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Abstract

Macromolecules in cell membranes and cell walls are essential for many cell functions.
The use of macromolecules as possible replacements for lipids in membranes and the role
of cell wall macromolecules in adhesion have not been fully explored. In this work, HFBI
bilayers were shown to have extremely low water permeability while maintaining high
stability to osmotic pressure. Disruption of protein order increases water permeability.
The methodology of HFBI vesicle preparation was further developed, especially in terms
of reproducibility and control. Also, the incorporation of HFBI into lipid membranes
has been shown to stabilize the formation of pores. The role of macromolecules in
Staphylococcus aureus adhesion was investigated by varying the surfaces used and using
knock-out mutants. For adhesion on nano-rough surfaces, the contact area between the
macromolecule and the surface is crucial. While many macromolecules, especially cell
wall proteins, adhere weakly to hydrophobic surfaces, only a few cell wall macromolecules
adhere strongly to hydrophilic surfaces. Electrostatic interactions play a crucial role on
hydrophilic surfaces. Furthermore, it has been shown that in human retinal pigment
epithelial cells, adhesion weakens as the size of focal adhesions decreases.
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Kurzzusammenfassung

Makromolekiile in Zellmembranen und Zellwénden sind fiir viele Zellfunktionen von
entscheidender Bedeutung. Die Verwendung von Makromolekiilen als moéglicher Ersatz
flir Lipide in Membranen, aber auch die Rolle von Zellwandmakromolekiilen bei der
Adhésion sind noch nicht vollstéandig erforscht. In dieser Arbeit wurde gezeigt, dass
HFBI-Doppelschichten eine sehr geringe Wasserpermeabilitéit bei gleichzeitig hoher Sta-
bilitdt gegeniiber osmotischem Druck aufweisen. Durch Stérung der Proteinordnung
steigt die Wasserpermeabilitit. Die Methodik der HFBI-Vesikelherstellung wurde insbe-
sondere hinsichtlich Reproduzierbarkeit und Kontrolle weiterentwickelt. Ebenso wurde
durch den Einbau von HFBI in Lipidmembranen eine Stabilisierung der gebildeten Poren
festgestellt. Die Rolle der Makromolekiile bei der Adhésion von Staphylococcus aureus
wurde durch Variation der verwendeten Oberflichen und die Nutzung von Knock-out-
Mutanten untersucht. Fiir die Adhésion auf nanorauen Oberflichen ist die Kontaktfldche
Makromolekiil /Oberflache entscheidend. Wahrend auf hydrophoben Oberflachen viele
Makromolekiile, insbesondere Zellwandproteine, schwach haften, tun dies nur wenige
Zellwandmakromolekiile stark auf hydrophilen Oberflachen. Elektrostatische Wechselwir-
kungen spielen dabei auf hydrophilen Oberflachen eine entscheidende Rolle. Weiterhin
konnte gezeigt werden, dass sich bei humanen retinalen Pigmentepithelzellen die Adh&sion
mit abnehmender Gréfle der Fokalkontakte abschwiécht.
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1 Introduction

Cell membranes and cell walls perform many different functions in nature [1]. They
separate two areas from each other and thus have a protective, stabilizing function. But
they are also there to interact with their environment, both by exchanging molecules
with the environment (permeability) and by establishing contact with other surfaces
(adhesion). To accomplish all these functions, macromolecules play a major role as an
important component of cell membranes/walls [2].

A cell membrane is mainly composed of phospholipids arranged in bilayers. Due to
their amphiphilic nature, lipids form these bilayers with their hydrophobic tails attracting
each other in water through hydrophobic interactions. In addition to being a major
component of cell membranes, lipids also play a role in the production of lipid bilayers
and liposomes for technical applications such as desalination or drug delivery [3, 4]. To
achieve a greater variety of properties in these bilayers and vesicles, the lipid composition
can be varied and other components, including proteins, can be added [5-9]. There are
also other amphiphilic molecules: (block co-)polymers [10], proteins [11] and peptides [12]
that can be used to create artificial membranes and tune the properties of these bilayers.
Bilayers formed by the natural amphiphilic protein HFBI (pronounced HFB-"one"), from
Trichoderma reesei, are an alternative to lipid bilayers, since it is also possible to form
vesicles composed entirely of HFBI [13]. These bilayers are of great interest because of
their high stability against lateral tension [14] and their ability to form water/water, oil/oil
or even air/air vesicles [13]. However, important properties such as water permeability are
still unknown. The water permeability of a membrane is an important parameter for the
homeostasis of a cell with its environment [15]. Vesicles with a double layer of HFBI could
potentially be used as drug carriers and for this it is also important to know the water
permeability [16]. For bilayers in the field of water desalination, it is also an important
aspect [3].

In this thesis, the water permeability of HFBI bilayers was determined using a droplet
interface bilayer technique [17]. The effect of the insertion of an HFBI-cellulose fusion
protein into these bilayers on the water permeability has been investigated. Molecular
dynamic (MD) simulations, in collaboration with L. Starke of the working group of Prof. J.
Hub, were used to attempt to explain the water permeabilities measured in the experiment.
The production of HFBI vesicles was further developed in order to expand the use of
HFBI vesicles, e.g. as drug carriers. To achieve a higher controllability and quantity, a
microfluidic setup was initiated and the microfluidic jetting method was further developed.
Furthermore, the influence of HFBI on lipid membrane pore formation as well as on lipid
membrane stability was investigated.

However, macromolecules are not limited to the formation of bilayers and vesicles
as an alternative to lipids. They have many different functions in cells. As a major
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component of cell membranes and cell walls, they are also responsible for tethering and
binding to surfaces, both biotic and abiotic. Cell adhesion is not only important for cell
attachment to a surface, but also for tissue/biofilm organization, cell-cell interaction, and
cell movement [18, 19]. In the field of medical implants, host-cell adhesion should be
enhanced and bacterial adhesion prevented as much as possible [20]. Bacterial adhesion to
implant material and biofilm formation is a major cause of implant-related infections and
eventual implant removal |21, 22|. Staphylococcus aureus (S. aureus) is one of the main
causes of these implant-related infections [22]|. To reduce the biofilm formation of bacteria
on abiotic surfaces such as implants, the first step of biofilm formation, adhesion, needs to
be better understood. The adhesion process of S. aureus, but also other bacteria, is quite
complex due to the many different macromolecules on the cell wall [23-26|. The exact
role of macromolecules in the adhesion process of S. aureus is still not fully understood.
Influences of surface roughness, hydrophobicity and electrical charge are mostly studied
by adsorption experiments, counting the number of adhered cells or the coverage of the
surface [27-37]. Thereby, adhesion parameters such as adhesion force, adhesion energy or
rupture length are usually not considered.

The aim of this thesis is to gain a better understanding of the adhesion of S. aureus
to abiotic surfaces. Adhesion parameters are measured by single-cell force spectroscopy
(SCFS). SCFS is an atomic force microscope-based method for studying the adhesion of a
single cell. Changing surface parameters such as surface roughness, hydrophobicity and
charge, the influence on the adhesion of S. aureus was studied. To better understand the
role of different cell wall macromolecules, the adhesion of S. aureus knock-out mutants was
compared to each other and to wild type S. aureus. In addition, the cell wall composition
of S. aureus and the AdltA mutant was investigated in close collaboration with B. Wieland
from the group of Prof. M. Bischoff. For a deeper insight, measurements of the roughness
dependence were coupled with Minkowski functionals and measurements of the hydropho-
bicity dependence were coupled with Monte-Carlo (MC) simulations in collaboration with
E. Maikranz of the group of Prof. L. Santen. Furthermore, within a collaboration with
C. Baltes of the group of Prof. F. Lautenschlédger, the adhesion of human retinal pigment
epithelial cells to fibronectin was measured. The role of focal adhesion size and actin
length on adhesion parameters (adhesion force, adhesion energy, and rupture length) was
further investigated.



