approach was
chosen by Yan et al., who employed capillary forces to remove
biofilms from a surface to measure the comesponding adhesion
energy® With this method, the biofilm layer remains intact
an be transferred to a different substrate and—potentially—
be chamcterized further. In spite of this considerable progress
made in the area of biofilm adhesion. there is no dear picture
yet if and how biofilm detachment from a surface is linked to
other material properties of this bacterial substance.

Here, we present a measurement setup based on a com-
merdial rheometer, which applies normal forces to the biofilm
material and allows for characterizing the detachment process
of biofilms from the substrate they are grown on. Since we
can analyze bath, the force-distance curves measured during
the detachment process and the amount of biological material
transferred between the two test surfaces, we can differentiate
between an adhesive and cohesive failure of the biomaterial
Moreover, we are able to test this detachment process in two
different configurations, ie.. in a metal-on-biofilm and a bio-
film-on-biofilm setup. We compare biofilms generated by three
different variants of the soil bacterium Bacillus aubrilis and alter
the biofilm properties by modulating the nutrient conditions
during biofilm growth or exposing the biofilm to cross-linking
metal ions. Qur results demonstrate that the wetting properties
of a biofilm and—to a lesser extent—the biofilm stiffness dic-
tate the detailed detachment behavior of biofilms by deciding
whether adhesion or cohesion failure dominates.

2. Experimental Section

2.1. Development of a New Measuremeant Method to Characterize
the Adhesion and Cohesion of Mature Biofilms In Situ

The technigue introduced here allows for quantifying the adhe-
sive properties of a biofilm toward a second surface, which
can either be a metal surface (here aluminum) or another bio-
film layer. This is made possible by equipping a commerdial
rheometer (MCR 302; Anton Faar GmbH, Graz. Austria) with
a custom-made measuring head [Figure 1a) and sample holder
(Figure 1c). Technical drawings of the ustom-made compo-
nents for the detachment test are shown in the Supporting
Information (Figures 51-55, Supporting Information).

The dedicated measuring head is uwsed when a biofilm-on-
biofilm configuration is tested: otherwise, a commercial planar
measuring head (made from aluminum) with a diameter of
25 mm is used (D-PP25/AL{507, No. 10637, Anton Paar). The
oustom-made measuring head comprises three components
made from polytetrafieomethylene (FTFE): a ring, a cup and
a comnector pin. The ring can be attached to the cup with six
screws and the pin is slid into the bottom side of the cup where it
locks in the center. With the connector pin, the three-component
measuring head is attached to a commerdal measuring shaft
{shaft for disposable measuring systems, D-CFFF7, Mo, 10636,
Anton Paar) of the rheometer. In between the PTFE ring and cup.
an agar layer is inserted. This agar layer is produced in a hatlike
geometry using a special FTFE mold (Figure 1b). Becanse of the
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Figure 1. Schemaric representation of the custom-made components
required for te detachmenrt tests conduced on a commercial rheometer.
a) Individual pans of the dedicared measuring head; the ring. cup and pin
are made of PTFE. and a har-shaped agar layer can be insered in berween
the cup and the ring. The ring is amached 1o the cup with screws, and the
pin can be slid into the cup and allows for connecting the fully assembled
measuring head vo the s haft of the rheomerer. b} PTFE form used for the
preparation of the har-shaped agar layers. ¢) PTFE bomom plate that can
be filled with an agar layer so thar a biofilm can be cultivated on its surface.

hatlike shape, the upper part of this agar piece (having a diameter
of 25 mm) protrudes the ring structure of the sample holder;
this ensures that only the surface, where the biofilm is ould-
vated on, is in contact with the bottom plate of the theometer
measuring setup during a measurement As a bottom plate
holding a biofilm sample, a FTFE bowl was designed (Figure 1cj;
also here, the cavity can be filled with agar onto which biofilm
cultivation is easily possible. The cavity in this FTFE bowl has
a diameter of 55.2 mm and a height of 9 mm, and the bowl is
clamped into the theometer bottom plate |P-FTD20080/1, Mo
£1664467, Anton Paar) for the detachment measurements. CAD
models and the images of the custom-made components for the
detachment tests were created with Autodesk Inventor Profes-
sional 2020 {Autodesk Corp., San Rafael, USA).

2.2. Bacterial Strains and Growth Conditions

Three different B. subrilis strains were used in this stady:
B. subtilis 3610°" was obtained from the lab of Roberto Kolter
{Harvard Medical School, USA); B. subtilis B-15Y was obtained
from Masaaki Morikawa (Hokkaide University, Japan);
B. subtilis nato [2ZFEIF was obtained from the Bacillus
Genetic Stock Center (BGSC, USA). B. subtilis 3610 is found
in soil and common used as model bacteria for the properties
of bacterial biofilms.* B. subtilis B-1 is also found in sofl, it
was isolated from an oil feld™ B. sbrilis nato is known
from the traditional Japanese dish natta where it leads to the
fermentation of soybeansFU All of the investigated bacterial
straing are able to form biofilms on solid surfaces. A liquid
culture of each bacterial strain was generated by cultivating
small pieces of a frozen glycerol stock in 10 mL of 25% fw v}
LB medium (Luriaf Miller Carfl Roth GmbH, Karsruhe,
Germany} at 37 °C and at agitation (300 rpm) for =18 h. Before
the planktonic bacteria were plated onto agar, their ODgy, was
measured with a spectrophotometer [GeneQuantpro, No. 1715,
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Amersham Biosciences, Little Chalfont, United Kingdom) and
set to 0.5 by diluting the bacterial liquid culture with fresh
LE medium. Then. the bacterial suspension was inoculated
on 15% (wjv) agaragar (Carl Roth GmbH) by distributing
16 pL cm™ of the diluted liquid culture homogenecusly over
the agar plates. In dewil, 100 uL of the liquid culure were
added to a commerdial petri dish, 40 pL o the custom-made
FTFE bowls and & L to the agar hats.

Commerdial petri dishes with a diameter of 8.8 cm were used
to cultivate biofilm for rheological measurements (for those
measurements, larger biofilm amounts were required). Custom
made PTFE bowls with a diameter of 5.5 cm were used to cul-
tivate biofilm to determine the biofilm wetting properties and
were also used as bottom part of the detachment measurements.
For the top part of the detachment tests, agar hats with a diam-
eter of 2.5 cm were used. The thickness of the agar layers in
commerdal petri dishes, custom-made FTFE bowls and agar
hats was always set to =8 mm by filling the respective reservoirs
with 50, 19, and & ml. of agar medium, respectively. This ensured
that the thickness of biofilm cultivated on those three substrate
variants was comparable. The inoculated agar samples were all
incubated for 24 h at 37 °C and at high humidity |=80%).

For the tests described in the results section. biofilms
were cultivated on different agar media, which differed in the
content of nutrients; as “standard” growth conditions, agar
enriched with 2.5% {w/v) LB medium (Carl Roth GmbH) was
used. For some experiments, the agar substrate was enriched
with 0.5 mmol of a selected metal salt by adding sterile-filtered
metzl salt solutions o autodaved LB agar at a temperature of
60 “C. The =alts used in this study were CaCl;, CuCl;, ZnCl;,
AICly (Carl Roth GmbH), and FeCl, {Sigma Aldrich Corp.. Mis-
souri, USA). To examine the influence of metal jon exposure
o mature biofilms, biofilms were cultivated at standard condi-
tions as described above. Then, the mature biofilm layer was
reated with a solution of CuCl; (250 mmeol) as follows: for the
bottom plates, the Cu(Cl; solution was poured onto the biofilm
layer such, that the whole biofilm surface was covered with
liquid. Biofilm cultivated on the agar hats were stored upside
down (with the biofilm layer facing downward) and immersed
into the CuCl; solution. In either case, the incubation time
was 1 h; then the CuCly solution was discarded, and the bio-
film layer was allowed to dry at room temperature for 10 min
=0 that liquid remnants on the surface could evaporate. In pre-
liminary experiments, it was shown that the different treatment
procedure of the petri dishes and agar hats have the same effect
on the biofilm properties (Figure 56. Supporting Information).
For simulating limiting nutrient conditions, biofilm was cult-
vated on MSgg agar (0.5% glycerol. 0.5% K-glutamate, 5 mmol
K-phosphate, 100 mmol MOPS, I mmol MgCl;, 0.7 mmol
CaCly. 0.05 mmol MnCly, 0.05 mmol FeCl,, 0,001 mmol ZnCl,,
0.002 mmaol thiamine, 50 pg mL~ r-tryptophan, 50 pg ml?
1-phenylalanine, 50 g mL? threonine), which was prepared at
pH 70 according to Branda et 2l

2.3. Biofilm Wetting Tests
Too determine the wetting behavior of the different biofilm sam-
ples, a 10 pL droplet of ddH;O was placed onto the biofilm
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surface. Then, a transversal image of the liquid-solid interface
was captured right afterward using a high-resolution amera
{Point Gray Research, Richmond, Canada). The static contact
angle value was determined from such pictures, using the sofi-
ware Image] and the “drop snake™ plug-in.F Afierward, supe-
rhydrophobic biofilm samples (ie., those with static contace
angles =120") were tilted and the response of the liquid droplet
was observed to distinguish between rose petal (high adhesion:
droplet sticks) and lotusdike (low adhesion: droplet rolls off)
hydrophobicity. In addition, contact angle hysteresis measure-
ments were conducted as described and summarized in the
Supporting Information.

2.4, Rheological Measurements

To determine the rheological properties of the different bio-
films, the biofilms were cultivated as described above and
harvested from the agar substrate by manual scraping Rheo-
logical measurements were performed using a commerdal
shear rheometer (MCR 302; Anton Paar) equipped with a
25 mm aluminum measuring head (FP25) and a plate—plate
geometry. The plate separation was set to 0.3 mm. A sobvent
trap was applied to prevent sample drying during the meas-
urements that were realized at 21 °C and in straincontrolled
mode. To ensure linear material response, small strains corre-
sponding to a torque of =0.5 UN m (this correlates to a shear
stress of =01 Pa) were applied. In every rheological experiment.
both the storage and loss modulus were determined over a
frequency range of 0.1-10 Hz. Since, in all cases described in
this study. the moduli obtained for a given biofilm sample were
only weakly dependent on frequency (exemplary frequency
spectra for different biofilm samples are shown in the Sup-
porting Information; Figure 57, Supporting Information), only
the moduli obtained at a frequency of 1 Hz were considered for
ohtaining the bar plots in the manuscript. For each condition,
at least six samples were tested, which were obtained from two
biological replica. For those shear measurements, standard
deviations were chosen as error bars, since biological variations
between different replicates of the bacterial biofilms abways
dominate the technical uncertainties inaccuracies of the meas-
urements. In fact, the technical error, which can be obtained
from repeated rheological measurements of the same sample
{e.g.. a 1.5% fw v} agar hydrogel). amounts to only =5%: five
frequency sweeps conducted with the same agar sample in a
range from 0.1 to 10 Hz return a storage modulus of 5058 Fa
+ 199 Fa (determined at an intermediate frequency of 1 He).

2.5. Detachment Tests

In the presemted study, the two material painngs bicfilm falu-
minum and biofilm/bicfilm were investigated. As reference
measurements, the material pairings agarjaluminum and agarf
agar were used. For both measuring heads. the contact area had
a diameter of 25 mm. In each detachment test, first the meas-
uring head was moved down onto the bottom plate at a speed of
100 pm s until a normal force of 1 N was reached. This force
level was chosen since pretests had shown, that such a normal
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Figure 2. Overview of the two configurations used in the detachment tests. a} The custom-made bottom plate is paired with either a commercial
measuring head or the custom-made measuring head described in the main text. b) Typical examples of a force-distance curve obeained during a
detachment test. Relevant parameters obcained from such a curve ara the maximal force (F. ). the distance at which this maximal force occurs (xy,,..)

and the area A below the force—distance curve, which corresponds to the se
this study, i.e.. biofilm/aluminum (left) and biofilm/biofilm (right).

force level is sufficient to obtain full contact between the two sur-
faces without damaging the agar substrate. When this normal
force was reached, the position was maintained for 60 s; this
allowed the normal force to relax and reach a plateau value.
Afterward, the measuring head was lifted up again at a speed
of 100 um s, and the force occurring during this pulling pro-
cess was recorded at a measuring point density of 10 s~ until the
measured force dropped to zero (Figure 2b). The rheometer used
here has a normal force resclution of 0.5 mN, which is valid in
a normal force range between 5 mN and 50 N. The measured
peak force values of the investigated biofilms range between 50
mN and 3 N, which is at least tenfold larger than the normal
force resolution of the device. In addition to these force meas-
urements, the biofilm areas exposed to this normal force treat-
ment were also analyzed optically by imaging them with a digital
camera (Samsung Galaxy S7, Samsung Group, Seoul, South
Korea). Moreover, after each detachment test, the biofilm layers
from the tested surface areas were removed by scraping with a
polydimethylsiloxane spatula and weighed with a microbalance
(XSE205 Dual Range, d = 0.01 mg/0.1 mg Mettler Toledo,
Columbus, USA). Those amounts were then compared to those
collected from untested samples created at the same conditions
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paration work. ¢) Experimental setup for the two material pairings used in

by calculating the ratio of treated/untreated samples (using
average values of six samples generated from two biological rep-
licates). The material transfer values reported in the results sec-
tion denote percentage values differences, i.e., a material ransfer
of 15% corresponds to a loss (or gain) of 15% of biofilm mass on
one of the surfaces tested in the respective material pairing.

2.6. Data Evaluation

All error bars shown in the figures denote the standard devia-
tion as calculated from the mean values. In this study, standard
deviations were chosen as error bars since, for measurements
conducted on naturally grown, biclogical materials such as
bacterial biofilms, the biological variations occurring between
different samples always dominate the technical uncentainties/
inaccuracies—especially when the tested biofilms were culti-
vated on different days (which is typically done to explore this
biological variability arising from sample generation). For the
calculation of all mean values and the corresponding standard
deviations, Microsoft Excel 2016 (Microsoft Corporation,
Redmond, USA) was used.

© 2021 The Authors. Advanced Matenaks Interfaces published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.adv ancedsclencensw s.oom

3. Results and Discussion

To conduct adhesion/cohesion experiment with bacterial bio-
films, a customized sample chamber (see Figure 2a) was devel-
oped as described in detail in the Methods section. With this
customized setup, it is possible o perform measurements
with biofilms grown on either {or both), the lower and upper
part of the two-component measuring setup. In the following,
if detachment tests are conducted between biofilm and alu-
minum, biofilm i cultivated only on the bottom part of the
measuring setup (Figure 2c, left). In contrast, if detachment
tests with two biofilm surfaces are performed, also the upper
part of the sample holder contzins a biofilm-grown agar layer
(Figure 2c, right).

3.1. Measurement Procedure and Possible Modes of Rupture

Tor assess the reproducibility of the customized setup. we first
conduct reference measurements, where the bottom part of
the sample holder contains agar only. Detachment tests per
formed on this agar layer using an aluminum surface as a
countermaterial on the measuring head retums maximal adhe-
sion forces, which are well within the range of normal forces
the rheometer can accurately determine. In detil, we find
F s sbagagar = [0.53 + 0.15) N (Figure S8a, Supporting Informa-
tion) at a separation distance of (0.14 + 0L03}) mm (Figure 58h,
Supporting Information). When an agar surface is used as a
countermaterial on the upper part of the measuring setup, the
corresponding values are only slightly higher: now, we measure
Fonm sgurjager = (061 = 0.12) N (Figure S8¢, Supporting Infor-
mation) at an average separation distance of (0.37 £ 0.11) mm
(Figure S8d. Supporting Information). The small fuctuations
in the maximal forces determined in those reference measure-
ments can be dee to two technical challenges: first, variations
in the moisture content of the agar plates can be responsible;
second, an imperfect alignment of the bottom part of the
sample holder and the upper part (the measuring head) may
contribute as well. However, as the sample-to-sample variations
in those reference measurements are all rather small. we con-
dude that the in-house crafied sample holders are functional
and that the measuring method is suitable for conducting more
complex measurements involving biofilms,

When slimy substances such as biofilms are examined
with the method presented here, it is important to distinguish
between the different types of fractures that can occur at a
biofilm/agar, biofilm/aluminum or biofilm/bicflm interface
(Table 51, Supporting Information). One possible scenario
is that the measuring head detaches from the biofilm layer
(grown on the bottom plate) without damaging the biofilm. In
this case, the biofilm will be stretched but remains attached
on the agar substrate. The resulting normal force corresponds
to the adhesion properties between the biofilm surface and the
surface of the measuring head (i.e., either aluminum or bio-
film). A second possibility is that the biofilm layer is completely
removed from the agar layer it was grown on (ie., from either
the bottom plate or the measuring head); now, transfer of bic-
logical material to the other surface should occur at rate of close
o 100%. In this case, the reported normal forces describe the
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adhesion strength of the biofilm to the substrate on which it
was cultivated (here: agar). The third option is that the biofilm
layer is partially torn apart; then, after a separation experiment,
biofilm material should be present on both surfaces, ie., on the
measuring head as well as on the bottom plate. In this scenario,
where the biofilm itself i= mptured, the measured normal
forces will depend on the internal cohesion strength of the bio-
film layer.

With those considerations in mind, we will not only record
and compare the peak forces occurring during the different
rupture processes, we will also determine the amount of bio-
film material transferred to the second surface involved in
the detachment test. Together, this approach should allow
us to differentiate the three possible fracture types outlined
above.

3.2. Viscoelastic Properties and Watting Behavior
of the Studied Biofilms

Before we conduct the first set of detachment experiments with
different B. subtilis biofilms, we determine the viscoelastic prop-
erties and wetting behavior of the three biofilm variants we plan
to compare. Our rationale for doing this is that both of those
material properties are likely to affect the adhesion behavior of
the biofilms. As shown in Figure 3, the biofilms we grow from
B. subrilis 3510 and B. subtilis narto are very similar to each other
in terms of both, viscoelasticity and wetting (Figure Ia): we
measure storage moduli around 1 kPa and hydrophilic surfaces
with contact angles between 25° and 40° In contrast, biofilms
grown from B. subtilis B-1 bacteria are much sofier (here, G =
100 Fa) and have strongly hydrophobic surfaces with contact
angles as high as 125° (Figure 3a). In detail, these B. subtilis
B-1 hiofilm exhibit rose petallike hydrophobicity: a wetting
water droplet sticks to the surface and does not roll off when
the biofilm sample is tilted or wrned upside down. In addi-
tion to this qualitative method to determine the type of supe-
rhydrophobicity, contact angle hysteresis measurements were
conducted on all hydrophobic biofilms (Figure 59, Supporting
Information). Here, the difference between the contact angles
determined at the first and last step of those dynamic wetling
tests [ACA) was caloulated (Table 52, Supporting Information).
Furthermore, the topographical structure of the biofilms, which
is crucial for the detailed mode of wetting was investigated with
laser scanning profilometry (Figure 510, Supporting Informa-
tion) for each biofilm variant, and the respective metrological
roughness parameters (Sq and Sdr values) were caloulated
(Table 53, see the Supporting Information for details). In full
agreement with previous results, we found large differences
between hydrophilic biofilms (which exhibit a very smooth and
unstructured surface) and the hydrophobic biofilms fwhich
show multiscale roughness on the micro- and nanolevel in
addition to mesoscopic waviness).F¥ For the detailed wet-
ting behavior of the biofilms (ie., the type of hydrophobicity:
lotus- or rose-like), the roughness features on the micro- and
nanoscale are very important; in contrast, the mesoscopic wavi-
ness is less relevant, although it contributes to the caloulated
metrological parameters (for more detailed information, see the
Supporting Information).
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Interestingly, we also find differences between the three bio-
film variants when we compare results from the detachment
measurements. For both types of material pairing. ie.. for bio-
film/aluminum (Figure 3b) and biofilm/biofilm (Figure 3c)
configurations, the measurements conducted with B. subrilis
3610 and B. subtilis natto biofilms return higher values for the
work needed to achieve full separation of the two surfaces than
for B. subtilis B-1 biofilm. In detail, the maximal force ooourring
during the detachment test as well as the distance, at which this
force peak is located, is higher for B. subtiliz 3610 and B. mubrilis
natto biofilms than for B. subtilis B-1 biofilm (Figure 58, Sup-
porting Information).

When we examine the material transport occurring as a con-
sequence of the detachment process (Figure 3d), again B. sub-
tilis B-1 biofilms stand out. For the material pairing biofilm/
aluminum, B. subtilis 3610 and B. subriliz natto biofilms show
such material transport (and at comparable levels), but B-1
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biofilms do not. This indicates that the first two biofilm variants
echibit cohesive failure when probed with an aluminum sur-
face, whereas, in the case of B-1 biofilms, adhesive failure dom-
inates. For the material pairing biofilm/biofilm, we find similar
levels of material transfer for B. subrilis 3610 and B. subtilis narto
biofilms as for the biofilm/aluminum pairing. This indicates
that, also here, a cohesion failure ooccurs. However, also in this
biofilmbiofilm configuration, B. subrlizs B-1 biofilms return
a different result Here, two different scenarios are chserved:
Either the two B-1 biofilm surfaces are separated from each
other without any material transfer or there is a complete mate-
rial transfer from one side to the other. In either case. this indi-
cates an adhesion failure, which takes place between the wo
biofilm layers (=no material transfer) or between the biofilm
layer and the agar substrate (=full material transfer).

These first results allow us o conclude that the viscoelastic
properties as well as the wetting behavior of biofilms seem o
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be relevant for rationalizing the observed differences in the
detachment tests conducted with B. subtilis 3610 and B. sub-
tilis narto biofilms on the one hand and B. subrilis B-1 biofilms
on the other hand. It seems that hydrophilic biofilms exhibit
stronger adhesion to foreign surfaces than hydrophobic bio-
films, and that they are more likely to stick to each other. How-
ever, the higher shear stiffness of B. subrilis 3610 and B. subrilis
natto biofilms could also result in stronger cohesion of these
biofilms, which can influence the detachment tests as well.

To disentangle the influence of these two biofilm properties
on the adhesion and detachment process, we conduct further
experiments where we attemnpt to alter only one of those prop-
erties for a given biofilm variant without modifying the other
one. To achieve this, we repeat detachment tests with B. subtilis
B-1 biofilm, but generate the bioflm such that its viscoelastic
properties are modified. B. subtiliz B-1 biofilms are chosen for
this purpose since previous studies™ ™ have already shown
that the stiffness of those biofilms can be drastically changed
by metal cations. Thiz can be achieved by either treating mature
biofilms with aquecus solutions containing such metal cations
fwhich leads to a formation of chelate complexes between the
cations and the biomacromolecules from the biofilm matrix
thus inducing biofilm stiffening) or by enriching the growth
medium used for biofilm generation with metal ions; the latter
approach affects the stiffness andjor wettability of biofilms
by infleencing the production of biofilm matrix components.
Another method to alter the stiffness andjor wettability of a
biofilm is to cultivate the biohlm with different growth media,
e.g., on MSgg agar** In the following, we explore those three
options to obain biofilms with altered wetting behavior and/or
viscoelastic properties.

3.3, Exposure to Metal Cations during Biofilm Growth

We first study B. subtilis B-1 biofilms cultivated on LB agar in
the presence of metal cations. To ensure that the added ions
have no toxic effect on the bacteria so that they are stll able
to form a proper biofilm, the fon concentrations are kept at
low levels, ie., at 0.5 mmol. As expected. the addition of those
metal ions has an influence on both. the viscoelastic properties
and the wetting behavior of the biofilms [Figure 4a). The addi-
tion of Cu™ and Zn* slightly increases the storage modulus
of the bicfilm, whereas the addition of Fe' slightly reduces
the biofilm stiffness. The other two tested fons, A and Ca®*
do not influence the viscoelastic properties of B-1 biofilms.
Regarding the wetting behavior of the biofilms, we find that—
overall—the strongly hydrophobic surface properties of the
biofilm are maintained. Yet, the contact angles we measure on
biofilms cultivated on metal fon-enriched agar substrates are
all slightly higher than those we determine when standard agar
substrates are used. In addition, for biofilm grown on Cu* or
AI* enriched agar, the mode of superhydrophobicity is affected;
here, a lotus-like behavior is developed—at least on some parts
of the biofilm surface. In other words, now, there are areas on
the biofilm surface where a water drop easily rolls off when the
biofilm sample is tilted.

In addition to those differences in the viscoelastic and
wetting properties, we also find differences in the adhesion
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behavior of those biofilms grown in the presence of metal
ions. For the material pairing biofilm /aluminum, we observe a
reduction in the separation work for all those modified biofilms
{Figure 4b). Interestingly, we find the strongest reduction of the
separation work for biofilms grown in the presence of Cu®™ and
Zn"—and among the cations we test here, those two increase
the stiffness of B-1 bicAlms. Moreover, no material transfer
oocurs in any of these new tests conducted with modified B-1
biofilms. This suggests that, now, adhesion failure is the domi-
nant mechanism during the detachment process.

We interpret this finding such that—with an increased bio-
film stiffness—two parameters relevant for the mechanical
failure process are affected: first, the material can endure
larger forces until it muptures; second, the biofilm material can
transfer the ecternally applied stretching/pulling forces to its
substrate more efficiently thus rendering an adhesion failure
muore likely. Of course, also the alteration of the biofilm sur-
face properties we observe could. in principle, contribute to the
ohserved differences in the detachment tests. However, as the
countersurface used in this set of experiments is hydrophilic
aluminum, the subtle change in the mode of bicflm super-
hydrophobicity we find here appears to be a rather unlikely
candidate for rationalizing the absence of material transfer we
describe above,

When we test the same set of metalion exposed biofilms
in the biofilm/biofilm configuration. the mode of fracture
changes. Untreated biofilms show either complete material
transfer or no material transfer at all—and both outcomes are
similarly likely. In both cases, an adhesion failure takes place;
in the first scenario, it oocurs on the substrate, whereas, in the
second scenario, it oocurs between the two biofilm surfaces. For
biofilms exposed to metal ions, material transfer events occur
less frequently (Figure 4c). Only biofilms exposed to A or
Zn** exhibit partial material transfer events (Figure 4d). and
only in =1/3 of the conducted tests. As we argued above, such a
partial material indicates a mixed detachment event combining
adhesion and cohesion failure. This finding is in agreement
with our observation that ionic crosslinking of the bioflm
matrix a5 brought about by the metal cations slightly increases
the biofilm stiffness. In addition, such cross-linking effects
are also likely to increase the cohesive strength of the biofilm
matrix thus rendering a cohesion failure less likely.

Consistent with this picture, we also find a reduction of the
separation work for almost all biofilm variants exposed to metal
ions. We observe the strongest effect for biofilms cultivated on
LB agar enriched with Cu?* and Al*—and these are the bio-
films, where we also find an alteration in their mode of surface

hydrophobicity.

3.4, Treatment of Mature Biofilms with Metal Cations

When a mature biofilm of B. subtilis B-1 is exposed to Cu® ions,
the properties of the biofilm are changed a lot. However, dif-
ferent from the experiments described above, where the biofilm
was exposed o cations during growth—the cations now do not
change the composition of the biofilm. Instead, the metal ions
lead to the formation of chelate complexes and thus introduce
ionic crosslinks between the biofilm biomacromolecules.™
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As demonstrated before P such a formation of chelate
complexes strongly increases the stiffness of the biofilm. And
indeed, the same effect is ohserved here (Figure 5a): after expo-
sure to Cu® jons, the storage modulus of the biofilm sample is
increased by three orders of magnitude to =100 kPa. Yet, with
this particular treatment, the wetting behavior of the biofilm
remains unchanged.