2 Overview and Connectivity

This thesis contains five articles. Four of them have already been accepted for publication
in peer-reviewed journals. This thesis also includes three additional chapters with results
that are not yet available in manuscript form, but are relevant to the work presented in
this dissertation. Main goal of all these studies is to gain understanding of the behavior of
macromolecules at interfaces, be it in pure protein bilayers or in cell adhesion. The results
obtained in one system, e.g. regarding the underlying forces in hydrophobin mono- and
bilayers, could be used to better understand bacterial adhesion. In addition, the detailed
characterization of hydrophobins led to the idea of investigating whether they could be
used to tailor bacterial adhesion. Furthermore, the presentation of the results within the
CRC 1027 has generated new project ideas within the scope of other groups, e.g. the
study of the adhesion of human retinal pigment epithelial cells to fibronectin (group of
Prof. Lautenschliger). The series of experiments are similar to the characterization of
bacterial adhesion as well as the experimental method, single-cell force spectroscopy. New
experimental approaches were also opened up by benefiting from the great knowledge in
the field of microfluidics in Prof. Seemann’s research group. The accompanying theoretical
studies on the systems of this thesis, on bacterial adhesion (group of Prof. Santen) or on
the water permeability of protein membranes (group of Prof. Hub) are further examples
of cooperation within the CRC 1027. All experiments on bacteria were performed in close
collaboration with the group of Prof. Bischoff.

To study the behavior of macromolecules at interfaces, this thesis focuses on two main
topics: (I) the behavior of the hydrophobin HFBI at interfaces and (II) the behavior of
cell wall macromolecules and focal adhesions in terms of cell adhesion.

(I) Hydrophobin HFBI bilayers are prepared using the droplet interface bilayer (DIB)
technique. Microfluidic devices are used for vesicle preparation or incorporation studies of
HFBI in lipid bilayers.

The publication by Nolle et al. in Langmuir 2023 (Addendum I) describes the
water permeability of pure protein bilayers. The investigated bilayers are composed of
the amphiphilic protein HFBI produced by the fungus Trichoderma reesei. The main
result of the study was that the HFBI bilayers are essentially impermeable to water.
By inserting an HFBI-cellulose fusion protein into the HFBI bilayer, it is shown that
water permeability can be induced by steric hindrance of the protein order. Additional
molecular dynamics simulations could not reproduce this low water permeability, most
likely because the simulations underestimated the protein-protein interactions. Due to
their low water permeability and high stability against osmotic pressure HFBI bilayers
are an interesting alternative for lipid bilayers, but also for liposomes.
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Therefore, the vesicle production of HFBI bilayers has been further enhanced by
improving the microfluidic jetting method and by establishing another method for protein
vesicle production, the microfluidic setup (see section 5.1.2). A higher production rate
could enable applications in the field of drug delivery, for example.

However, the use of HFBI is not limited to pure protein bilayers and vesicles. The
question has been raised, whether HFBI proteins can transfer their properties of high
stability against external influences to lipid bilayers. By incorporating HFBI proteins into
a lipid bilayer, it has been shown that HFBI stabilizes pores formed in the lipid bilayer,
thereby stabilizing the entire bilayer (see section 5.1.3).

Due to the stable formation of interfacial layers, HFBI was also tested as an anti-
adhesive coating for the adhesion of Staphylococcus aureus (S. aureus) in Nolle et al.
in Addendum V . Compared to the uncoated OTS surfaces, HFBI coatings induced a
strong reduction of S. aureus adhesion forces. To understand this reduction, the interaction
of the surface with the cell, in particular with the macromolecules of the bacterial cell
wall, has to be studied.

(IT) The role of macromolecules in cell adhesion is investigated using the method of
single-cell force spectroscopy, which allows the measurement of adhesion parameters for a
single cell. Bacterial adhesion of S. aureus, a common cause of hospital related infections,
is studied by varying surface parameters (Addendum II-V). Additionally, the adhesion of
different cell wall macromolecule mutants of S. aureus has been measured to get a deeper
insight into the role of different macromolecules (Addendum IV and V).

It has been shown in Spengler et al. in Nanoscale 2019 (Addendum II) that
only the available contact area of macromolecules on nano-rough surfaces can explain
the adhesion values of S. aureus on these rough surfaces. The adhesion force of S. aureus
is reduced with increasing roughness in the size of cell wall macromolecules. Since the
adhesion of S. aureus cells depends on the number of macromolecules that can tether to a
surface, the question arises whether the ability of macromolecules to tether to a surface
also varies with different surface hydrophobicity on smooth surfaces.

The difference in the adhesion process of S. aureus on hydrophobic and hydrophilic
surfaces is investigated in Maikranz et al. in Nanoscale 2020 (Addendum IIT). It
is shown that on hydrophobic surfaces many cell wall macromolecules can attach to
the surface, but only weakly. In contrast, on hydrophilic surfaces only a few cell wall
macromolecules can adhere, but strongly. The next question was whether it is possible to
identify the macromolecules that are important for adhesion to hydrophobic or hydrophilic
surfaces.

In Spengler et al. in Nanoscale 2021 (Addendum IV), the role of different cell
wall macromolecules such as cell wall proteins and teichoic acids are investigated using
S. aureus knock-out mutants. While teichoic acids support adhesion to hydrophobic and
hydrophilic surfaces, cell wall macromolecules are crucial for adhesion to hydrophobic
surfaces, whereas they play only a minor role in adhesion to hydrophilic surfaces. A strong
reduction of the adhesion force of the more negatively charged SA113 AdIltA knock-out
mutant on hydrophilic surfaces suggested an influence of electrostatic interactions.



This has been investigated in Nolle et al. in Addendum V by introducing surfaces
with HFBI coatings of different electrical charge. It is confirmed that the adhesion of
S. aureus can be influenced by the electrical charge of hydrophilic surfaces.

The possibility to study the adhesion of single cells is however not only of interest
in the field of bacterial adhesion, but also in the field of human epithelial cell adhesion.
Additional measurements of the influence of macromolecules on the adhesion of human
epithelial cells have shown a reduction in adhesion with a decrease in the size of the focal
adhesions on fibronectin (see section 5.3).

The main part of this dissertation consists of four chapters that are outlined in the
following.

e Background and State of the Art: The proteins and cells used are introduced
and the basics of the forces acting on macromolecules at interfaces are explained.
In addition, the current state of knowledge for the scientific topics covered in this
thesis is discussed.

e Materials and Methods: The methods used in this thesis are described in this
chapter. The focus of this chapter is on the methods newly introduced in the research
group of Prof. Karin Jacobs within the scope of this thesis. A list of the materials
and instruments used in this study is provided.

e Results and Discussion: The results of the publications and other results obtained
during this dissertation are described and discussed in this chapter.

e Summary and Outlook: The results of this thesis are summarized and possible
future projects based on this work are outlined.






3 Background and State of the Art

3.1 Macromolecules at Interfaces

Macromolecules are molecules composed of many smaller molecular units (monomers).
Molecules with a molar mass greater than 1000 g/mol are generally referred to as macro-
molecules. Macromolecules can be classified by size, origin, molecular structure, use, or
composition. When classifying macromolecules by origin, a distinction is made between
inorganic and organic macromolecules, with biopolymers being a subset of organic macro-
molecules [1, 38]. In this work, we focus on biomacromolecules, which are important
components of almost all biological systems [2]. The main classes of biomacromolecules are
proteins, polysaccharides, and nucleic acids. The function of each of them is determined by
primary (type and sequence of individual monomer units: amino acids, monosaccharides
and nucleotides), secondary (arrangement of individual chain sequences), tertiary (spatial
structure) and, for proteins, quaternary structure (binding of several protein units) [38,
39].

The properties of biomacromolecules at interfaces are as diverse as there are bioint-
erfaces |2, 40|: Protein adsorption on solid surfaces is widely discussed and studied due
to its importance in medicine and biomimetic materials [41-43|. Biomacromolecules are
also an important component of cell membranes and cell walls [1, 44]. Thus, they play
a crucial role in the functionality of cell membranes and cell walls. Membrane channels
composed of several proteins (e.g. aquaporins [45, 46]) allow the cell to exchange material
with its environment [47, 48|, but they are also used by some bacteria as pore-forming
toxins to kill other cells [49, 50]. The adhesion of prokaryotic or eukaryotic cells to surfaces
is controlled by biomacromolecules (adhesins, focal adhesions, cell adhesion molecules)
[51-55]. Biomacromolecules also have a decisive influence on cell stiffness [56-58|.