For the material pairing biofilm/aluminum, most samples
show the expected behavior, ie. detachment without mate-
rial transfer and a slightly higher separation work than for
untreated B-1 biofilms. In line with our argumentation above,
both features can be explained by the increased stiffness of the

Acke. Maier. Interfaces T2, 2001658 2001658 |8 of 13)
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biofilm material Interestingly, some of those Cu™-mposed
E-1 biofilms show a qualitatively altered detachment behavior
in =1/3 of the experiments, partial material transfer ocours;
in contrast, untreated B-1 biofilm do not show any material
transfer events (Figure 5hd). In other words, now cohesive
failure contributes as well. This change in the mode of fracture
was unexpected since stiff biofilms—so far—showed mosthy
adhesive failure, and hydrophobic biofilms appeared to have a
low stickiness toward aluminum. Yet, it is important to realize
that, as a consequence of the treatment procedure applied here
fwhere a CuCl; solution is poured onto the biofilm surface and
then removed again afier a certain incubation time), the biofilm

© 2071 The Awthiors. Advanced Materialks Interfaces published by Wiley-VCH GmibH
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surface is wetted. Remaining moisture on those biofilm sam-
ples could be responsible for those unexpected adhesion effects
with the aluminum surface. Moreover, we also observe that the
aluminum surface of the measuring head used for the rheology
and detachment tests shows signs of corrosion (Figure S11,
Supporting Information}—and we attribute this to direct con-
tact of residual Cu® ions from the biofilm surface with the
aluminum material: such residual Cu® ions on the biofilm sur-
face may act as ionic cross-linkers with the aluminum surface
thus giving rise to higher adhesion forces inducing material
transfer. Alternatively, the partially corroded aluminum surface

Adw Mate. Intarfaces 2021 2001658 2001658 (9 of 13)

exhibits a higher surface roughness promoting adhesion to the
biofilm (Figure S11, Supporting Information). Consistent with
any of those two possibilities, the measured separation work is
strongly increased as a consequence of the Cu®* exposure.

For the material pairing biofilm /biofilm (Figure 5¢), a dif-
ferent picture emerges. Whereas untreated biofilms show
material transfer in 50% of the measurements, this feature
does not occur anymore when the B. subtilis B-1 biofilm is
treated with Cu®. In other words, now adhesion failure domi-
nates, which fully agrees with the line of argumentation we
followed so far.
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3.5. Biofilm Cultivation during Nutrient Limitation nutrient source.™ This behavior is reproduced here: when
grown on MSgg agar, those biofilms possess rose petal-like

The last option we explore to alter the physical properties of  hydrophobicity (Figure 6a); at the same time, the stiffness of

the biofilm is limiting the nutrient availability during biofilm  the biofilm is increased by one order of magnitude compared to

growth. Different from B-1 biofilms (whose wetting behavior  cultivation on LB agar

cannot be altered easily by this approach). B. mubtilis 3610 bio- #As consequence of these changes in the biofilm proper-

films exhibit wetting properties that sensitively depend on the  tes, we expect the biofilm to be less adhesive toward foreign
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surfaces and to be more difficult to rupture; in other words,
we expect that those MSgg grown biofilm samples should
tend to show adhesion failure without material transfer in the
detachment tests. Indeed. this is what we observe for both,
the material pairing bioflm/aluminum (Figure &b} as well
as the biofilm/biofilm configuration [Figure éc). For the bio-
film/ aluminum pairing, no material transfer coours anymore
[this was always the case when the same biofilm was culti-
vated on LB agar) and adhesion failure clearly is the dominant
mode of fracture. For the biofilm(bicfilm pairing, we ohserve
a similar trend—yet less pronounced: here, a material transfer
ocours less often than when LB agar is used for biofilm cul-
tivation, Le., only in =1/ 2 of the experiments. Consistent with
our expectation, we also find a cohesion failure here when no
material transfer occurs; if such material transfer takes place,
however, we find a mixed failure mode with only partial mate-
rial transfer (Figure éd). We interpret this finding such that the
strong alteration in wetting behavior is mainly responsible for
the observed alteration in biofilm adhesion and failure mode; of
course, the increase in biofilm stiffness that accompanies the
alteration in wetting may also contribute.

In summary. we could show that the measurement technic
developed here is suitable for characterizing adhesive proper
ties of bacterial biofilms toward metal surfaces and other bio-
film surfaces alike. Two advantages of the method presented
here are that this technique applies a uniform stress to the
biofilm surface by controlling the normal force acting on the
biofilm sample: thi= approach is very similar to established
test protocols used for measuring the tensile strength of tech-
nical adhesives, and allows for characterizing the adhesive
properties of biofilms in situ. Moreover, the experiments con-
ducted here demonstrated that the adhesive properties and the
fracture behavior of different biofilms generated by B. subtilis
can be altered by changing the biofilm growth conditions
or by exposing mature biofilms to cross-linking metal ions.
Owerall, we observed that two material properties of biofilms,
ie., the biofilms stiffness and the wetting behavior of the bio-
film surface, affect the detailed adhesion behavior and failure

Ady: Muater. Interfores 2021, 2001658 2001658 [110f13)

mode: Biofilms with a low stiffness and hydrophilic surfaces
tend to exhibit a material transfer and thus mostly cohesion
fractures whereas biofilms with a high stiffness and hydro-
phobic surfaces tend to show no material transfer and thus
adhesion fractures (Figure 7).

At this point of research, there is no suitable theoretical
model available to quantitatively rationalize the results obtained
here. This is due to two main reasons: first, the intrinsic com-
plexity of the material response of bacterial biofilms (which
tend to show different types of nonlinear effects at large stress
levels) is high**% gecond, the detailed configuration of our
measurement setup would need to be accounted for in such
a model, and this is not trivial either. For instance, the stress
distribution across the biofilm layer fwhich iz located between
the two counterparts of the experimental setup) is dependent
on various factors, such as the mechanical load distribution
and the stiffness of the involved counterparts. To account for
the latter two issues, probably a whole different set of experi-
ments will be necessary — most likely also involving FE-based
simulations.

Even though we here focused on biofilms generated by
E. subtilis in combination with either other biofilm layers or
aluminum surfaces exposed to air, the presented method can
easily be extended further to sudy other material pairings or
environments. For instance, the custom-made measuring head
cannot only be equipped with an agar layer, but can also be
adjusted o hold other materials such as ceramics or polymer
materials (used in medical engineering), hydroocyapatite (as
2 model for teeth) or even tissue samples. Similarly, also the
bottom sample holder of the theometer could be modified to
such that it holds biofilm samples harvested from their natural
environment—provided that the substrate carying the bio-
film layer is sufficiendy flat. Moreover, the measuring setup
could be complemented with a cylindrical chamber such that
the detachment process is conducted in a liquid environment:
this would make it possible to test the adhesive properties of
biofilms grown under water, e.g., those generated from marine
bacteria.  Finally. conducting those detachment tests on a

© 2071 The Authors. Advanced Mat=rak: Interfaces published by Wiley VCH GmbH
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commercial research rheometer makes it also easily possible to
control selected environmental conditions, such as changes the
ambient temperature or humidity.

4, Conclusion

Very often, biofilms are problematic for humans; for example,
when they induce clogging or corrosion of pipes.'™ How-
ever, biofilms can also perform beneficial tasks, eg.. in waste-
water treatment where they remove specific pollutants from
the water.*! Whether combating unwanted biofilms or when
trying to employ them for human purposes, it is helpful to
asgess principles that govern the surface adhesion behavior of
biofilms. With such knowledge and suitable, standardizable
measurement protocols that quantify this material property.
it should be possible to develop strategies that either enhance
or reduce the adhesion properties of biofilms and other, slimy
biomaterials.

Supporting Information

Supporting Informaton is available from the Wiley Online Library or
from the author.
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1. Technical drawings of the custom made components for the detachment test

All of the techmical drawings (Figure 51 — S5) were created with Autodesk inventor
Professional 2020 (Autodesk Corp., San Rafael TUSA).
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Figure 51: PTYE cup as used for the detachment tests. All measwres are given in
millimeters.
dig
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Figure 51: PTFE pin as used for the detachment tests. All measures are given in

millimeters.

121



e

N
() )
4

Figure 53: PTFE ring as used for the detachment tests. All measures are given in
millimeters.
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Figure 54: PTFE bottom plate as used for the detachment tests. All measures are given in
millimeters.
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Figure 55: PTFE form to solidify agar hats as used for the detachment tests. All
measures are given in millimeters.
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1. Influence of treating a B. subflis B-1 biofilms (grovwn either in petri dishes or on
hat-shaped agar layers) with a CuCh solution

Figure 56 depicts the wiscoelastic moduli of B. subfilis B-1 biofilms before and after

treatment with a CoCl solntion Biofilms grown on agar layers generated in petri dishes and

on dedicated hat-shaped samples had to be treated differently with the CuCl; solition (see

main text for details). However, both treatment variants retuwned highly similar cutcomes.
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DOloss modulus

& 100000 ! | L
i T
S 10000
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=4
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S 1000
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untreated treated treated
(petri dish) (agar hat)

n=6 n=9 n=3
Figure 56: Viscoelastic properties of B. subnlis B-1 biofilms before (grey bars) and after
(blue bars) treatment with a CuClz solution. Full bars denote the storage modubus, &7, and

open bars the loss modulns, &7, All data shown represent mean values: error bars denote the
standard deviation as obtained from at least three independent samples as specified in the

figure.
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3. Exemplary frequency spectra obtained for B. subnlis B-1 biofilms
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Figure 57: Viscoelastic response of B. subfilis B-1 biofilms grown on LB agar. Frequency
spectra are shown for vmtreated B. subtilis B-1 biofilms (blue data) and B. subtilis B-1
biofilms treated with CuCly ions after biofilm enltivation (green data). In either case, there is
only a very weak dependency of the measured moduli on the probing frequency. Full symbols
denote the storage moduls. &', and open symbels denote the loss modulus, &7, The vahues
shown represent the mean obtained from six independent measurements. The corresponding
samples were generated ffom two biological replicates. The error bars (which are sometimes
smaller than the symbol size) represent the standard deviation
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4. Maximal force and the corresponding separation distance as obtained from of the
detachment tests with B. subfilis biofilms and reference samples
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Figure 58: Maximal force a), ¢) and position of this force peak b}, d) as obtained from
detachment tests. Biofilms generated from EB. subsilis B-1, B. subsliz 3610 and B. subnlis
natto are compared. Data obtained for ‘empty’ material pawrings (where no biofilms were
grown on the agar layers) are depicted as references. For data shown in a) and b), the
biofilm‘aluminum confignration was nsed. data shown in ¢) and d) was obtained in the
biofilm'biofilm confignration. Full bars denote absence of material transfer whereas striped
bars indicate that material transfer did occur. The pie charts above the bars wispalize how
often material transfer ocourred for a given sample type. All data shown represents mean
values; error bars denote the standard deviation The number of different samples analyzed
per condition is specified in the respective subfigures.
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5. Example images of biofilms showing different types of fracture behavior

Table S1: The images shown below depict the surfaces of the respective partners used in
the two material pairings after the detachment tests. The scale bars shown in the images
represent 1 cm.

sample bottom layer measuring head fr:c;;m
biofilm/
aluminum: cohesion
B. subrilis natto (m
LB
(8’0‘:;;;1 transfer)
biofilm/biofilm: .
cohesion
B. subtilis natto (::::iea]
(@rO‘:;a:;llB transfer)
biofilm/ i
2 i adhesion
aluminum: failure
B. subtilis 3610 ma(tnec;ial
(grown on
e transfer)
biofilm/biofilm: adhesion
failure
B. subtilis B-1 (no
(grownonlB material
agar) transfer)
-
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6. Contact angle hysteresis measurements on different biofilms

To specify the type of superhydrophobicity the different biofilm variants exhibit, contact
angle hysteresis measurements were conducted. Here_ as shown in Figure 59, the volume of a
wetting water droplet was increased from mitially 5 pL to 20 pL and then reduced to 5 pl
again (in increments of 3 uL). Three independent samples were investigated. and the mean
vahue together with the corresponding standard deviation was calculated, accordingly.
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Figure 59: Contact angle hysteresis measurements for all superhydrophobic biofilm
variants. Red arrows indicate an advancing droplet volume and green arrows a receding
droplet volume. All data shown represent mean walues; error bars denote the standard
deviation as obtained from three independent samples each.
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Based on those hysteresis measurements, the difference between the contact angles
determined at the first and last step of those dynamic wetting tests (mean wvalue with
comresponding standard deviation of the ACA), was caleulated from three independent samples
of each sample type. The results are compiled in Table 52:

Table 51: Contact angle hysteresis values as calculated from the data shown in Figure
51. The difference between the initial and final contact angle, ACA, is depicted for each
biofilm variant tested in this study Values shown depict averages from three independent
wetting hysteresis tests; error values represent the comesponding standard deviation. The hash
(%) symbol indicates conditions where the Cu’" ions were not added to the agar laver during
growth, but where an ion solution was added to the fully grown mature biofilm from above
(see main text for details).

bacterial
. B-1 B-1 B-1 B-1 B-1 B-1 B-1 3610

strain
growth

LE LB LE LB LE LE LB MSgsz
media
added ion - Ca” Co™ Zo AT Fe© | Cu (&) _
ACA 7] 535 | S5 2229 | 554 | 628 | T5x14 | 454 | 06620
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7. Topographical characterization of the biofilm surfaces with laser scanning
profilometry

To investigate the surface structure of the different biofilm variants, topographical images
were obtamned with laser scanning profilometry (Figure S10). Profilometric images were
obtained with a 3D laser scanning confocal microscope (VK-X1000 series, Keyence
Corporation. Osaka, Japan) at 20x magnification resulting in an image size of 705 pym x
529 um The topographical data was then evaluated with the sofiware MultiFileAnalyzer
(Version 2.1.3.89. Keyence).

470 um '
400 pm
300 pm
' 200 pm

100 um 8-1(L8) 3610 (L8) natto (LB)

.