The above mentioned functions of biomacromolecules are only a fraction of the
properties that have been explored. The function of individual biomacromolecules relevant
to this work will be discussed later in this thesis (see chapters 3.2 and 3.3). The behavior
of biomacromolecules at interfaces is determined by the prevailing interfacial forces or, if
present, by specific adhesion mechanisms [59, 60].

3.1.1 Interfacial Forces

For the adsorption of biomacromolecules on abiotic surfaces and thus for the adhesion of
cells to abiotic surfaces, intermolecular forces are crucial, since here, specific adhesion
mechanisms are absent. The interfaces considered in this work are liquid-liquid, liquid-gas,
or liquid-solid. For the systems in this work, the biomacromolecules are always in aqueous
solution, which is crucial for the intermolecular forces acting. Therefore, the intermolecular
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forces in aqueous solution are briefly discussed below. For detailed descriptions of all
acting forces, the reader is referred to the literature used for this section [61-64| and
other dissertations of the working group of Prof. Karin Jacobs [65-67|. The relevance
and the range of the interactions involved may vary for different adhesion and adsorption
processes (biomacromolecule/surface).

Steric Repulsion

The steric interactions belong to the repulsive interactions. The forces originate from the
fact that two fermions of the same quantum number cannot come infinitely close to each
other as a consequence of the Pauli prohibition [68].

Similarly, the repulsive force generated by macromolecule-covered surfaces (e.g., cells
or protein-coated surfaces) due to the increasing entrapment of these macromolecules is
referred to as (entropic) steric repulsion. This repulsive force can, for example, increase the
stability of suspensions [69]. Also colloidal solutions can be stabilized by adding synthetic
polymers or biopolymers, as it is used in paints, cosmetics and also in pharmaceutical
products [63|. The theories of this steric repulsion are complex and again depend on the
type and density of the polymer coating [70-72].

Electrostatic Interactions - Electrical Double Layer

Electrostatic interactions occur between all charged particles, equal charges repel each
other and opposite charges attract each other. Proteins are always charged due to their
composition of different amino acids in aqueous solution. This charge varies with the pH
of the surrounding medium; the pH at which the net charge of the protein is zero is called
the isoelectric point (IEP).

Surfaces are also usually charged in the surrounding medium and attract opposite
charges (ions or charged molecules) [61]. A layer of weakly bound counterions forms on
the surface, called the Stern or Helmholtz layer. This is followed by another diffuse layer
of counterions, the electric double-layer [63]. The potential of this diffusive layer can be
measured and is called the zeta potential. The electrostatic force depends on the geometry
of the interacting objects and decreases exponentially with the distance between them.
The distance at which the electric potential decreases by 1/e is called the Debye length
and serves as a measure of the electrostatic force. Under physiological conditions, the
Debye length is about 10 nm [73].

Van der Waals Forces

The interaction between dipoles is described in terms of van der Waals forces. Three
types of interactions are distinguished, depending on the type of dipoles interacting with
each other. The interactions of two permanent dipoles are called Keesom interactions,
the interactions of a permanent and an induced dipole are called Debye interactions,
and the interactions of a fluctuating and an induced dipole are called London dispersion
interactions [74].



3.1 Macromolecules at Interfaces

The distance dependence is 17 for two atoms, but this dependence can vary consider-
ably for extended bodies. Hamaker introduced the approach of additive van der Waals
forces for macroscopic extended bodies [75]. This excludes two dipoles interacting with a
third molecule, which is really only true for dilute gases [61]. In describing the van der
Waals forces, Lifshitz included the dielectric function as well as the refractive index [76].
The distance dependence therefore increases to r—! for a sphere interacting with a flat
surface [63]. In general, van der Waals forces are always attractive in nature. However, in
a medium, van der Waals forces can cause non-identical molecules to repel each other.
This occurs when the van der Waals force from one molecule to the medium is stronger
than the van der Waals force between two non-identical molecules.|63].

DLVO Theory

By combining the description of the electrostatic double layer and the van der Waals
forces, the coagulation of colloidal solutions can be described. This description is named
after Derjaguin, Landau, Verwey and Overbeek, DLVO theory |77, 78|.

Electrostatic repulsion increases slowly at very small distances, meaning that at small
distances van der Waals attraction always exceeds electrostatic repulsion. This leads to
a minimum of energy in the vicinity of the surface. The electric double layer creates an
energy barrier that varies with surface charge and must be overcome for the system to
reach its minimum. A second minimum can occur in a solution containing ions [63].

To describe more complex systems, an extension of the classical DLVO theory by
acid-base (electron donor - electron acceptor) interactions has been made to include
short-range interactions |62, 63]. The extended DLVO theory is called xDLVO. However,
for the heterogeneity of nature, it is still difficult to break down the interfacial interactions
to simple expressions.

Hydrogen Bonds

When two electronegative atoms "share" a hydrogen atom, it is called a hydrogen bond.
However, it is not a true "sharing" because the hydrogen atom remains closer to the
electron of the atom to which it is covalently bonded. The hydrogen bond is too strong to
be a bond formed by van der Waals forces, and too weak to be a covalent bond. It can
rather be described as a kind of electrostatic interaction [79]. Due to their electronegativity,
mostly oxygen, nitrogen and fluorine form hydrogen bonds. Hydrogen bonding, though, is
not easy to describe [63]. The role of hydrogen bonds in the structure of macromolecules
is crucial |63, 80|, for example the structure of deoxyribonucleic acid (DNA) [81] and
proteins is determined by them [82, 83|.

Hydrophobic and Hydrophilic Interactions

The property of water to preferentially form hydrogen bonds and thus avoid contact
with molecules and surfaces with which it cannot form hydrogen bonds is known as the
hydrophobic effect. This hydrophobic effect can be helpful in understanding hydrophobic
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and hydrophilic interactions. Hydrophobic surfaces, surfaces that can form no or very few
hydrogen bonds with the surrounding aqueous solution, experience a stronger attraction
in water than they would, for example, in air. This is because the water molecules do not
want to come into contact with the surface, so surface contact is preferred. Hydrophilic
surfaces, on the other hand, prefer to form hydrogen bonds with the surrounding aqueous
solution, thereby creating an additional steric barrier. Hydrophobic surfaces are those
with a water contact angle greater than 90°, and all surfaces with a lower water contact
angle are called hydrophilic surfaces. There are several approaches to the theoretical
description of these interactions and the resulting force. The main approaches to describe
the hydrophobic force are via a Laplace pressure approach, a hydration approach, or an
electrostatic explanation approach [61, 63].

3.2 Hydrophobins

Hydrophobins are a family of surface-active proteins of filamentous fungi [84-87|. They are
compact, globular proteins, some of them with strong amphiphilic behavior. Hydrophobins
owe their surface activity to the spatial aggregation of hydrophobic amino acids in a
hydrophobic patch [88, 89]. In the group of Prof. Jacobs they were initially chosen to
facilitate the comparison between experiment and simulation, since hydrophobins are
conformationally stable (four disulfide bridges [90, 91]) and the orientation at interfaces
is well defined (amphiphilicity).

Hydrophobins can be divided into two classes, class I and class II hydrophobins. The
main difference between these two classes is the solubility of the hydrophobin aggregates
formed. While class I aggregates are very difficult to redissolve, class Il aggregates can be
dissolved in simple solvents such as ethanol [92].

The natural roles of hydrophobins in fungi are manifold. By attaching to the fungal
boundary layer, hydrophobins can function to repel water, modify surface tension, and
adhere to hydrophobic surfaces [87, 88, 93, 94|.

Due to the strong amphiphilicity, certain hydrophobins became technically interesting
for stabilizing emulsions and foams [95-97]. Hydrophobins have also attracted interest for
applications in biomedicine, for example to influence the adhesion of proteins and cells
[98, 99].

3.2.1 Hydrophobin HFBI

In this study, the class II hydrophobin HFBI (pronounced HFB-"one") as well as the
HFBI charge mutant (HFBI D40Q/D43N) and the HFBI-cellulose fusion protein (HFBI-
dCBM) were investigated for their interfacial behavior. HFBI is derived from the fungus
Trichoderma reesei and has a molecular weight of 7.5kDa [100].

The molecular structure of HFBI, see Figure 3.1a, consists of one alpha-helix, four
beta-sheets, and the four disulfide bridges found in all hydrophobins. The hydrophobic
patch is composed of 13 hydrophobic amino acids (Leul2, Val23, Leu24, Leu26, 1127,
Leu29, Val59, Ala60, Val62, Ala63, Ala66, Leu67, and Leu68, colored in red Fig. 3.1a)
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Figure 3.1: a) Molecular structure of hydrophobin HFBI (Protein Data Bank (PDB)
entry 2FZ6 [101, 102]) with the hydrophobic patch marked in red. The charged side
groups are colored green for basic and yellow for acidic (after [14]). The two acidic aspartic
acids (Asp40, Asp43) are highlighted because they are replaced by neutral glutamine
and asparagine in the HFBI charge mutant HFBI D40Q/D43N [103]. b) Sketch of the
HFBI cellulose fusion protein HFBI-dCBM with its two cellulose binding domains (CBD),
Cellobiohydrolase I from Trichoderma reesei (PDB entry 1CBH [104, 105], after [106]).
To give an idea of the size ratio of the HFBI molecule to the two CBDs, the proteins are

shown on the same scale.?

& Molecular structures of HFBI and Cellobiohydrolase I were drawn with UCSF ChimeraX,
developed by the Resource for Biocomputing, Visualization, and Informatics at the University of
California, San Francisco, with support from National Institutes of Health R01-GM129325 and
the Office of Cyber Infrastructure and Computational Biology, National Institute of Allergy and

Infectious Diseases [107].

[101]. In addition, HFBI has six charged side groups exposed to the surface, three basic
and three acidic (colored in green (basic) and in yellow (acidic) Fig. 3.1a).

HFBI D40Q/D43N

The HFBI charge mutant HFBI D40Q/D43N lacks two negatively charged side groups
(Asp40 and Asp43, see Fig. 3.1a). The two aspartic acids are replaced by the neutral
amino acids glutamine and asparagine. The change in amino acids at the protein surface
results in a shift to a higher pH for the isoelectric point (IEP). While HFBI has an IEP
of 6.1, HFBI D40Q/D43N has an IEP of 7.0 [103].

HFBI-dCBM

HFBI-dCBM (HFBI-double cellulose binding molecule, also called HFBI-DCBD) consists
of an HFBI protein connected by linkers (amino acid chains) to two cellulose binding
domains (see Fig. 3.1b) [108]. The cellulose binding domains (cellobiohydrolase I, CBH I)
are extracted from Trichoderma reesei as the protein HFBI [104]. The molecular mass of
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the linkers and the two cellulose binding domains is about 11 kDa. Thus, the molecular
mass of HFBI-dCBM is 18.5 kDa, more than twice the original mass of HFBI [108|.

These proteins are used for their binding affinity to cellulose. Therefore, they are of
interest in the field of composite materials [106, 109] and pharmaceutical nanotechnology
[110, 111].

3.2.2 HFBI Interfaces

At the interface, HFBI forms a crystalline monolayer with a honeycomb structure [112,
113]. Most descriptions of the crystalline structure refer to HFBI monolayers formed at
the water-air interface [114-117|. However, monolayers formed at the water-solid interface
(highly oriented pyrolytic graphite, HOPG) have also been reported to have this crystalline
structure [118]. Molecular dynamics simulations have determined that the unit cell consists
of six HFBI proteins, as also seen in electron cryo-microscopy [119, 120]. Changes in
the charged amino acids on the HFBI outer surface do not significantly alter the highly
ordered structures of the proteins at interfaces [103, 118|. Instead, bulky fusion proteins
introduce a steric hindrance to film formation at the water-air interface. Interfacial layers
are still formed, but the structure of these films seems to be less highly ordered [110, 121].

During the adsorption process at the water-air interface, HFBI retains its conformation
[122]. The amphiphilicity of HFBI proteins and their surface activity suggest an adsorption
behavior similar to that of lipids. However, HFBI shows an almost constant adsorption
rate, which is atypical for Langmuir-type kinetics [121]. The reasons for this adsorption
behavior are not yet clear. One possible reason could be the high energy gain resulting
from the binding of HFBI at the interface. HFBI has a significantly higher adsorption
strength compared to other biomolecules, resulting in almost irreversible binding to
interfaces (studied at the oil-water interface) [123].

Due to this high adsorption strength a water droplet containing HFBI does not shrink
like a typical water droplet, but flattens at the top-surface (see section 4.5 Fig. 4.3a).
Since the proteins do not detach from the water-air interface, the protein layer behaves
elastically and forms wrinkles [116, 124]. These flattened HFBI droplets have been widely
used to coat surfaces with an HFBI monolayer and to study the crystalline order of
HFBI monolayers [103, 114-117]. The HFBI coatings alter the surface hydrophobicity
of the coated surface [125, 126]. While a hydrophobic surface becomes hydrophilic, a
hydrophilic surface becomes hydrophobic [127]. The binding strength of HFBI to surfaces
could be measured via single molecule force spectroscopy and did show an enhanced
binding strength of HFBI in the HFBI monolayer compared to single HFBI attached to
the surface [127].

The applications of HFBI interfaces are versatile. HFBI interfacial layers can be used
to stabilize emulsions [128, 129]. In beer production, this stabilizing effect is also negatively
experienced in the area of unwanted beer gushing [129, 130]. HFBI fusion proteins have
also shown great potential in the field of biotechnological and biomedical applications
[110, 118, 131]|. Furthermore, secondary protein adsorption on HFBI monolayers has been
shown to be influenced by the HFBI coating and tunable by changing the charge of the
HFBI surface [103|. First studies on bacterial adhesion on hydrophobin coatings (not
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HFBI) have been performed and showed anti-adhesion effects [132, 133|. In this thesis, the
adhesion of the bacterium Staphylococcus aureus to hydrophobin (HFBI) coated surfaces
was tested, see Addendum V.

3.2.3 HFBI Bilayers and Vesicles

Besides the formation of HFBI monolayers, it has already been possible to produce
HFBI bilayers and vesicles [13, 14]. HFBI bilayers and vesicles can be produced with
a hydrophobic core (like lipids) but also with a hydrophilic core. Van der Waals forces
seem to play an important role in the attraction of two monolayers to form a bilayer. The
stability against lateral tension is extremely high for HFBI bilayers, while the adhesion
energy is in the same order of magnitude as for lipids [14].

Vesicles could be produced by two different methods: microfluidic jetting and gel
extrusion. By varying the bilayer core, water/water, oil/oil, and air/air vesicles could
be produced. In addition, a functional gramicidin A channel could be incorporated into
an HFBI vesicle [13]. This proved that a real bilayer is formed and the channel forming
process is not essentially hindered.

It is precisely these properties of the HFBI bilayers and vesicles that have made them
so interesting for the research group led by Prof. Karin Jacobs. Possible future applications
include cargo transport and emulsion stabilization. Hydrophobin vesicles could transport
not only water-soluble substances in water, but also oil-soluble substances in oil. Similarly,
the more technical and application-oriented task of exploring the functions of channels
and pores in the extremely stable HFBI bilayers could also be of future interest.

However, a number of questions remain to be answered. The fluidity of HFBI bilayers
is still unclear. Channels can be incorporated, suggesting at least some fluidity in the
bilayer [13]. Also, little is known about the characteristics of HFBI bilayers for use in
physiological environments. Therefore, in this work, the water permeability of HFBI
bilayers with a hydrophobic core and their stability to osmotic pressure were investigated
(Addendum I). In addition, the preparation of HFBI vesicles was further developed to
achieve a higher production rate and thus increase the potential applications of these
vesicles (section 5.1.2). Due to the high stability of HFBI at interfaces, the incorporation
of HFBI into lipid membranes and the influence on pore formation were also investigated
(section 5.1.3).

The behavior of more complex biomacromolecular systems at interfaces can vary
greatly due to the interplay of the different biomacromolecules. The adhesion behavior of
cells is built precisely on this interplay of macromolecules at the cell surface.