B-1(LB + Ca™) B-1 (LB + Cu™) B-1 (LB +Zn")

L

B-1(LB +AI") 8-1(LB +Fe™)

Opm

—

8-1(L8 + Cu™ 4) 3610 (MSgg)

Figure S10: Topographical images of biofilm surfaces obtained with laser scanning
profilometry. One representative image is shown for each biofilm variant studied in this
manuscript. The dimensions of each figure are 705 um x 529 pum All pictures of biofilms that
were characterized as superhydrophobic (red frames: rose-like; green/red frames: partial
lotus-like and partial rose like) show roughness features both on the micro- and nanoscale. In
contrast. hydrophilic biofilms (blue frames) have very smooth surfaces. The hash (¥) symbol
indicates conditions where the Cu”~ ions were not added to the agar layer during growth. but
where an ion solution was added to the fully grown. mature biofilm from above (see main text
for details).
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From the topograplical images depicted in Figure 510, metrological parameters were
calculated to quantify the surface roughness of the different biofilm variants. Here, two
parameters defined in the ISO 25178 norm were used: First. the root mean square surface

roughness {5g),

(1 .
Sq = 30,2 (x y)dxdy (1)

and, second, the developed interfacial area ratio (Sdr),

Sdr = i[ﬂ,‘(l |1+ (Z222) + ()] dxd}'} @

For each biofilm variant. the 5§ value and Sdr parameter of three independent samples were
determined, and the mean walue together with the corresponding standard deviation was
calenlated, accordingly. The abtained results are compiled in Table 53 shown below:

Table 53: Metrological roughness parameters as caleulated from three topographical
images each. Values shown depict averages; error vales represent the corresponding
standard deviation The hash (¥) symbol indicates conditions where the Cu®" ions were not
added to the agar layer during growth tut where an ion solution was added to the fally
grown mature biofilm from above (see main text for details).

bacterial growth media added ion Sdr [%0] Sq [nm]
strain
B-1 1E - 607 =412 116=7
3610 1E - 3007 19x11
natto 1E - 0.06 =002 1.7=09
B-1 1E Ca™ 1037 =574 159 =30
B-1 1LE Cu™ 1246 = 666 128 +35
B-1 1LE Zn™ 534276 96 =30
B-1 1E Fe'~ 1842 = 1566 156 =22
B-1 1LE Al'” 792 =738 107 =34
B-1 1B Cu” (&) 18=4 175
3610 MSgg - 160 =11 88=03

This metrological analysis revealed, that all hydrophilic biofilms (B. subifilis 3610 (LB) and
B. subtilis naito (LB)) exhibit a very smooth and featureless swface. In contrast, all
hydrophobic biofilms exhibit multi-scale roughness on the micro- and nanclevel In addition
for all B-1 biofilms we detected additional mesoscopic waviness features on their surface.
Such waviness is absent for B. subfilis 3610 biofilm cultivated on MSgg agar and reduced for
the B-1 biofilm treated with a Cu” solution subsequent to its cultivation Together, this

indicates that the micro- and nanoscale roughness features are highly relevant for establishing
11
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superhydrophobic properties; in contrast, the mesoscopic waviness is less important for the
wetting behavior of the biofilms.

We determined the largest Sdr and 59 valnes for biofilms of B-1 grown on LB agar enriched
with Ca‘\'*', -Cu]_._ Fe™ or AP, Partial lotus-like superhydrophobic behavior was found for B-1
biofilms grown on LB agar enriched with Cu™" or A", which is in agreement with their very
high surface roughness. B-1 biofilms grown on LB agar enriched with Ca~ or Fe'™. however,
showed rose-like superhydrophobicity. In those cases, the very high surface roughness values
we measured are most likely due to the high waviness features present on those two biofilm
variants. As argued above, this mesoscopic waviness is, however, less relevant for the wetting

behavior of a biofilm than its micro- and nanoscale roughness.

12
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8. Corrosion of the aluminum measuring head used in the detachment tests conducted
with CuCly treated B. subnlis B-1 biofilms

Figure 511 depicts an image of the alumimum measuvring head used for the biofilm
detachment tests with CuClx-treated B. subfilis biofilms. Here, clear signs of corrosion are
visible with the naked evye. A profilometric analysis demonstrates that the surface roughness
of such a correded aliminum measuring head (as quantified by the root mean square height.
5g) 1z almost twice as high as the corresponding vahie obtained for a new, ummsed measuring
head. The profilometric images were obtained with a 3D laser scanning confocal microscope
(VE-X1000 series, Kevence Corporation Osaka, Japan). The images were obtained at 10x
magnification resulting in an image size of 1412 pm x 1059 pm The obtained topographical
data was then evalated with the software MultiFile Analyzer (Version 2.1.3.89, Kevence).

unused used
(exposed to CuCl)

Figure 511: Photographic image (left) and roughness analysis (right) of an alominunm
measuring head that was used for conducting detachments tests with B, subnlis B-1
biofilm samples that were exposed to a CuCly solution. The scale bar in the photograph
represents 1 cm. Data shown in the right subfigure depicts the average roughness valve as
calculated from three topographical images obtained at different locations of the measuring
head surface; the error bars represent the standard deviation.
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A.4 Viscoelastic behavior of chemically fueled supramolecular hydrogels under load

and influence of reaction side products
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About ten years ago, chemically fueled systems have emerged as a new class of synthetic
materials with tunable properties. Yet, applications of these matenals are still scarce. In part,
this is due to an incomplete chaacterization of the viscoelastic properties of those materials,
which has - so far - mostly been limited to assessing their linear response under shear load.
Here, we fill some of these gaps by comparng the viscoelastic behavior of two different,
carbodiimide fueled Fmoc-peptide systerms. We find that both, the linear and non-linear
response of the hydrogels formed by those Fmoc-peptides depends on the amount of fuel
driving the self-assembly process - but hardly on the direction of force application. In
addition, we identify the concentration of accumulated waste products as a novel, so far
neglected parameter that crocially affects the behavior of such chemically fueled hydrogels.
With the mechanistic insights gained here, it should be possible to engineer a new generation
of dynamic hydrogels with finely tunable material properties that can be tailored precisaly for
such applications, where they are challenged by mechanical forces.
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lecules at the expense of chemical energy'~, intensive research

has been conducted to understand the molecular mechanisms
driving this self-assembly process to develop artificial analogs® ",
Both, biological and man-made, chemically fuded dynamic
materials dmmatically differ from in-equilibrinm materials as
they exist outside of thermodynamic equilibrium; in other words,
a driving force is necessary to obtain and maintain these materials
in their non-equilibrium state!12, One grategy to achieve such a
dynamic behavior is by using fuel-driven reaction cycles!® <21,
Here, the energy required to keep the material out of equilibrium
i generated by the irreversible conversion of a “fuel” molecule. In
mature, a prominent example for such a fuel-based assembly
process can be found in the cytoskeleton® here, the building
blocks of the actin cortex (Le., G-actin subunits) assemble into
flaments (F-actin) by consuming energy provided by the
hydrolysis of ATPZ2, Pioneering work in synthetically recreat-
ing this reaction was done in the 2010z by van Esch and cow-
orkers, who presented a chemical reaction cyde that catalyzes the
hydrolysis of methylating agents®®. Since then, various other
strategies and reaction cydes have been introduced'®. Whereas
the main idea remains the same in all those sxamples, many
different, fascinating systems have been presented including
pulsating micelles®, self-assembling metal-organic framework
sygems®, or loadable, DNA-based actuators®,

In 2017, Tena-Solsona et al. introduced chemically fueled
materials based on fluorenylmethylocpcarbonyl (Fmoc)-protected
peptides™. Here, self-assembly is driven by the hydration of a
carbodiimide fuel. In such Fmoc-based peptide systems, the
propertics of the self-assembled materials are broadly tunable,
and this is achieved by a tailored variation of the conjugated
amino acid sequence™. In detail, supramolecular structures with
tmable shape, size, and lifetime could be created. Although the
reaction kinetics governing the lifecyde of such assembled
structures have been investigated extensively, one detail remains
partially negected: the role of waste products. Compared to
biological systems, where the concentrations of the contributing
molecular components are strictly regulated by the cellular
machinery, such control is difficult to achieve in dosed, artificial
sysems; here, waste products accumulate over the lifetime of the
material. It was speculated previously that the reaction waste
products might interact with the supramolecular structures and
disturb their assembly process™. To avoid such interference by
waste accumulation effects, Sorrenti et al created dynamic self-
assemblies in a membrane reactor which allowed waste molecules
to leave the microcompartment” ',

The micro- and mesoscopic properties of such supramolecular
assemblies, especially fiber-forming peptides, also directly impact
macroscopic  material characteristics. Specifically, a dynamic
transition from a solution into a gel (and back) was observed, and
those transitions were shown to follow the kinetics of the mole-
cular assembly process™ %, Depending on the detailed structures
generated during the self-assembly procedure, the lifetime of such
macroscopic gels can be broadly tunable. Yet, so far, experimental
studies investigating the mechanical properties of such out-of-
equilibrium materials were limited to the linear response
regime™-*, The nonlinear behavior of these chemically tueled
materials has been underecplored Partially this might be caused
by the fact that both the exact point where Hooke's law does not
hold tre anymore and the type of nonlinear material response
setting in beyond this point cannot easily be predicted; instead,
both items require scparate investigations using the specialized
methodology. Such nonlinear material properties are, however,
relevant when a material is exposed to a large mechanical load—
be it shear or compression forces. Depending on the application
area such (or similar) sef-assembling, dynamic materials might

I nspired by the dynamic assembly and disassembly of hiomao-

be further developed: in the future, such material behavior under
load can be highly important.

Here, we investigate the macroscopic material properties of
hydrogels formed by two different self-assembling (Fmoc)-pro-
tected peptides derivatives. We first characterize both, the linear
and nonlinear visooelastic properties of these two systems with
respect to initial fuel concentration and time. Then, we assess the
failure behavior of the hydrogel materials when exposed to dif-
ferent levels of mechanical stress. We demonstrate how the waste
products generated by the fuel conversion affects the mechanical
properties of the hydrogels—both, when added to the system
prior to gel formation and when acoumulating within the system
over time. By comparing results obtained with the full waste
product to data obtained with waste-mimetics, we identify
hydrophobic and (to a lower extent) electrostatic interactions
between the Fmoc-hased peptides and the waste molecules to be
the critical forces that challenge the assembly process. Further-
more, our results suggest that the molecular design of the peptide
sequence plays a critical role for how waste accumulation influ-
ences the dynamic self-assembly/disassembly process.

Results and discussion

Peptide design and dynamic assembly process. Dyvnamic self-
assembling hydrogels based on Fmoc-protected peptides (Fmoc-
aa) derivatives hawe been introduced previously=. When solubi-
lized in a suitable aqueous buffer system, the anionic peptides
repel each other through electrostatic forces established by the
dicarboxylate groups. The peptides are designed to react with a
carbodiimide-based fuel in an activation reaction. Upon activa-
tion, the dicarboxylate-based precursor & converted into its
corresponding cyclic anhydride at the expense of 1-ethyl-3-(3-
dimethylaminopropyl jcarbodiimid-hydrochlorid (ED(C) which is
converted in 1-[3-(dimethylamino)propyl]-3-ethylurea (EDU). In
the aqueous environment, the activated anhydrde state is not
stable and will spontaneously hydrobyze to yield its precursor
state (Fig. la). Thus, when fuel is added to the precursor, a
population of transiently activated anhydride product is obtained.
In this anhydride state, the electrostatic repulsion between the
maolecules is eliminated, which results in their assembly. However,
due to the transient nature of the anhydride, a dynamic assembly
is created which is regulated through the kinetics of activation
and deactivation When a finite amount of fuel iz added,
assemblies emerge with a finite lifetime. The range of assemblies
that can be nbtaln.od}g}.r using EDC as fuel includes colloids™,
vesides™, oil-based” ™™ and coacervate-based*®* droplets, and
hydrogel-forming fibers™.

In the peptide design, the repulsive and attractive forces must
be halanced such that the precursor remains in solution but the
product assembles. Two possible peptide sequences that allow for
such controlled self-assembly of Fmoc-peptide-conjugates into
supramolecular structures are Fmoc-alanine-valine-aspartic acid
(Fmoc-AVDY) and Fmoc-alanine-alanine-aspartic acdd (Fmoc-
AAD) (Fig. 1b). Here, the substitution of valine with alanine
slightly reduces the hydrophobic character of the tripeptide. Az a
consequence of this small modification, a larger proportion of the
Fmoc-oonstructs can be expected to switch hﬁta%‘lﬁpﬂdjsmbkd
state  thus  rendering  supramolecular  aggregates  less
pronounced*!. Furthermore, as demonstrated previously using
confocal microscopy and cryo-TEM imaging, this modification
also alters the morphology of the assembled structures from wide,
flat fibers (chtained for Fmoc-AVIY) into thinner, more twisted
helical structures (ohserved for Fmoc-AAD).

Rheological behavior of dynamic peptide-based hydrogels.
When we investigate the time-dependent visooelastic moduli of
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the Fmoc- AVD hydrogels, we observe a behavior consistent with
the underlying reaction cyde driving the dynamic self-assembly
of the sygem: When the Fmoc-AVD samples are premixed with
the “fuel”, the system is already in a hydrogel state when the
rheological characterization starts, Le., the material is dominated
by elastic propertics as represented by the storage modules ',
Then, we observe a quick increase in both viscoelastic moduli,
which reach their respective maxima within the first 2 min of the
measurement.  Afterward, both  viscoeastic moduli slowly
decrease over time and reach plateaus after ~15-20 min (Fig. Za).
Further changes in the viscoelastic properties of this system are
not observable—even when the moduli are tracked for up to
120 min (Supplementary Hesults Section 1.1 and Supplementary
Fig. 1). Macroscopically, the formation of supramolecular struc-
tures can be visualized by a transition from dear to turhid sam-
ples. In addition, confocal images give indght into the size and
shape of the supramolecular clusters formed in the hydrogels
(Fig. 2). Over time, the turbidity of samples created with low
(100mM) or medium (250 mM) EDM concentrations sightly
decreases; however, inverted tube tests confirm the ongoing
presence of an elastically dominated material [Supplementary
Results Section 1.1 and Supplementary Fig. 2).

In previous work, it was shown that the time point, at which
such a dynamic peptide hydrogel system reaches its highest
dagticity, corresponds to the moment when the maximal
anhydride concentration is present in the system®™. The
subsequent hydrolysis of this anhydride & responsible for a slow
disassembly of the gel, which canses both viscoelastic moduli to
decline. Yet, a certain amoumt of the Fmoc-AVD maolecules
remains trapped in self-assembled fibers even though they have
returned into their initial, self-repelling precursor state. Thus, we
hypathesize that such kinetically trapped fibers are responsible for
the remaining elastic-dominated properties of the system, which
persist even though all the fuel can be expected to be consumed

Consistent with previous results obtained with similar
systems™", the amount of fuel that is initially present affects the
viscoelastic properties of the assembled hydrogel in two ways:
first, increasing the fuel concentration from 100 to 250mM
edends the lifetime of the gel ie, it increases the time span
beyond which the elastic properties of the system start to decrease
(Fig. 2a). Second, such an increase in the fud concentration also
boosts the madimal elasticity of the gel (Fig. Zh).