3.3 Staphylococcus Aureus

Staphylococcus aureus (S. aureus) is a round (Greek: kdkkos), 1 pm large (diameter),
facultative anaerobic bacterium (prokaryote). In addition to its round shape, S. aureus
owes its name to its cluster formation in grape-like form (Greek: staphylé) and its golden
pigmentation (Latin: aureus). S. aureus is a colonizing opportunistic pathogen (COP)
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[134], and as such a natural colonizer of humans [135], preferentially in the nose [136,
137]. Under certain negative circumstances (weakened immune system, open wounds,
etc.) it can lead to infections [138]. The high adaptability of S. aureus leads to the
development of resistance to possible treatments with antibiotics [139-141]. Methicillin-
resistant Staphylococcus aureus (MRSA) is one of the main causes of infections in hospitals
[142-144]. When a bacterium adheres to a surface, the first step of biofilm formation is
complete and the next steps of biofilm formation are initiated: multiplication, exodus,
maturation, and dispersal [145|. The formation of biofilms protects the bacteria from
immune defenses [146] and antibiotics [21]. Once a biofilm is formed, it is very difficult to
remove. In the case of implants, this often means removal of the entire implant [21, 22|.

3.3.1 Staphylococcus Aureus Cell Wall

S. aureus is a gram-positive bacterium. In Figure 3.2 its cell membrane and its outer
layer, the cell wall, are shown. The main component of the cell wall is peptidoglycan,
a two-component polysaccharide layer. Various adhesion factors are anchored to it and
to the underlying cell membrane (see Fig. 3.2). Adhesion factors include teichoic acids,
which can be divided into lipoteichoic acids (LTAs) and wall teichoic acids (WTAs), as
well as proteins, which can be divided into cell wall anchored proteins (CWA proteins)
and non-cell wall anchored proteins (non-CWA proteins) [23|. The functions of the cell
wall include cell shape [147], stability against osmotic stress [148, 149|, and, importantly
for this work, contact formation with the surface initiated by cell wall macromolecules
[26, 150, 151] .

Peptidoglycan

The peptidoglycan of the bacterial cell wall is a unique polymer: It consists of two types
of polysaccharide chains (N-acetylglucosamine and N-acetylmuramic acid) that are highly
cross-linked by peptide bridges [153]. Peptidoglycan is subject to constant formation and
degradation, which is essential during cell division [154, 155]. This process is supported by
autolysin enzymes, which can cut the peptidoglycan network, leading to a rearrangement
of the peptidoglycan [156, 157]. Autolysin activity is important not only for peptidoglycan
rearrangement but also for the composition of CWA proteins [158].

This peptidoglycan layer has been selected as a target for antibiotics in several studies
because of its critical role in the bacterial cell cycle [159-161]. More details about the
structure and the function of peptidoglycan can be found in recent articles [162, 163].
The following description of S. aureus adhesion factors is based on several review articles
on previously known adhesion factors of staphylococci, especially S. aureus [23, 24].

Teichoic Acids

Accounting for up to 60 % of the total cell wall mass, teichoic acids are a major component
of the cell wall of gram-positive bacteria, including S. aureus [164]. The distinction between
wall teichoic acids (WTAs) and lipoteichoic acids (LTAs) is based on their composition and
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Figure 3.2: Schematic illustration of the bacterial cell wall of S. aureus and its adhesion
factors (inspired from [65, 152]). The adhesion factors are lipoteichoic acids (LTAs), wall
teichoic acids (WTAs), cell wall anchored proteins (CWA proteins) and non-cell wall
anchored proteins (non-CWA proteins).

anchorage in the cell wall/cell membrane. Whereas WTAs consist of phosphate and ribitol
groups and are covalently bound to the peptidoglycan layer, LTAs consist of phosphate
and glycerol groups and are anchored to the cell membrane via glycolipids [24]. Glycosyl
and D-alanyl esters are attached to the teichoic acids. Inhibition of D-alanylation by the
absence of the gene dltA, which is important for the synthesis of D-alanylated lipoteichoic
acids, results in a higher negative surface charge of the cell wall [165]. The S. aureus
AdItA mutant, which has this deficiency in D-alanylation, has a reduced ability to adhere
to polystyrene and glass [166]. The absence of ditA also results in a decrease in autolysin
activity [167, 168], which in turn leads to a change in CWA protein composition [158].
Single changes in cell wall composition can always lead to multiple subsequent changes.

WTASs in particular appear to play an important role in the adhesion of S. aureus
cells [164, 169]. The influence of WTAs can be tested using the S. aureus AtagO mutant.
TagO is a gene that is responsible for the synthesis of WTAs. If this gene is missing, these
cells lack WTAs, while the synthesis of LTAs is not affected [151]. The colonization of
skin and nasal epithelial cells with S. aureus is largely influenced by the absence of WTAs
[151, 170, 171].

Proteins

Proteins associated with S. aureus adhesion are abundant. A distinction is made between
cell wall anchored (CWA) proteins and non-CWA proteins [23]. In the following, the two
groups of cell wall proteins will be discussed and individual proteins will be presented.
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The CWA proteins are generally bound to peptidoglycan by sortase A (SrtA) [172,
173]. Inhibition of SrtA therefore leads to a very strong loss of S. aureus CWA proteins
and a simultaneous reduction of the binding affinity to fibronectin [174-176] and a reduced
colonization of the nose [170|. There are more than 20 different CWA proteins on the
S. aureus cell wall. Currently, five families of S. aureus CWA proteins are distinguished,
although some discovered proteins have not yet been assigned to a family [23, 25].

Most CWA proteins are classified as belonging to the MSCRAMM (microbial
surface components recognizing adhesive matrix molecules) family, which includes
clumping factor A (CIfA) and B (CIfB). CIfA and CIfB are important for the adhesion
of S. aureus (25, 177|. While CIfA binds to immobilized fibrinogen and is a part of the
S. aureus system for immune escape [25, 178|. CIfB is more important for the colonization
of the skin and of the nose [179-181|. Fibronectin binding protein A (FnBPA) and B
(FnBPB) are other adhesins belonging to the MSCRAMM family. As their name suggests,
they bind to fibronectin, but also to other extracellular matrix (ECM) components [182—
184| and are an S. aureus invasion factor [185, 186|. The second family to be mentioned is
the near iron transporter (NEAT) motif protein family. A protein of this family
which is associated with adhesion is the iron-regulated surface protein A (IsdA). In
addition to its role in iron acquisition, it can bind to desquamated nasal epithelial cells
and is therefore also active in colonization of the nose [187, 188]. The tandemly repeated
three-helical bundle protein family consists of only one protein, Protein A (SpA). It
induces S. aureus cell aggregation [189] and can cause inflammation of lung epithelial
cells [190]. There are also the G5-E repeat protein family with the surface protein
G (SasG), which promotes nasal colonization [191], and the L-lectin/cadherin-like
protein family with the serine-rich adhesin of platelets (SraP) protein, which promotes
human platelet adhesion [192]. Further information on all S. aureus CWA proteins can be
found in the literature [23-26].

There is also a variety of different non-CWA proteins at the S. aureus cell wall. A
protein family that is often associated with cell adhesion is the SERAM (secretable
expanded repertoire adhesive molecule) family. Adhering to fibrinogen, fibronectin
and other ECM components the extracellular adherence protein (Eap) and the extracellular
matrix protein (Emp) are two important S. aureus adhesins [23, 24, 193]. In addition
to its multiple adhesive binding capabilities, Eap has also been attributed invasive and
immunomodulatory properties as well as negative effects on the wound healing process
[194]. Recently, it has also been shown that Eap can modify plaque formation [195] due
to its ability to influence immune cell immigration [196, 197]. Besides the SERAM family,
there are autolysins. These are non-CWA proteins that may have adhesive properties in
addition to their enzymatic properties [23, 24|. The autolysin Atl, in addition to having
an indirect effect on cell adhesion by affecting the distribution of CWA proteins [158],
also has a direct effect on adhesion by binding to ECM components of human endothelial
cells [198].

The role of different adhesion factors of the S. aureus cell wall on the adhesion were
studied in this thesis, see Addendum IV and V.
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3.4 Bacterial Adhesion

3.4 Bacterial Adhesion

Bacterial adhesion is mediated by cell wall macromolecules. Depending on the type of
surface to which the bacterium adheres, adhesion may be mediated by specific and/or
non-specific adhesion mechanisms.

On the one hand, specific adhesion mechanisms, are mechanisms that take place via
specific receptor-ligand interactions. The binding to the ligand is mostly established by
specific cell wall macromolecules (receptors). For example, MSCRAMMSs mostly bind to
the corresponding ligand via the dock lock latch mechanism or the collagen hug mechanism
[26]. For receptor-ligand binding, hydrophobic interactions and hydrogen bonding are of
major importance [178, 199, 200].

On the other hand nonspecific adhesion mechanisms are caused solely by interfacial
forces between the cell surface and the substrate being adhered to. A reduced adhesion
of Staphylococcus carnosus due to van der Waals forces could be measured by changing
the subsurface (thicker oxygen layer on a silicon surface) without changing other surface
parameters (roughness, hydrophobicity, surface energy) [201|. However, also interfacial
interactions such as electrostatic and hydrophobic interactions have been shown to play
a role in bacterial adhesion [202-206]. It is important to note that the forces between
the macromolecules and the surfaces must be considered for cell-surface adhesion. Using
single-cell force spectroscopy (SCFS) it was shown that S. aureus can build up a force
towards the surface before the cell wall even touches the surface [207]. This can only
be explained by the cell wall macromolecules tethering to the surface. Therefore, the
macromolecules must be included in the force description of a bacterium adhering to a
surface.

3.4.1 Influence of Surface Properties to Staphylococcus aureus Adhesion

In this work we focus on the role of the macromolecules in non-specific adhesion mech-
anisms. Therefore, we used abiotic surfaces with different parameters in roughness,
hydrophobicity, surface charge. In order to better classify the results of this dissertation,
the state of the art of S. aureus adhesion research with respect to these surface parameters
is considered separately below.

Surface Roughness

The roughness and structure of a surface can affect the adhesion of bacteria, including
S. aureus. There are several studies that have investigated the influence of surface roughness
on the adhesion of S. aureus.

Most of the studies used methods that allowed the bacteria to freely adsorb to the
surface and then measured the adhesion by the number of adherent cells. Therefore,
there are no concrete adhesion force values measured. Lu et al. [27] measured the adhe-
sion of Staphylococcus aureus, Escherichia coli (E. coli) and Pseudomonas aeruginosa
(P. aeruginosa) on PDMS (polydimethylsiloxane) surfaces with 0.5-4pm grooves. It
was observed that the size of the bacteria compared to the size of the structure was
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an important factor for bacterial adhesion. When the structure was smaller than the
size of the bacteria, adhesion was most effectively reduced. Considering the roughness
in the range below the size of S. aureus, on randomly structured titanium oxide films of
different thickness and roughness (root mean square (RMS): 16-32nm), an increase in
S. aureus adhesion was observed with decreasing roughness [28|. However, there was no
significant difference in adhesion between surfaces with roughness around 26 nm and 32 nm.
Measurements on nanostructured PDMS showed the same trend of reduced adhesion
on rougher surfaces in the nanometer scale [29]. The adhesion of S. aureus on rough
PDMS was strongly reduced (RMS = 14 nm) compared to smooth PDMS (RMS = 1 nm).
Measurements with E. coli showed the same trend but to a lower extent. Decreasing
the roughness even more to the lower nanometer range on hydrophilic glass surfaces
(RMS: 1.6 nm, 2.8nm) [30] or on hydrophobic titanium films (RMS: 0.18 nm, 0.52 nm)
[31] showed also an increase of adhered S. aureus cells with lower roughness. However, on
the glass surfaces, this difference was not as pronounced as for F.coli and P. aeruginosa.
While on the hydrophobic titanium P. aeruginos showed no difference in adhered cells
between both roughnesses.

In addition, atomic force microscope (AFM) studies were performed to measure the
effect of surface roughness on the adhesion of S. aureus cells. A lateral force was applied to
already adhered S. aureus cells via an AFM cantilever, and the cells that did not detach
due to the applied lateral force could be counted [208]. Adhesion was compared on polished,
unpolished, and abraded stainless steel. The polished and abraded stainless steel showed
a linear unidirectional surface structure. Peak to valley distance varied between these two
surfaces from 0.04 pm (polished) to 0.3 um (abraded). In contrast to the other studies
presented, the adhesion was stronger on the rougher surfaces, the abraded steel. Two other
AFM studies used SCF'S to study the adhesion force of S. aureus on silicon nanopillars,
with a pillar-to-pillar in the range of 200—800 nm [209, 210]. Compared to smooth silicon
surfaces they could record a decrease of adhesion force for S. aureus, however, the adhesion
did not differ strongly between the different pillar-to-pillar distances.

In some studies, the contact area is discussed as the reason for the changes in adhesion
with altered surface roughness. So far, the bacterial-surface contact is often described as a
simple sphere touching a surface. The macromolecules of the cell surface are neglected. In
this context, a study has shown that the cell wall macromolecules of S. aureus are crucial
for determining the contact area [211]. The contact area of S. aureus can vary greatly
from cell to cell due to the macromolecules and averages to a circular contact area with
radii of 150-350 nm on smooth silicon surfaces.

However, it should be noted that the exact relationship between the contact area of
macromolecules and rough surfaces is still not well understood. The description of the
surface roughness by simple RMS values and the description of the cell as a simple sphere
are not sufficient. Concrete values for adhesion, such as adhesion force or adhesion energy,
are also needed to describe a possible correlation. Therefore, a new study was initiated
and its results are described in Addendum II.
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Surface Hydrophobicity

The tethering of cell wall macromolecules to a surface and thus the adhesion of S. aureus
to abiotic surfaces is also strongly influenced by hydrophobic interactions [203, 207, 211—
214]. By creating a surface with a sharp transition from hydrophobic surface properties
(advancing water contact angle (WCA): 112°) to hydrophilic (advancing WCA: 8°), it
was shown that the adhesion force differs by more than an order of magnitude with
strong adhesion on the hydrophobic surface [211]. By exploiting the altered adhesion on
hydrophilic and hydrophobic surfaces, it was then possible to determine the contact area
of S. aureus on smooth surfaces as mentioned above. The same influence of hydrophobic
interactions on the tethering of cell wall macromolecules could also be shown for other
bacteria (gram-positive and gram-negative).

Some studies also report a negative effect on S. aureus adhesion by creating superhy-
drophobic surfaces [32, 33]. However, the superhydrophobicity of these surfaces is highly
dependent on the roughness of the surface. The surfaces are superhydrophobic at the
macroscopic scale, but at the microscopic scale, where the macromolecules bind to the
surface, this hydrophobicity can be different. Therefore, this effect cannot be considered
separately from the introduced surface roughness. In Addendum III, bacterial adhesion to
smooth surfaces of different hydrophobicity was studied.

Surface Charge

It has long been known and studied that electrostatic interactions affect bacterial adhesion
[215, 216]. Many bacteria have an overall negative surface charge, including S. aureus
[217, 218|. Electrostatic interaction with charged surfaces is therefore expected, and given
the overall cell surface charge of S. aureus, attraction to positively charged surfaces and
repulsion from negatively charged surfaces would not be surprising. Several studies confirm
better adhesion to positively charged surfaces for the negatively charged S. aureus cells
[34-37|. For example, Zhu et al. used different polymers to build (layer-by-layer) surfaces
with different IEPs [34]. Surface coverage tests for S. aureus were performed at pH 7.4 in
phosphate buffered saline (PBS). Surfaces with an IEP of 9.7, 7.3, and 6.4 were tested
and showed surface coverage of 45 %, 5%, and nearly 0%, respectively. Since the surface
layer always consisted of the same polymer (polyethyleneimine), the chemical properties
were kept constant. However, the effects of van der Waals forces due to the different layer
thicknesses were not taken into account.

There are also other studies showing the opposite effect of surface charge on adhesion
[219, 220|. Polarizing hydroxyapatite (HAp) electrically and allowing bacteria to adhere,
showed a faster adhesion of S. aureus on negatively charged HAp [219]. Also the colony
size was altered by the charge of the HAp, there were more bacteria in a colony on the
negatively charged HAp compared to the number of bacteria in a colony on positively
charged HAp. However, it was already discussed in the paper that this surface charge
effect could be due to a direct effect of the electrostatic force on the bacteria or due to
positive charges from the medium covering the negatively charged surface and allowing
the cell to bind.
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All of these measurements were again performed by allowing the bacteria to adsorb
freely to the surface. Therefore, there is a lack of concrete adhesion values like adhesion
force for the influence of charge on S. aureus adhesion. To fill this gap, SCF'S measurements
on surfaces of different charge were accomblished in this thesis, see Addendum V.