However, further increasing the fuel concentration to 1000 mM
only slightly affects the properties of the assembled hydrogel by
weakly increasing its lifetime (Fig. 2a) without significantly
increasing the maximal gel stitfness. This finding indicates that, at
those particular conditions, the conversion reaction from
precuraor to anhydrde has pmobably reached its madimum
vield®. So far, we have assessed the viscoelastic properties of the
Fmoc-AVD system in the linear response megime, ie, a small
mechanical load where Hooke's law holds. When we probe the
nonlinear properties of the same szet of samples by large
amplitnde oscillatory shear (LAOS) measurements (where we
continuously increase the osdllatory strain applied to the samples
while tracking the viscoclastic moduli; see Methods section
“LAOS measurements” for detaik), we find that all three Fmoc-
AVD hydrogel variants show lingar material response up to strain
levels of ~p=1-2% (Fig. 2c). At this critical point, where the
nonlinear reponse regime of the hydrogels is left, strain
weakening sets in. The corresponding maximal stress levels we
determine around those critical points range from 26+5 Pa
(determined for 100mM fuel) to 82+ &Pa (determined for
1000 mM fue) (Supplementary Results Section 1.1 and Supple-
mentary Fig. 3a).

Mext, we use a similar approach to asess the viscoelastic
properties of a system generated from a slightly different Fmoc-
variant conjugated to the tripeptide AAD. In contrast to the
Fmoc-AVD system dismissed above, the AAD peptide provides
the respective Fmoc-conjugate with significantly dower reaction
kinetics?®, Consequently, upon gelation, this system reaches its
maximal elasticity a hit later than Fmoc-AVD, ie., ~4-5 min after
the addition of fuel. Moreover, the absolute values of the moduli
reached here are lower than for Fmoc-AVD. This can be
rationalized by differences in the attmctive forces acting in both
Fmoc-systems: by replacing the amino add valine with alanine,
the hydrophobicity of the peptide core part is decreased. This
replacement should slightly shift the delicate balance between
hydrophobic attractive and electrostatic repulsive forces towards
the attractive forces. In addition, as dismssed abowe, this
replacement also entails a structural change of the aipramolecular
motifs generated by the Fmoc-peptides. Together, we consider
this structural change and the increase in hydrophobic attractive
forces to be ane reason for the increased mechanical stability of
Fmoc-AVD gels compared to Fmoc-AAD gels.
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Fg 2 Viscoelastic properties of self-assembled hydrogals, The fusl concentration affects the time-dependeant visooelastic properties (a) the maximal
storage moduls oblained during the resction process (b), and the nonlinear mechanical properties (€) of self-assembled Fmoc-AV D hydrogels. The Frmoe-
AAD system i influenced by different fuel concentrations in a similar manner (d-); yel, the viscoe lastic moduli <lay in a plate su-like state ance the gelis
formed (d). Gelation curves (a, d) and LAOS messurements (e, ) show the mean of data ellained from n= 3 independent samples. Bar plots in panels (b
&) represent the mean logether with the standard devistion {n= 3, significance level p< 005 as delermined by ordinary one-way ANOVA and Tukey post
hoc tests). Fmoc-AVD deta is depicted in green and Fmoc-AAD data i in blue Bright colors represent an EDC concentration of 100 mb, medium bright
cokrs cormespond to 250 mM, and dark colors to 1000 mM. Salid lines represent the storage modulus and dashed lines the loss modulus. Individual data
points are depicted with triangles (100 mM EDC), rhombuses (250mM EDC), and circles (0000 mM L

Maoreover, once a sable gel i formed, we only observe a slight
(if at all) decline in the visooelastic properties over time (Fig. 2d).
Alsn, here, the turbidity changes and the inverted tube tests and
fluorescent images support our observations from the rheological
mvestigations (Supplementary Besults Section 1.1 and Supple-
mentary Fig. 4). Based on previous studies, we expect this good
stahility of the hydrogel to originate from the fact that, when fuel
i& abundant, most of the supramolecular structures formed by
Fmoc-AAD remain in their assembled state—even when the
anhydride component is hydrolyzed into its precursor state®!.
Overall, the Fmoc-AAD system has properties that only weakdy
depend on the fuel concentration—both in the linear and
nonlinear response regime (Fig. 2d-f). Similar to the Fmoc-
AVD gels, alko the Fmoc-AADY gel variants show strain
weakening at strain levels above ~y =1-2%, and the maximal
stress Jevels, the samples withstand during this type of nonlinear
shear rheology meamirements, are all in the range of 25-3Fa
(Supplementary Fig. 3b).

Mechanical failure of hydrogd dogs in tubings. Up to now, we
have assessed the mechanical properties of the two Fmoc-systems
when exposed to either low or high shear forces. We found that
the shear resistance of Fmoc- AV D gek depends on the amount of
fuel present in the system In contrast, the viscoelastic properties
af the Fmoc-AAD system exhibit only a weak dependence on the
fuel concentration. In possible application scenarios, however, it
i unlikely that the material will be exposed to shear forces

exdusively. Thus, in the next step, we aim at testing the same set
of gels in an environment, where they can be eposed to normal
Ioad. For this purpose, we developed a flnidic system, which can
be temporarily sealed using hydrogel dogs generated by the two
Fmoc-hased peptides. When injected into this fluidic system, the
hydrogel dog can be exposed to an adjustable fluid pressure,
which creates a defined normal load onto the hydrogel material
(Fig 3a, see Methods section “Transient dogging of fluidic sys-
tems" for details).

When determining the stress resistance of such dynamic
hydrogel cogs, it is important to consider that two parameters
affect the stability of the gels in the presence of mechanical load:
the viscoelagtic properties of the system as determined by the
initial fuel concentration and the intrinsic lifetime of the created
hydrogel system. For consistency, we test the maximal pressure
resistance of each gel variant at the particular time point when the
gel reaches its highest easticity. When we seal the tubing with a
Fmoc-AVD hydrogel dog containing 100 mM fuel and then
continuously increase the applied fluid pressure, we observe dog
failure at a “burst pressure” of <20 mbar. When increasing the
fuel concentration to 250mM, the stress resistance of the
hydrogel dog is increased such that it withstands pressures up
to 30 mbar (Fig. 3¢). This result agrees well with the differences
we observed in the maximum elastic moduli determined for those
two Fmoc-AVD hydrogel variants in the linear response regime,
ie, ((po=09+0.1kPa for 100mM of fud and ©
"1 =26+ 09kPa for 250mM of fuel (Fg 2b). Interestingly,
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Fg 3 Transient cl ogging of tubings. Schematic ilustration of the luidic system used 1o conduct the clogging experiments (a) The pressur e resistance of
clogs formed by Fmoc-AVD and Fmoc-AAD hydrogels in macroscopic lubings depends on the fuel concentration (e, &). If Fmoc-AVD hydroge| clogs are
exposed i 8 suberitical pressure (black dashed line in €], they withstand this mechanical load for & certain, fuel-dependent time span (d). This time span
reflects the time point in the gelation curves where the gel #ifiness falls below a oritical value {circles in bl Data shown represents the mean and the

standard devistion 22 oblained framn=3 (b, n=7 (e, &), and n=5 {d)

independent samples. The level for significance was set 1o p< 0,05 and

determined by ordinary one-way ANOWA and Tukey post hoc test (e, d) or Knskal-Wallis test in combination with the Dumn’s multiple comparisons lest
(&) Fmoc-AVD data & depicled in green and Fmoc-AAD data in blue Bright colors represent an EDC concentr ation of 100mM, medium bright colors
correspand to 250 mM, and dark color s to 1000 miL Individual data points are depicted with triangles (300mM EDC), rhombuses (250mMd EDC), and

circles (1000 mML

further increasing the fuel concentration from 250 to 1000 mM
has almost no impact on the maximum elasticity of the Fmoc-
AVD sygem ((Fypp =2.6+0.5kPa)—and similarly, also the
pressure resistance of a Fmoc- AV hydrogel dog generated with
250 mM fud is not further enhanced when the amount of fuel is
ncreased (Fig 3c). With the measured burst pressure values and
the peak values of the elastic moduli determined for the different
hydrogel varianmts, we estimate critical strain levels (which
comespond to the respective burst events) ranging between ~1
and 2% (Supplementary Fesults Section 1.2 and Supplementary
Table 1). Those estimated critical strain values agree reasonably
well with the results from the LAOS ecperiments, where we
ohserved that the samples enter nonlinear behavior at those strain
levels. In other words, this result implies that failure of the
hydrogel clogs ocours as soon as the linear response regime of the
material is left, i, when the hydrogels sart to get damaged.
When wsing a dynamic hydrogel system for a clogging test as
we conduct it here, the maximal elasticity of the hydrogel dog is
not the only relevant parameter to consider; insead, the intrinsic
lifetime of the gel can also be expected to contribute to the failure
process of such a hydrogel clog. To test this notion, we next apply
a suhc rlﬁfﬂpmuu:c to the hydrogel clogs, ie. a pressure level
that is smaller than the burst pressure levels we determined
above. When such a (constant) subcritical pressure level (here,
selected 13 mbar) isapplied to a Fm.oc-A‘-"DElydmgd clog fueled
with 100mM EDC, we ohserve dog failure after —4-5min
(Fig. 3d). Using the time-dependent viscoclasticity properties
determined before, we find that this time point corresponds to an
dagicity range of (' ys ~120-760Fa (Fig. 3b). With this result,
we expect that the failure of the hydrogel clog should be delayed,
when the fuel concentration is increased from 100 to 250 mM: At
this higher fuel concentmtion, the lifetime of the hydrogel is

extended such that a similarly low level of hydmged elasticity is
not reached within the first 5 min. Indeed, failure of this hydrogel
clog ocours a bit later, ie., around ~11-12min, which is in line
with our expectation. Accordingly, another (yet small) increase in
the clog lifetime is obtained when even larger amounts of fuel
(e, 1000 mM EDC) are used (Fig. 3d). Also, this result is in good
agreement with the time-dependent viscoelastic properties of this
hydrogel varant, which requires even maore time to soften up to
levels in the range of a few hundreds of Fa (Fig. 3b).

When we use the same setup to test the pressure resigance of
softer Fmoc-AAD-based gels, the obtained results are in good
agreement with the viscoelastic properties of those gels as we
dizmussed above. For instanoe, we observe that the burst pressure
values we determine for such Fmoc-AAD clogs only weakly
depends on the fuel concentration used to generate those
hydrogels. Similar to the maximal shear moduli determined in
the linear response regime, this burst presmire only increases
when the fuel concentration is increased from 100mM to
250 mM—but not beyond that (Fig. 3¢). Also here, based on the
measured burst pressures, we estimate a critical strain of ~1-2%
(Supplementary Table 1) upon which dog failure is triggered—
and this critical strain level agrees well with the LAOS
measurements we described for those Fmoc-AAD hydrogek
above. In other words, all hydmoge dog variants fail at such
conditions where the linear response regime ends. Here, the
hydrogels can no longer withstand the mechanical load they are
exposed to; depending on the measuring setup used, this results
in either strain weakening or dog failire.

Influence of reaction waste products on the hydrogel lifetime.
5o far, we have discussed the influence of mechanical load and the
intrinsic lifetime of the dynamic hydrogels on the viscoelastic
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properties of the self-assembled materials. As mentioned above,
increasing the fuel concentration from 250 to 1000 mM neither
increases the maximal stiffness of the hydrogels nor their intrinsic
lifetime. Based on this remlt, one might assume that 250 mM of
fuel is sufficdient to generate the highest anhydride concentration
possible—at least for a short time period. This idea would he
consistent with our observation that the Fmoc-systems fueled
with this particular EDMC concentration show a similarly high
maximal elastic modolus as the same system fueled with
1000 mM EDMC. However, as the oyclic EDC conversion reaction
drives the assembly proces of the Fmoc-conjugates, any excess
EDC moleanles should be able to immediately reactivate the
hydrolyzed fand thus disassembling) variants of the Fmoc-
anhydrides. As a consequence, hydrogel samples containing
1000 mM fuel should show a prolonged regime where a near-to-
maximal elastic modulis is present. Why is this not the case?

The EDMC-hased reaction cyde is rather simple, and the only
molecular component we neglected in our considerations so far is
the meaction waste product EDU (Fig. 4a). One possible
explanation as to why larger EDMD concentrations return
unexpected results could be that an acocumulation of this “waste”
product within the sample might negatively affect the ongoing
comversion reaction of the Fmoc-precursors to the anhydride. To
test this idea, we add 1000mM EDU to a Fmoc-AVD sample
(which already contains 1000mM E[DMC) and again track the
development of its viscoelastic properties. Interestingly, the
presence of EDU seems to prevent the formation of a hydrogel:
the system now remains dominated by its viscous properties, and
we do not detect any sign of gelation (Fig. 4b).

To obtain a better understanding of how EDU might interact
with the microscopic mechanism of the self-assembling system,
we choose two additional molecules, which mimic different parts
of the chemical structure of EDUE First, urea—this molecule is
sdlected to mimic the urea group of EDU. Second, methyl 3-
[dimethylamino)propionate (MDF)—at the pH value used for
our experiments, MDP contains a slightly hydrophobic and
positively charged carbon chain, which approximates the carbon
chain of EDW (Fig. 4a). In the aqueous environment used here,
the hydrolysis of the ester MDF into its carboxylic add and
methanol is rather slow (Supplementary Results Section 1.3 and
Supplementary Fig. 5); thus, such an MPD hydrolysis should not
significantly impact our experiments 'When we add one of those
two EDU-mimetics, i.e, wea or MDP, to the mme Fmoc-AVD
sample tested before, we obtain the following resubs: Whereas
even high concentrations of urea (ie, 3000 mM) do not affect the
gelation process of Fmoc-AVD at all, the presence of MDP
prevents gelation (Fig. 4b).

Together, those results suggest that the carbon chain of EDU
[or MDF) interacts with the Fmoc-system such that its self-
assembly process is disturbed. At this point, it is important to
recall that the carbon chains of both, EDU and MDF, combine
hydrophobic as well as cationic properties, and the latter originate
from the tertiary amine groups present in the molecules. Thus,
EDU, as well as MDP, could interact with the Fmoc-conjugates
via cation-m interactions between these tertiary amine groups of
MDP/EDU and the Fmoc-group, andfor via electrostatic inter-
actions between the tertiary amine groups of MDF/EDU and the
anionic carbooyl group of the Fmoc-precursor. Either of those
interactions could disturb the sdf-assembly process of the system
and inhihit the formation of fibers and thus hydrogels.