3.5 Human Retinal Pigment Epithelial Cells

Eukaryotes include animal, plant, and fungal cells. Human eukaryotic cells are not
surrounded by a cell wall, but "only" by a cytoplasmic membrane, which distinguishes
them from prokaryotes. In addition, an eukaryotic cell has a nucleus. This nucleus is
clearly separated from the other cell components by a membrane. In this chapter, human
retinal pigment epithelial (RPE-1) cells will be briefly described.

The retinal pigment epithelium (RPE) is a single layer of polygonal cells that attach
to the photoreceptors on one side and to Bruch’s membrane on the other. By having tight
junctions between the RPE cells, they form a selective barrier between the retina and the
choroid [221, 222]. The RPE-1 cell line is commonly used for migration studies because
RPE cells can migrate in a mesenchymal but also amoeboid manner [223-225|.

Amoeboid migration relies on a constant retrograde flow of actin, which can only
be observed under confinement. Unlike mesenchymal migration, amoeboid migration is
frictional. The cells do not establish a connection to the environment, but the movement
depends on the contractile forces of the actin network. [226-228]. It could be shown by
leukocytes that for adhesion under confinement, the adhesive transmembrane proteins,
integrin, do not take part in the movement of the cell [229]. In contrast, mesenchymal
migration is based on cell adhesion to the underlying surface [227, 230|. The connection
of the cytoskeleton to the adhesive surface is formed by focal adhesions. Focal adhesions
are clusters of proteins (mostly integrins) on the cell surface that can bind to the ECM
and are connected to the actin network [231].

Changing the size of the actin filaments by adding the actin stabilizer miuraenamide
A (MiuA) showed an influence on the number and size of focal adhesions [232]. The focal
adhesions showed a higher number but a smaller size for stabilized actin in RPE-1 cells.
This change also resulted in reduced mesenchymal migration. The underlying adhesion
forces of this reduced mesenchymal adhesion were investigated in this work, see section
5.3.
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This chapter describes proteins, cells and other material as well as methods used for this
thesis and refers to additional literature where relevant. A focus is set on methods newly
introduced to the working group of Prof. Karin Jacobs within this thesis.

Furthermore, a list of instruments and materials used in this work at Saarland
University is attached for a better overview.

4.1 HFBI Purification and Solutions

Lyophilized hydrophobin HFBI was purified at VI'T, Technial Research Centre of Finland,
Espoo [112; 233, 234] and prepared from the mycelium of the HFBI overexpressing
Trichoderma reesei strain VIT-D-98692. The process consists of four steps: protein
extraction from the mycelium, berol extrusion via aqueous two-phase systems (ATPS),
high-performance liquid chromatography (HPLC) and, as the last step, freeze-drying of
the purified HFBI [234]. Usually, the Finnish group around Dr. A.Paananen has sent
us the needed lyophilized HFBI proteins. However, to get a feeling for the production
process, I stayed with the group and was performing the purification process myself under
supervision of D. Bozzhigitova and Dr. M. Lienemann.

For the first step, the frozen mycelium (Fig. 4.1a) is divided into small pieces and
30-50 mg are placed in a plastic bag in a water bath at room temperature until ice is
melted. This thawed mycelium is then mixed in a glass beaker at a concentration of
5mg/ml with a solution containing 4 M guanidinium hydrochloride (GDM-HCI) — 0.2 M
tris-(hydroxymethyl)-aminomethane hydrochloride (Tris-HCI) solution with a pH adjusted
to 7, first with a Polytron homogenizer (8000 rpm, 2-3 times for 30 seconds, Kinematica,
Swiss) for coarse mixing and then with an electronic stirrer (120 rpm for two to three
hours) to obtain a homogeneous solution. After centrifugation (5000 rpm, 25 min, 20 °C)
of this mixture, the supernatant is decanted for further use.

In the second step, the supernatant is mixed with ultra pure water (MilliQ) at a
1:1 ratio, filtered (Miracloth 475855-1R, Millipore), and pH adjusted to a pH of 5.5
to 6 with 1 M acetic acid. The nonionic surfactant Berol 532 (Akzo Nobel, Sweden) is
then added at a concentration of 2% (w/v) and stirred until a homogeneous solution
is formed. This mixture is then allowed to settle for at least two hours up to overnight
for the first aqueous two-phase separation (Fig. 4.1b). Berol is binding the proteins
and thereby concentrating these in the upper detergent phase over the buffer phase. To
remove unbound material, the detergent phase is mixed with 50 mM sodium acetate
(NaAc) — 40 mM ethylenediaminetetraacetic acid (EDTA, pH 5.15) at a ratio (v/v) of
approximately 2:1 and the phase separation is performed again (about 1hour) in an
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Figure 4.1: Different stages of the HFBI purification process: a) HFBI mycelium in
frozen state, b) first aqueous two-phase system (ATPS) separation, c) freeze-dried, purified
HFBI.

aqueous two-phase system. HFBI is transferred from the detergent phase to the buffer
phase by back-extraction with isobutanol. For this purpose, additional buffer (50 mM
NaAc — 40mM EDTA, pH5.15) is added in a ratio of 1:6 to the detergent phase as
well as isobutanol in a tenfold higher amount than the detergent volume. After careful
mixing again, a two-phase separation is initiated for at least 30 min, but can also be done
overnight. Isobutanol is binding to Berol and thereby releases the HFBI protein into the
buffer phase. This back-extraction step can be repeated several times with the detergent
phase to ensure maximum protein yield.

The resulting buffer protein solution is sonicated, centrifuged, and then purified by
high-performance liquid chromatography (HPLC, Akta Explorer, Pharmacia, Sweden)
using a Vydac C4 column (1x20cm, Vydac, USA) and a solvent gradient of acetonitrile
(0-100 %) containing trifluoroacetic acid as a pairing agent at a concentration of 0.1%. The
purity and protein content of HPLC elution fractions are determined by ultra performance
liquid chromatography (UPLC) and absorption spectroscopy at A=230nm, respectively.
Samples containing concentrated and sufficiently pure HFBI are pooled, frozen and
lyophilized (Fig. 4.1c).

The resulting lyophilized HFBI is storable and was dissolved in 10 mM NaAc buffer
(~pH5) with adjusted protein and ion concentration as required by the experiment
performed.

The HFBI charge mutant HFBI D40Q/D43N [103]| and the HFBI cellulose fusion
protein HFBI-dCBM [108] were produced from our collaborators at the VI'T.
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4.2 Droplet Interface Bilayer

A droplet interface bilayer (DIB) is a bilayer formed when two droplets covered with
surface active molecules (micelles) are brought into contact [17, 235]. The DIB method is
often used to determine the water permeability of a bilayer [5, 6, 236].

Two 10 mM NaAc droplets (radius: 052-0.62 mm) are placed in an oil bath (hexadecane)
with an HFBI concentration of 4 pM. An osmotic concentration difference is created by
adding KCI to one of the droplets. Since the droplets have a higher density than the oil
used, they sink to the bottom. Therefore, the glass Petri dish used was previously coated
with polydimethylsiloxane (PDMS) to prevent the droplets from spreading and sticking.

Following the adsorption rate described by Hahl et al. [121], the droplets are allowed
30min to form a dense protein monolayer. These micelle-like droplets are contacted and
a bilayer is formed at the contact site. The contact sites formed in this way are HFBI
bilayers as shown by previous bilayer thickness measurements [13]. After the bilayer is
formed, the perimeter of the droplet is determined and, assuming a spherical shape, the
volume is calculated.

The osmotic gradient between the two droplets leads to a change in volume if the
bilayer is permeable to water. The droplet with a high salt concentration becomes larger
and the droplet with a low salt concentration becomes smaller. The permeability value
can be calculated from the change in volume of the droplets. More detailed information
on the determination of the permeability of HFBI bilayers and the setup used can be
found in Addendum 1.