Of course, the conditions we created for this particular set of
tests, ie, mixing the precumor with both, fuel and waste
molecules, do not correctly reproduce the scenaro present in
the dynamically selt-assembling gels: here, at the beginning of the
experiment, the concentration of waste molecules is close to zero
but increases over time while the reaction cyde converts EDC. To

better mimic this dynamic scenario, we change the setting of our
rhenlogical measurements. In detail, we switch to a custom-made
setup, where we can expose a preformed hydrogel to waste
molecules in situ*” (see the schematic in Fig. 4c and the Methods
section “Measurements with a perforated plate setup”™ for
technical details). As this complex setup can have small influences
on the absolite values of the measured viscodastic moduli, we
first set a new baseline by again measuring the gelation behavior
of Fmoc-AVD samples without the addition of any interfering
agents. Overall as expected, the time-dependent behavior of the
chemically fueled hydrogek is successfully reproduced (Supple-
mentary Reailts Section 1.4 and Supplementary Fig. 6). Then,
once more, we observe the gelation behavior of a Fmoc-AVD
hydrogel fueled with 1000 mM EDC: however, this time, the fluid
chamber is filled with only 1000 mM EDC dissolved in 200 mM
2 N-morpholino)ethanesulfonic acid (MES) buffer at the begin-
ning of this measurement. After recording the viscoelastic
properties of the smmple for 20min (the corresponding time
point is indicated by the red dashed line in Fig. 4d), the fluid in
the reservoir is replaced with a solition comtaining 1000 mM
MDF in addition to 1000 mM EDC.

Interestingly, for the preformed Fmoc-AVD hydroge, this
exposure to MDP only results in a small measuring artifact, which
is created by a sudden increase in pressure in the reservoir
chamber (this pressume increase is generated when the pump is
started to exchange the fluid in this reservoir). In contrast, for
Fmoc-AAD hydrogels, similar sudden exposure to MDP does
affect the visooelastic properties of the system Here, after
ohserving a similar artifact induced by the buffer exchange
process (which is more grongly pronounced for the softer Fmoc-
AAD hydrogel than for the stitfer Fmoc-AVIY gel), we detect full
liquetaction of the system: in other words, the system returns into
its liquid state that is dominated by the loss modulis (Fig. 4f).
This difference in the hydrogel behavior & very interesting as an
immediate exposure of Fmoc-AAD conjugates to EDU, urea, or
MDP prior to gel formation returns virtnally identical results
(Fig 4e) a= what we described for Fmoc-AVD above. Con-
sistently, a preformed Fmoc-AVD gel maintains its supramaole-
cular structures upon MDF addition: here, the sample turbidity
persists after MPD} addition, and confocal microscopy images
show similar supramaolecular structures as in the absence of MDP
(Fig 4g). In contrast, just minutes after MDF was added to the
test tube, turbid Fmoc-AAD gels are reverted into dear samples.
Accordingly, fluorescent images obtained for such MDP-enriched
Fmoc-AAD systems show the disintegration of the previously
present supramolecular structures (Fig. 4h). To visualize the
dynamic sructural changes in the gels, time-lapse movies
(Supplementary Movies 1-4) of both peptide systems with and
without the addition of MDF were obtained wsing confocal
microscopy (those are available as dectronic SI). To quantify the
turbidity of the gels, light ahsorption measurements were
conducted Also here, the gels are initially turbid indicating a
successfully formed gel structure (Supplementary Results Sec-
tion 1.5 and Supplementary Fig. Ta-f). Upon addition of MDF,
we observe a loss of turbidity for preformed gels generated from
Fmoc-AAD, bt not for those generated from Fmoc-AVD
(Supplementary Fig 7g, h).

Together, we interpret those results as follows: As mentioned
above, hydrophobic attractive forces are responsible for driving
the self-assembly of both variants of Fmoc-conjugates into
supramolecular structures and, consequently, the formation of
macroscopic hydrogels. When the Fmoc-derivates are brought
into contact with the waste product EDU prior to gelation, the
EDU molecules might bind to (and thus shidd) the hydmophobic
domains of the anhydrde thus preventing self-assembly. Yet,
when the Fmoc-derivatives are already present in their self-
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dastic properties of chemically fueled hydrogels. The waste product of the reaction cycle (EDU)

and its structural mimetics (a) affect the gelation behavior of Fmoc-AVD (green) and Fmoc-AAD (blue) differ ently (b, e). Cistom-made rheological setup
1o assess the behavior of preformed gels when brought into contact with the waste-mimetic MDP (¢): here, the viscoslastic properties of 3 preformed
Fmoc-AVD gel exposed to MDP after 20 min (dashed red line) remain virtually unaffected (d). However, a preformed Fmoc-AAD gel disintegrates upon
exposure 1o MPD (f). Refarence measuraments without the addition of MDP are illustrated in gray for both peptide systems Data shown represents the
mean as obtained from n > 3 independent samples. Error bands (d, f) depict the standard deviation. inverted tube tests and fluorescent imaging of Fmoce-

AVD (g) and Fmoc-AAD (h) samples further llustrate gl formation and gel (in)stability after MPD addition

assembled state (e.g. as fibers) the strength of the stabilzing
interactions determines if those supramolecular structures can be
disintegrated by EDU. Based on the molecular architecture of the
tripeptides conjugated to the Fmoc-groups, it is reasomable to
assume that the hydrophobic forces responsible for self-assembly
are weaker for Fmoc-AAD than for Fmoc-AVD. Thus, preformed
Fmoc-AAD gels are more sensitive to EDU addition than Fmoc-
AVD, which is why the former liquefy and the latter do not.
For other, less dynamic hydrogel systems, similar effects of
molecular additives on the gel properties were observed
previoudy and were used to adjust the gel properties in a
controlled manner®*. Owing to their ability to aggregate in
water and to interat with hydrophobic gel structures,

hydrophobic additives are especially well suited for this purpose.
Far instance, by adding paly(lactic acid) it s possible to generate
porous hydrogels*, and the swelling behavior of certain gel
systems can be modified by the addition of hydrophobic additives
such as benzoic acid or phenols. Moreover, wsing molecular
additives, the viscoelastic properties of hydrogels can be tuned:
when poly(ethylene glycol) is added to poly(vinyl pyrrolidone)
hydrogels, this reduces the gel stiffness; in contrast, the addition
of poly(ethylene oxide) increases the elasticity of this gel
variant*. In addition to affecting the lifetime of self-assembling
peptide systems as we demonstrate here, such other molecular
additives could be used in the future to further tailor the
properties of chemically fueled hydrogels.
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Condusions

We demonstrate that the chemically fueled peptide conjugates
Fmoc-AVD and Fmoc-AAD offer tunable mechanical properties
both in the linear and nonlinear response regime. In addition, we
demonstrate that the lifetime of the emerging supramolecular
materias depends not only on the amount of fuel available for
creating assembly-competent molecules but also on the con-
centration of accumulated waste products, which can destabilize
the assembled structures. Future developments of this class of
materials have to take this additional parameter into account
when designing molecular features of the self-assembling Fmoc-
peptides. In briet, such dynamic hydrogels do not only come with
intrinsic, preprogrammed material properties, they ako allow for
externally influendng the lifetime of the self-assembled struc-
tures. The possibility to combine adjustable mechanical proper-
ties with an a priori programmable and a posteriori tunable
lifetime opens up a broad range of future applications for such
dynamic materials: we expect that similar systems could be used
as pre-programmable sealings for (micro)-fluidic systems, or as
components in soft actuators and micro-robotics.

Materials and methods

Chemials. The following commercial chemicals were used for the synthesis of the
Fmoc-ripeptides: deerated dimethyd subioxide (DM30-dg), N, M -diisopro-
pricarbodiimids (DIC), ethyl (hdroryiming koyanoacetate (aoryma) (Mova-
hinchem®), piperidine (%% ) protecied amino acds alanine {Fmoc-A-OH) and
valine {Fmoc-V-{JH}, solvents (acstonitrile (ACN]) N, N-dimathdformamide
(DM}, dichloromethane, doble distlled water {Millic)" Direct &), triflucroacetic
acid [#9%, TFA), triisopro pylsllane (TTPE), and preloadad Fmsoc-Asp{OrBul-Wang
rezin {100-200 mesh, kading (L67 mmalg— 'L The chemicals were purchased fiom
Sigma-Aldrich (5t Louis, USA) and used without any further purification unless
indicated atherwise. For the rhealogial measurements, the hydrogel dog tesis in
tnhings, the imvertad tmhe dests, and oondhal microsaopy, the following ommesrcial
chemicals were used: 1-ethyl-3-(3-dimethylamino propylkarbodiimid -hydr o-
chlarid (EDC) (Card Roth GmbH +Ca. Kiz, Karkrohe, Germany), 1-[3-{dime-
thylamino kpropyd|-3-ethyhrea (EDU) (AlR Assar, Ward Hill, USA), Urea {Card
Roth GmbH + Co. Fiz), methyl 3-(dimethylaminalpropionate (MDPF) (Sigma-
Aldrich, 5t. Louis, US4 For the confocal micasmpy, additionally, the dye Nile
red (Sigma-Alrich, 5t Louis, USA) was used.

Peptide synthesis and purification. Feptides were synthesized wsing standard
fluoren-2.yimethorpcarbonyl [Fmoc) solid-phase peptide symthesis on prdoadsad
Fmensc - Asp{C3fu ) Wang resin {100-300 mesh, loading 067 mmol ') Peptide
synthesis was aoonducted on a L5mmal sale wsing a CEM Liberty miaowave-
assisied peptide synthesizer, and the Liberty Blue Appliation Software (Copy-
right® CEM Corporation 2015, Version: 1455794 203 5). Preladed Fmoc-
AspOrBu)-¥Wang resin {100 =200 mesh, h.dhgﬂ.ﬁ?mﬁg" b was swellad
Himin in 10 mL DMF at room temperature. Next, the pradoaded Fmaoc

A p{ i Bu)-W ang mesin {100 300 mesh, lading 067 mmeal g—') was put into the
minmated peptide synthesizer. Before the following amino acid-nupling, a 0%
{w'v} solution of piperidine (1 x 18 mL} in DMF was used to remaove the N-
erminal Fmac protecting group. The reaction mixture was heated in the micro-
wave (1x min, 90 ). This siep was repeated. Mext, the resin was washed with
DMF (2x 10 mL). The conpling wa achisved by wing four equivalmts (aq) of
Fmoc-V-0H respactivady Fmac A-QOH in DMF (02 M, 10 ml), 4 eq of DIC
{05 M, 4mL), and 4 eq. of oxyma {1 M, 2 mLL This resin sohtion was heated in
the mioowave (1xmin %0 *C)L To increase the yield, this amino acd cmupling step
was repeaied After the two coupling steps, the resin was washed with DMF

{2x 10ml) The 3x Fmoc-deprotection, washing 2x coupling, the washing cpcle
was carried out to ouple also the last amino acdd Fmoc-A-0H of the nespedive
peptide ssquence Fmaoc-alanine-valine-aspartic add {AVD), and Fmenc-

alanine- aanine-aspartic add {AAT), repactively. Then, the peptide was claawed
from the resin by racting the resin with 2 solution of 2.5% MO -water, 2.5% TIPS,
and 95% TFA for 1h under continuous agitaton at room temperature. Rotary
evaporation by an-distillation with dichloromethane remaowed the solvent, and the
cude product was dried under reduced pressure. Mext, the crude peptides Froc-
ANVD and Fmac-AAD were dissolved in £50% acetnnitrile in MOwater and then
mrified using reverssd-phass high -performance liquid chromatography (R
HPLL, Therma Fisher Dionex Ultimate: 3000, Hypersil (zold 5 um, length 250 mm,
I 30 mm,) with gradient chtion from 40 to 98% actonitrile (with (1% TFA) in
M- water (with (L1% TFA) and a flow rate of 20 mLfmin IV-Vis detection at
254 nm was applied to detect the peptide. The purified peptide was hyophilized
(Tyophylle: Alpha LOphus, Christ) and stored 2t — 20 *Countil further use. "H-NMR
specinscopy Supplementary Resnlts Section 1.6 and Supplementary Fig. &),
Hectrospray ionization mass spactromestry {ESLME, positive mode) on an LOED)

Fleet Ion Trap Mass Spectrometer (Thermn Sdentific, Supplementary Table ), as
well as analytical HFLC (Thermaofisher Dionex Uimate 3000, Hypersil Gold,
Diameter {mm) 250 x4 8}, dued with 2 gradient of (L1% TFA in MO -water ACH
from 982 to 298 in 14 min, {Supp Fig. 9} was wed in analyze the purity
of the peptides Fmoc-AVD and Fmoc-AAD. VH-MNME spactra were recarded on a
Bruker 500 MHz N M. Chemical shifis are reported as §-values in parts per
million {ppm) relative to the dewterated solvent peake DIMS0- d; (5H: 2500 For the
denatation of the observed signal multi plicities, the following abbreviations were
usad: d {doublet), dd (doublst of doublets), and m (mutiplat).

Rhedlogical dharacterizations

Crelation fests. To dstermine the gdation behavior of the hydrogdstd, cheolagica
mesasurements were performed using a commeerdal shear rhanmester (MR 302,

Anton Paar, Graz, Austria) and a plate-plate geometry (bottom plate P PTD 200/
ATR, Anion Paar; 25 mm stee]l measuring head: PP2S, 78044, Anion Paar) The

sample volume was 200 pl. for sach mesmrement; the plate ssparation was s= in
03 mm and kept consant during all measurements A sobvent trap {2 chamsher

ooniining a water -snaked paper towel, cowerad with a lid), as wel as =mperature
conirol of the bottom plate (setto 21 *C), was used for all measurements. With this
configuration, sample dehydration can be avoided for up to & h (Supplementary

Results Section 1.7 and Supplementary Fig. 10}

Ta abiin the ges, the first 50 pL of an EDC sinde saltion (o, = 400, 1000,
ar 4000 mM solubilized in 300 mM MES, pH = &) was homageneously spraad onin
the bottom plate of the rheometer; then 150 ul. of the respactive Fmoc-conjugate
sahation (g, = 133 mM, solubilized in 200 mM MES, pH = 6) was addsd an
top. Mo further mixing was conducted to ensure that structures sef-assembling
insit were notdisrupted . With this method, the gds do not need to e transferrad,
which minimizes mechanical perturhation prior to their charcerimtion. Then, the
measuring head was lowered, and the test was sirted immediately afierwards. To
enzure linsar material response during the gdation proess of the sampls, the
Measurements were perfrmed in torque-mniralled mode (by applying small
torques of L5uNm and a consant oscillation frequency of 1 Hz). The storage and
loss meodnli were determined for at least 50 min, and one mesureament point was
recarded ewry 155, For d2ermining the influence of EDL, urea, and MDP an the
gelation hehavior of the Fmoc-samples, the respective subs ince was added to the
EDC stock sofution (here, dhways cppe- = 4000mM in 200 md MES, pH = & then,
efther: cppar 4000 mM, or Gy = 12000 mM, or came = 4000 mM) and the
procedure was conduced the same way as desoribed above. For urea, a high
conentration, dose to the limit of solubility {1200 g L', Haynes 2016%) was
tesied 1o see ifithas an sfect on the gdation hehavior at adll For sach sample type,
three independent samples were created and characierizad in sit.

LACE meacuremants. For assessing the onsst of nonlinsar material response, LAOS
experiments were performed using the same setup and sample preparation pro-
tocnl as described above. As LACS tests slowly but steadily increase the applisd
shear strain, they are well suinhble i investigate the nonlinear behavior of vis-
cnelastic solids such as the hydrogels nssd here At the same time, since LACS
makes we of an ascillatnry sirain application, it is sill possible o determine the
storage modulus and kess modubus as well as the paint where material faihre takes
plaze. The linsar elastic regime is valid for small sirains anly. In this regime,
Hooke's law applies and a linear relation hehwem stress and strain is observed. At

mechanica Inads, sther strain weakening or strain hardening setsin®” and
Hooke's |aw is not valid anymaore. The siorage and loss moduli wene dstermined in
strain-amntrollad made, and the applisd shear strain was increased logarithmically
from @1 to 1000% (using a constnt osdllaion fraquency of 1 Hz and anllacting
twn data points in each stain de@de). For all Fmoc-AVD samiples, the tests were
staried immediztely afer the samples were placed on the hotinm plate; this was
neessary & thoss samples reach their marimal stiffness quite rapidly afier the
different modecular companents are brought together. In aontrast the Fmoc-AAD
samples were dlowed o rest for 3 min afier the components wer e brought together;
here this was naressary since these sampls require -3 min to rsch thedr maomal
stiffness (this was determined in the gelation meammements, which were mnducted
prior to the LACSE tess). For sach sample fype thres indspendent samples were
created and characterized in st

Megsuremenits with a peforaged plate setup. To test the effect of MDF an pre-
formed hydrogds, a custom-made thenlogical setp was med: this sebup allnes for
bringing the sample in contact with a liquid reservair loated belonw the sample
plane (Fig. 4c). This dedicated setup was enabled in the same commerda shear
rheometer (MR 302, Anton Paar) used for the other tests; also here, a commerdal
measuring head (FF2S, 7044, Anton Paar) was employed. Yet, an in-house
developed, perinrated botiom plate {from now on referred 0 & “holey plate”™) and
first desoribed in Yan etal, 301982 was nsed. This hole-y plate can be monmtsd
anto the mmmercial botinm plate of the thenmeter (P-PTLGO0E0-1, Anton Paar)
and ommprises 19 regulardy orientated holes with a dameter of 1.5 mm each. This
design allnes fluid i diffise from 2 reseTvoir chamber loaied hdow the mea-
surement gap into the actal sample The sample and the reservair of the holey
plate were ssparated by a polycarbonate membrane (Whatman Nudepore trad-
eich membrane, pore size: 50 nmy, GE Healthcare, Chalfont 5t Giles, Great Britain)
to prevent the sample from leaking into the fluid chamber while allnwing small
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malsculs (such as EDU or MDF) to penstrate the membrane and o enier the
sample.

First tests withowt the addition of MDP were cnducted to validate the
measurament setup. Before the measurement, the reservoir was filled with 300 mM
MES bufier {pH &) contining the same EDC concentration s of the investigated
Fmuoc-hased sample (ie, o = 100, 250, or 1000mM ). For these tests, the inla
and outlet of the chamber was chsed, 50 that no additional fluid exchange is
possible, and the sample interacts only with the static reservair. In the next step, the
inlet and outlet of the fluid chamber was used for the addition of MOP
(oarme = 1000 mM added to 300 mM MES containing 1000 mM EDC, pH &) by
using a syrings pump (LA 100, Landgraf Lahorsysteme HIL GmbH, Langenhagen,
{zermany} afier the sample has formed 2 gd. Here anly the highest EDC
ancentration was imvestigated, resulting in the most sable gel In all casss, sample
preparation on iop of the membrane was onducied in the same way as described
for the gdation srperiments shove Furthermare, the same measmrement
parameters a5 during the standard gelation tesis were applied. Cmly the solvent trap
auld notheusedin this setup, due in the inlet and ouflet of the holey plate. Hee,
the liquid reservair prevents the draining of the samples. For each sample type,
three independent samples were created and characterized in st

Confocal fluorescence miooscopy. Confocal fluoreseence micosmpy was per-
formed on a Leica TCS SP8 annfocal miorosavpe nsing a édx water immersion
abjective with 2 mumerial aperture of 1.2 Samples with a total reaction volume of
AL were prepared directly in an ihidi p-shde angiogenesis wel plaie. Ahout
Zhub Nile red was added as a dye hefore the fud EDC was added Samples were
excited with a 552 nm laser and imaged at 577-65% nm. A Lser intensity of 3 or
11, and a pinhole of sther X392, 39081, 7922 or 111.35pm (A e = 580 nm)
was uwsed to image the samples. The software Image] 1.52p (Java 1.80_17Z, 64-hit)
was usad i analyze all recorded images. Imaging was conducted at X250

Macroscopic images of gels. Samples of 10mM Fmoc AADS 10mM Fmoc-AVD
with a total reaction volume of 500 ul. were prepared in 1.5ml soas ap HPLC
vids The samples were imaged after EDC addition with a high-definition camera.

Transient clogging of fluidic systems. To st the ahility of the self-assembled
hydrogds o ramienly cdoga tubing, we wed 2 csinm-made setup, which
omprises a syringe pump (LA 100, Landgraf Laborsysteme HLL GmbH, Lan-
gmhagen, (ermany) and a small pressure regulation tank In combination, those
two fhems alkowed for applying 2 @niralled pressure onto a flud-filled oula
tuhe. Furtharmare, 2 manometer (GDH 13 AN, Greisingsr Elecronic GmbH,
Regenstauf Germany) was attached to the pressure ank to manitor the pressure
in the system. The ouflet tube comprised an exchangeahle, 10 cm long silioon test
tuhe {inner diamaer = 1 mm, Botlabo, Carl Roth, Karlruhe G=rmany) which
was intentionally cloggad in the expariments (Fig. 3a). To generate such a chog,
@0yl of a Fmac-peptide solution {cyn = Caan=133mM in 300 mM MES
pH = &) and 3 pl of an EDC solution {cppe = 400, 1000, or 4000 mM; all
solutions were prepared in 200 mM MES at pH = &) were combined using a
100 p L. Hamilton syringe and immediately injectad into the ouflet tube The
hydragd clag was then alkneed to form in sitn and was left to rest for 90s o
ensure that the system reachess its maximal mechanical stability. Then an
inreasing pressure was appliad {at a rate of 1 mhar/s) 4o this hydrogel clog until
it failed; the orresponding pressure level at which this clog Rilre oacurred is
referred toas “burst pressure” in the main text. To test thesability of a hydrogel
dog in the presence of constant, subcritial pressure, a pressure leve of 14 mbar
was sdected and applied to the clog: then, the time point was determined at
which the hydrogd dog Giled

Deata analysis. Prior to satistical analysis, we tested for the normal distribution of
the measured vahes by using the Shapiro-'Wilk test To detedt statistical difierences
hetwasn mare than two groups, ordinary oneaway ANOVA (for normally dis-
tribmted samples) and Kruskal-Y¥allis tst (for non-normal distribation) were
anduced Muli-onmparisons were parformed using the Tukey post hoc 5t or
the Dnn’s multiple comparisons test, respectively. Professional software (Prism &,
GraphPad Software, San Diego, CA USA) was used to conduct all statistical al-
aulations. The leve for the signifiant difference was st i p < (W05, and significant
diferences were marked with an asterisk where applicable. Where no signifiant
difference was found, the abbraviation ns was ued

Data availability

‘The amthors dadare that the experimeantal and theoretical data sapporting the findings of
this stady are awmilable within ghe paper {and i sopplementary indormation filesd.
Howeewer, more data that sappont ghe findings of this stady are availdile from ghe
aorrespond ing wothors opon Easonables ragoet
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A.4.1 Supplementary information for: Viscoelastic behavior of chemically fueled supramo-

lecular hydrogels under load and influence of reaction side products
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1 Supplementary Results

2 1.1 Viscoelastic behavior of dynamic Fmoc-based systems
The stiffness of Fmoc-AVD hydrogels reach their maxima within the first 2 min; afterwards both
4 viscoelastic moduli slowly decrease over time and reach plateaus after ~15-20 min. Further changes in

5 the viscoelastic properties of the system are not observable (Supplementary Figure 1).

08— . '
Frmac-AVD — storage modulus c(EDC) |
------ loss modulus 100mM
_ 3 m 250 mM |
E 1 U - [ | 'IDU{J ITIM |
- L N o
E i I
(] s
£ 10° ‘%
100+ T ' '
0 30 60 a0 120

time (min)

Supplementary Figure 1= Viscoelastic properties of Frnoc-AVD hydrogels at different EDC concentrations
tracked over 120min. Bright colors represent an EDC concentration of 100mM, medium bright colors
carrespond to 250 mM and dark colors to 1000 mM. Data represent the mean as obtained fromn= 3 samples.
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7 In Supplementary Figure 2, the formation of supramolecular structures of Fmoc-AVD is visible by a
8  transition from clear to turbid samples. Further, confocal images illustrate the size and shape of the

9  supramolecular clusters formed in the hydrogels.

Fmoc AVD
r=0min r=5min t=10min t=20min =30 min

100 mM EDC

250 mM EDC

1000 mM EDC

Supplementary Figure 2: Inverted tube test and fluorescence imaging for Fmoc-AVD hydrogels at different fuel
concentrations and time-points.
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11 The maximurn shear stress of the fully assembled Fmoc-based hydrogels is depicted in Supplementary
12 Figure 3.

2 - : b :
- — = x € [EDC)H - ﬂ € (ERC] :
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E 80 [] 1000 mM ﬁ 3 o000 M
E * = i
E
2_
E a0 - g
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E g
o T [¥] T T
é}@ ﬁprsﬁ & dﬁh ‘-F‘Gﬁ &
~ & @ S & &

EDC concentration EDC concentration

Supplementary Figure 3: Maximurm shear stress the fully assembled Frnoc-AVD (green) (3l and Fmoc-AAD{blue)
(b} hydrogels can withstand before they are imeversibly mechanically damaged. Bright colors represent.an EDC
concentration of 100mM, medium bright colors correspond te 250 mM and dark colors to 1000 mM Bar plots
depict the mean and standard deviation (n=3). Asterisks indicate statistically significant differences (as
determined by ordinary one-way ANOVA and Tukey Post Hoc tests) using a significance level of p< 0.05.
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14 In Supplementary Figure 4, the formation of supramolecular structures of Fmoc-AAD is visible by a
15 transition from clear to turbid samples. Further, confocal images illustrate the size and shape of the

16 supramolecular clusters formed in the hydrogels.

Fmoc AAD
f=0min t=20 min =30 min

100 mM EDC

250 mM EDC

1000 mM EDC

Supplementary Figure 4: Inverted tube test and fluorescence imaging for Fmoc-AAD hydrogels at different fuel
concentrations and time-points.
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1.2 Strain at burst pressure in the clogging experiments

The strain at burst pressure (P of the investigated hydrogels in the clogging experimentsis shown in
Supplementary Table 1. The values were calculated with Equation 1, from the burst pressures (b
measurad in the clogging experiments and the sample elasticity values that correspond to the shear
moduli (G measurad in the linear response regime during the gelation experiments.

Tl
¥burst = ;:ﬂ (1

Supplementary Table T: Strain at burst pressure. Those values were calculated from the burst pressures measured
in the clogging experiments (i = 7} by assuming sample elasticity values that corespond to the shear maoduli
measured in the linear response regime (= 3). Error values represent the standard deviation.

Sample Maximum sfnrage Burst pressure i Calculated strain peees

modulus G'[kPa] [mibar] at burst pressure [%)]
Frooc-AVWD 100 mM EDC 0.9+4.1 201 22
Frooc-AWD 250 mM EDC 26409 3310 13
Frovac-AND 1000 mi ECC 26+05 32+9 12
Frooc-AAD 100 mM EDC 070 £0.07 §x2 12
Frmoc-AAD 250 mM EDC Q98 £0.09 168 14
Frooc-AAD 1000 mM EDC 1.0+42 14+5 14
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1.2 MDP hydrolysis

"H-NMR spectroscopy was used to determine the hydrolysis rate constant of MDP {methyl 3
[dimethylamino)propanocate) in 200 mM MES buffer, pH 6.0."H-NMR spectra were recarded on a Varian
Inowva 300 (300 MHz). An inner tube with an internal hydroguinons standard (50 mM) dissolved in 0:0
was used as a reference. The "H-NMR spectra were recorded with water suppression. MOP hydralysis was
determined by comparing the integral of the CH; group of the decreasing MDP at 3.57 ppm to the
integral of the internal hydroguinone standard at 6.65 ppm. The MOP concentration was calculated
based on the arising MeOH signal at 3.22 ppm. Analysis of all recorded NMR speactra was performed using
MestReMova® software (Version 11.0.0-17609). Supplementary Figure 5 shows the hydrolysis
behavior of MDP.
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Supplementary Figure 5: Hydrolysis rate constant of methyl 3-{dimethylamino)propanoate (MDP): 5041075,
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40 1.4 Viscoelastic behavior of dynamic Fmoc-based systems determined with the hole-y plate
41 setup

42 For the validation of the custom made hole-y plate, the viscoelastic behavior ofthe Fmocbased systems

43 was investigated with this setup (Supplementary Figure ).

Ad
a 4 b &
10 i[1]
Fmoc-8/D Fmoc-AAD
w )
E. e
3 10% 5 03-
=] =
E 3 N
E E
& 102 & 107 a
i i
2 8
W
107 l 10 T T
0 10 20 o 0 10 0 30
tirme (min) time {min}

WOmM  ®250mM 1000 mM EDC | PR 1D0mM W 2SOmM 1000 mM EDC
Supplementary Figure &:"iscoelastic properties of Fmoc-AVD (green) (a) and Fmoc-AAD (blue) (b) hydragels at
different EDC concentrations as determined with the holey plate setup. Bright colors represent an EDC
concentration of 100mM, medium bright colors correspond to 250 mM and dark colors to 1000 mM. Data
shown represents the mean and standard deviation as obtained fromn = 3 independent samples.

45

46 1.5 Turbidity measurements

47 The turbidity of Fmoc-based samples was tracked using a Litesizer 500 (Anton Paar, Graz, Austria)
48  (Supplementary Figure 7). To prepare the samples, 75 uL of the respective Fmoc-conjugate stock
49 solution (Cae= Cuwe= 13.3 mM; dissolved in 200 mM MES, pH = 6) were mixed with 25 pl of an EDC (cpc
50 =400, 1000, or 4000 mM in 200 mM MES, pH = 6) solution. Mizing was conducted using a 100 pL capillary
51  piston, and 50 pL of the mixed sample were injected into a low volume cuvette [Univette Anton Paar).
52 Theamount of light absorbed by the sample was determined for 30 min. Te investigate the effect of
53 MODP, the procedure was slightly madified: First, the hydrogel sample was prepared as described above
54 thenafter 20 min, 20 pl of an EDC/MDP (teoe = 4000 mb, cuor = 4000 mb, dissolved in 200 mM MES, pH
55  =d)solution was added on top without any further mixing and the sample was measured for additional
56 40min.

150



af

a b, 4
120 P— 120 120
E‘m-.‘..-".-.i“.= E'Iﬂ'ﬂ‘liil‘ii!j‘ ' 2155}1--1#-“-_&
o B0 " = B0 = son
_E B0 5 s0] & s0
§ o i o § o
m L] o
20 204 1
110 mM EDC 250 mM EDC o N0 mid BOC
T T T T T T T T T T T T T T 1
0 5 10 15 20 25 30 35 0 5 1015 20 25 30 35 0 5 10 15 20 25 30 35
time {min) time [min) tirme (min)
d 3 f
120 Fm 120 120
100 """""'"'h- . IO0E o S & TODE E B AW O . N
£ O £ -
§ BO *i| 5 B0 = &0
3 6o 7 o0 % 0
2 a0 . 8 a0 £ a0
4 N g -
20 "._ 207 207
1000 mib ECC * 250 mik EDiC o 1000 mid EDC
ot T T T T [4] T T T T T T T T T
0 5 1015 20 25 30 35 0 5 1015 2 25 30 35 0O 5 1015 20 25 30 35
tirme: {rmim] tire {min) tirne {rmin)
9 420 h a0 1
Frac-iND Fmioc-AALY I FEs
100 I R e 100 e— inchividual
E ! e e g | LY samples
o B0 o 80 S A g 4
c i c i 8 h
a &0 E &0 - .
g 4 2 a e
" o before " 0 o
i 0 after MEIP addition ? SO R H A o
0 T n T
o 25 5b 75 L] 25 50 75
tirne [min} tirme (rmin)

Supplementary FigureF: Sample turbidity as observed by light absorption measurements for Frac-AVD
samples (green) containing 100 mM EDC (a), 250mM EDC (b), or 1000 mM EDC (c, gl as well as Fmoc-AAD
samples (blue) containing 100 mM EDC (d), 250 mM EDC (e}, or 1000mM EDC {f, hl. The addition of 1000mM
MOP has no effect on the turbidity of Frnoc-AWD gels (gl butrapidly and strongly increases the transparency of
Froc-AA0 (H. Data shown represents individual data points as obtained from n 2 3 independent samples,

151



58

59
50
61
G2

63

152

1.6 Characterization of Fmoc-amine acid conjugates

The synthesis of the Fmocamino acid conjugates was characterized to determine possible influences

on the material behavior (Supplementary Table 2). Further "H-NMR spectroscopy and HPLC was used

to analyze the purity of the Fmoc-amino acid conjugates (Supplementary Figures 8-9).

Supplementary Table 2: Characterization of the synthesized Frnoc-AVD and Fmoc-AAD conjugates.

name (purity) calculated mass [gmol”] | determined mass[gmol] retention time [min]
Frooc-AVD Ma=525.11 326.00 (M + H') 0.2
[97%0) CoHaMN Oy 548.32 (My+ Ma')
Froc-Aal My=497.18 457.98 (My+ H) 9.7
{97%) CosH2 TN 520.31 (Ma+ Na')
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Supplementary Figure 8: 'H-HNMR spectrum (500 MHz MMR, Bruker) of Fmoc-AWD {al and Froc-AAD {b) in
DMS0-d6.

& Fmac-AVD TH-NMR (500 MHz, DM50-06) & (ppm) = 12,51 (5, 2H, HG), 8.29-7.26 (m, 11H, HF),
4.54-4 06 (m, 6H, HE), 2.77-2.55(m, 2H, HDJ, 2.11-1.91 {m, 1H, HCJ, 1.20 {d, 3H, HB),
0.89 (dd, 6H, HA). * = DMSO-d, & (ppm) = 2.50, ** = H,0 & (ppm) = 3.50.

b: Frnoc-AAD "H-NMR (500 MHz, DMSCO-ck) & (pprm) = 12,50 (s, 2H, He), 8.27-7.26 (m, 11H, Hy),
4.56-4.07 (m, 6H, H), 2.75-2.57 (m, 2H, Hg, 1.234(d, &H, Hx). * = DMSO-ds S [ppm) = 2.50,
** = H0 & (ppm) = 3.50

10

153



g

E
3 Fmoc-AVD-OH
4. P 102 min
%3 wo
EE
2 0
g -500
0 5 10 15
time {min)
b
g %0
s Fmoc-AVD-OH
a2 1000 102min
Ly
_g E
0
’3 500
0 5 0 15
time (min)
C
c 1500
- EmOc-AAD-OH
w1000 9.7 min
3 w0
3
3 0
A .500
0 5 10 15
time [min)
d
g 10
o Frmoc-AAD-OH
N e 9.7 min
‘3? %00
E
0
" 500
0 5 10 15

Supplementary Figure 9: HPLC-chromatogram of Fmoc-AVD 254 nm (a) and 220nm (b} and of Fmoc-AAD at
254 nm () and 220 nm (d) after purification. Injection volume: 1 pL.
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1.7 Rheology of static hydrogels assembled from Fmoc-amine acid conjugates

To.assess putative sample drying effects, rheological measurements were conducted for & husing static
Fmoc-AYD and FmocAAD hydrogels, respectively. Here, gelation was induced by the addition of
500 mM HCL As depicted in Supplementary Figure 10, both samples reach a plateau stiffness after
=10 min Owing to the solvent trap used in our measurements (see Methods section *Gelation tests” of
the main paper), no indications of drying effects were detected.
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Supplementary Figure 10: Viscoelastic properties of static Fmoc-AVD {green) [a) and FrmocAAD (blue) (b} gels
over a time range of & hours. Data shown represents the mean as obtained fram n = 3 independent samples.
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Rightsholder. The license created by the exchange of an Order Confirmation (and/or any invoice) and
payment by User of the full amount set forth an that document includes only those rights expressly set

164



forth in the Order Confirmation and in these terms and conditions, and conveys no other rights in the
Workis) to User. All rights not expressly granted are hereby reserved.

3.2, General Payment Terms: You may pay by credit card or through an account with us payable at the end of
the month. If you and we agree that you may establish a standing account with CCC, then the following
terms apply: Remit Fayment to: Copyright Clearance Center, 23118 NMetwork Place, Chicago, IL 60673-1.291.
Payments Due: Invoices are payable upon their delivery to you (or upon our notice to you that they are
available to you for downloading). After 30 days, outstanding amounts will be subject to a service charge of
1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise specifically set
forth in the Order Confirmation or in a separate written agreement signed by CCC, invoices are due and
payable on “net 30" tarms. While User may exercise the rights licensed immediately upon issuance of the

Order Confirmation, the license is automatically revoked and is null and void, as if it had never been issued,

if complete payment for the license is not received on a timely basis either from User directly or through a
payment agent, such as a credit card company.

3.3. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is “one-time® {including
the editions and product family spacified in the license), (i) is non-exclusive and non-transferable and (jil) is
subject to any and all limitations and restrictions (such as. but not limited to. limitations on duration of use
or circulation) included in the Order Confirmation or invoice andfor in these terms and conditions. Upon
completion of the licensed use, User shall either secure a new permission for further use of the Work(s) or
immediately cease any new use of the Work{s) and shall render inaccessible (such as by deleting or by
removing or severing links or other locators) any further copies of the Work (except for copies printed on
paper in accordance with this license and still in User's stock at the end of such period).

3.4, Im the event that the material for which a republication license is sought includes third party materials
{such as photographs, illustrations, graphs, inserts and similar materials) which are identified in such
material as having been used by permission, User is responsible for identifying, and seeking separate
licenses (under this Service or otherwise) for, any of such third party materials; without a separate license,
such third party materials may not be used.

3.5. Use of proper copyright notice for a Work is required as a condition of any license granted under the
Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read
substantially as follows: “Republished with permission of [Rightsholder's name], from [Work's title, author,
volume, edition number and year of copyright]; permission conveyed through Copyright Clearance Center,
Inc. * Such notice must be provided in a reasonably legible font size and must be placed either immediately
adjacent to the Work as used (for example, as part of a by-line or footnote but not as a separate electronic
link) or in the place where substantially all other credits or notices for the new work containing the
republished Work are located. Failure to include the required notice results in loss to the Rightsholder and
CCC. and the User shall be liable to pay liguidated damages for each such failure egual to twice the use fee
specified in the Order Confirmation, in addition to the use fee itself and any other fees and charges
specified.

3.6. User may only make alterations to the Work if and as expressly set forth in the Order Confirmation. Mo
Work may be used in any way that is defamatory, violates the rights of third parties (including such third
parties' rights of copyright. privacy. publicity, or other tangible or intangible property). or is otherwise
illegal, sexually explicit or obscene. In addition, User may not conjoin a Work with any other material that
may result in damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware
of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the
Rightsholder in connection therewith.

4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC. and their respactive
employees and directors, against all claims, liability, damages, costs and expenses, including legal fees and
expenses, arising out of any use of a Work beyond the scope of the rights granted herein, or any use of a Work
which has been altered in any unauthorized way by User, induding claims of defamation or infringement of rights
of copyright, publicity, privacy or other tangible or intangible property.
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Limitation of Liability. UNDER NO CIRCUMSTAMCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR AMY DIRECT,
INDIRECT, COMSEQUENTIAL OR INCIDENTAL DAMAGES {INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSIMESS PROFITS OR INFORMATION, OR FOR BUSIMESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY
TO USE A WORK, EVEN |F ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event,
the total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed
the total amount actually paid by User for this license. User assumes full liability for the actions and omissions of its
principals, employees, agents, affiliates, successors and assigns.

. Limited Warranties. THE WORK(S) AND RIGHT({S) ARE PROVIDED "AS 15", CCCHAS THE RIGHT TO GRANT TO USER

THE RIGHTS GRAMTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AMD THE RIGHTSHOLDER DISCLAIM ALL
OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S). EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT
LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL
RIGHTS MaAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS OR OTHER
PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANMNER CONTEMPLATED BY USER: USER
UMDERSTANDS AMD AGREES THAT MEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIOMAL RIGHTS
TO GRANT.

. Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope

of the license set forth in the Order Confirmation and/or these terms and conditions, shall be a material breach of
the license created by the Order Confirmation and these terms and conditions. any breach not cured within 20 days
of written notice thereof shall result in immediate termination of such license without further notice. Any
unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be liguidated
by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is
not terminated immediately for any reason {induding. for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in No event to a payment of
less than three times the Rightsholder's ordinary license price for the most dlosaly analogous licensable use plus
Rightsholder's andsfor CCC's costs and expenses incurred in collecting such payment.

8. Miscellaneous.
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8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these
terms and conditions, and CCC reserves the right to send naotice to the User by electronic mail or otherwise
for the purposes of notifying User of such changes or additions; provided that any such changes or
additions shall not apply to permissions already secured and paid for.

8.2, Use of User-related information collected through the Service is governed by CCC's privacy policy. available
online here:httpsz/marketplace copyright.com/rs-ui-web/mp/privacy-policy

8.3, The licensing transaction described in the Order Confirmation is personal to User. Therefore, User may not
assign or transfer to any other person (whether a natural person or an organization of any kind) the license
created by the Order Confirmation and these terms and conditions or any rights granted hereundar;
provided, however, that User may assign such license in its entirety on written notice to CCC in the event of
a transfer of all or substantially all of User's rights in the new material which includes the Work(s) licensed
under this Service.

8.4, No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its
principals, employees, agents or affiliates and purporting to govern or otherwise relate to the licensing
transaction described in the Order Confirmation, which terms are in any way inconsistent with any terms
set forth in the Order Confirmation and/or in these terms and conditions or CCC's standard operating
procedures, whether such writing is prepared prior to, simultaneously with or subseguent to the Grder
Confirmation, and whether such writing appears on a copy of the Order Confirmation or in a separate
instrumant.

8.5. The licensing transaction described in the Order Confirmation document shall be governed by and
construed under the law of the State of New York, USA, without regard to the principles thereof of conflicts



v

of law. Any Case, CONtroversy, SUit, action, or proceeding arising out of, in connection with, or related to
such licensing transaction shall be brought, at CCC's sole discretion. in any fedaral or state court located in
the County of New York, State of New York, USA, or in any federal or state court whose geographical
jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The parties
exprassly submit to the personal jurisdiction and venue of each such federal or state court.If you have any
comments or guestions about the Service or Copyright Clearance Center, please contact us at
978-750-8400 or send an e-mail to support@copyright.com.
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B.3 Biofilm adhesion to surfaces is modulated by biofilm wettability and stiffness
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