4.3 Microfluidic Devices

For the results described in 5.1.2 and 5.1.3, microfluidic devices were used, which could
be fabricated thanks to the close collaboration and the possibility to use the laboratory
of the group of Prof. Seemann, Saarland University, Germany. Microfluidic devices were
fabricated using soft-litography [237, 238|. The basic steps are described below.

e First, a detailed two-dimensional drawing of the desired channel structure is con-
structed in a dedicated graphics program such as AutoCAD. This structure is then
printed inversely onto a photomask with an approximate resolution of 5 pm.

e In the clean room, a negative photoresist (SU-8 100) is applied to a cleaned silicon
wafer and spin-coated to obtain a uniform film thickness. The thickness of the film
determines the subsequent channel height. The coated silicon surfaces are then
pre-baked on a hot plate.

e In the next step, the photomask is aligned on the photoresist and then exposed to
UV light. This cross-links the photoresist area unprotected by the photomask, the
channel structure, and is then stabilized by a post-bake on the hot plate.

o A developer (MR-dev 600) is then used to remove the non-crosslinked photoresist.
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With these steps the silicon master production is completed. The silicon master can
now be cast with PDMS (Sylgard 184) in a base to agent ratio of 10:1 and cured in an
oven. After complete curing, the PDMS can be removed from the silicon master and
the master can be reused. To close the channel structure, the PDMS structure is placed
in air plasma together with a glass slide. This oxidizes the interfaces that come into
contact with the plasma, and by pressing these two interfaces (PDMS and glass slide)
together, they are covalently bonded to each other (Si-O-Si). The finished device is then
re-hydrophobized overnight in an oven at 125 °C.

4.3.1 Electroporation Measurements

The electroporation measurements themselves were performed in a microfluidic setup
similar to the one described in Khangholi et al. [239]. It is a microfluidic structure with
two parallel channels (width: 300pm, height: 100pm) connected in the middle of the length
by a small intersection (see Fig. 4.2).

The flow in this microfluidic structure is generated by hydrostatic pressure. The
flow velocities in the two channels are determined by the height of two separate fluid
reservoirs. The reservoirs are connected to the channels by Teflon tubing. To generate 1,2-
Di-(9Z-octadecenoyl)-sn-glycero-3-phosphocholin (DOPC) bilayers, the entire microfluidic
structure is first filled with 5 mg/ml DOPC dissolved in squalene. Then the two reservoirs
containing 10 mM acetate buffer with a HFBI concentration of 0.1uM are connected
to the inlets. This causes a flow in the two channels and water fingers are formed
(see Fig. 4.2a). DOPC monolayers are formed at these water-oil interfaces. The large
concentration difference between DOPC and HFBI ensures that the monolayers are almost
exclusively pure DOPC monolayers. When the two water fingers are brought together at
the intersection, a DOPC bilayer is formed (see Fig. 4.2b). The oil is pushed out of the
bilayer at the sides or is absorbed by the PDMS. The HFBI proteins are then located in
the water phase surrounding the bilayer.

An Ag/AgCl electrode in each of the two inlets allows a voltage to be applied across
the bilayer using a patch clamp amplifier, EPC 10 USB, and the resulting currents to be
measured. The voltage is continuously increased from the negative extreme (|Upqq| = 150 -
200mV) to the positive extreme in 5mV steps. This applied voltage creates pores in the
bilayer and the ion current changes accordingly. If the bilayer is stable, several voltage
cycles can be performed.

4.4 Staphylococcus Aureus Strain and Growth Condition

Bacterial adhesion was studied in close collaboration with the working group of Prof.
Bischoff, Saarland University, Germany, using the biofilm-positive SA113 laboratory strain
of Staphylococcus aureus. In addition, SA113 AdltA [165], lacking D-alanine, SA113 AtagO
[151], lacking most of the wall teichoic acids, and SA113 AsrtA [170, 173|, lacking cell wall
anchored proteins, were utilized as SA113 knock-out mutants. All strains were provided
by the working group of Prof. Peschel, University of Tiibingen, Germany.
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outlets

Figure 4.2: Schematic drawing of the microfluidic setup for electroporation measurements.
a) Two water fingers with a low concentration of HFBI are slowly brought into contact.
The lipids dissolved in the oil form a monolayer at the interface. b) After contacting the
two water fingers, a lipid bilayer is formed. The surrounding water phase contains the
HFBI molecules. HFBI molecules were taken from Figure 3.1a [104, 105, 107].

The S. aureus stock solutions are stored frozen at -80 °C. Due to laboratory conditions,
a glycerol stock culture is prepared from it. This glycerol stock is stored at -20°C and
renewed approximately once a year. Every two weeks, new blood agar plates are prepared
from the glycerol stock and incubated at 37 °C for three days. A single bacterial colony is
then transferred from the colonized agar plates to 5 ml of tryptic soy broth (TSB) culture
medium. This liquid culture is then incubated overnight at 37 °C and 150 rpm. To obtain
bacterial cells in the exponential phase, a fresh culture is then prepared directly from the
overnight culture on the day of the experiment. A small volume of the overnight culture
is added to fresh T'SB in a 1:100 ratio and allowed to grow for 2.5 hours under otherwise
identical conditions.

The S. aureus cells are washed with phosphate buffered saline (PBS, pH 7.3-7.4) by
centrifugation (3min, 17,000x g) and exchange of the supernatant with fresh PBS. This
washing step is performed a total of three times. For further use of single bacteria, the
solution was diluted tenfold with PBS.

4.5 Silicon Surfaces

Bacterial adhesion measurements were performed on differently treated silicon surfaces.
Monocrystalline silicon wafers (SiO2) with a natural oxide density of 1.7(2) nm and an
advancing water contact angle (WCA) of 5(2)° were used as hydrophilic surfaces in this
work. The SiOs surfaces are cleaned with peroxymonosulfuric acid, a 1:1 mixture of
sulfuric acid and hydrogen peroxide, prior to any use or further processing. See Bellion et
al. for a detailed description of the SiOg surface used [240].

In order to create surfaces with different levels of hydrophobicity, roughness and charge,
the SiO9 surfaces are further processed as described in brief:
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e Silanization is performed with octadecyltrichlorosilane (OTS) according to Lessel
et al. [241]. The OTS surfaces have an advancing WCA of 111(2)° with a roughness
comparable to SiO2 (RMS in the range of 0.1 to 0.2nm). OTS surfaces are cleaned
with ethanol, acetone and ultra pure water in the ultrasonic bath prior to every
usage.

e Black Silicon surfaces of different roughness are prepared by a wet chemical
etching process using hydrofluoric acid, hydrogen peroxide and water in a ratio of
2:7:16. A publication by Koynov et al. is used as the basic recipe [242], which is
slightly modified as described in Addendum II and the dissertation of C. Spengler
[65]. Surfaces with RMS values of 7nm, 24nm and 3 nm could be produced. These
nanorough surfaces are then silanized with OTS as described above.

e Hydrophobin HFBI and HFBI D40Q/D43N are used to coat OTS surfaces and
thereby render surface properties such as hydrophobicity (WCA around 30-40°) and
the isoelectric point (IEP 6.1 and 7). Since this surface coating has been prepared
for the first time within this thesis in the working group of Prof. Jacobs, it will be
described in more detail in the following.

HFBI Coatings

The hydrophobin coatings with HFBI and the charge mutant HFBI D40Q/D43N are
prepared in the same way. A 6 mM sodium acetate solution with a hydrophobin concen-
tration of 4 M is used for the coating. Any hydrophobin agglomerates in the protein
solution are dissolved in an ultrasonic bath. A 60 ul hydrophobin droplet is then added to
a freshly cleaned OTS surface. Two different methods were tried for the further procedure.

(I) After placing the droplet on the OTS surface, a waiting period of about 30 minutes
is allowed until a dense layer of protein forms at the water-air interface and the droplet
flattens as described in the literature (see Fig. 4.3a) [103, 114-117]. This hydrophobin
layer formed at the water-air interface can then be removed with a second freshly cleaned
OTS surface. The disadvantage of this method is that many artifacts result from the
removal of the protein layer during the production of coatings in the centimeter range.
For this reason, a second method of coating with hydrophobins has been developed.

(IT) In the second method, after placing the hydrophobin droplet on the OTS surface,
a second OTS surface is immediately placed on top. Thus, the HFBI monolayer is formed
directly at the water-OTS interface. After a waiting period of 30 minutes, the whole
assembly is placed in ultrapure water to wash off any residual proteins in solution. The
coated OTS surface is then dipped several times in fresh ultrapure water to remove
lightly adsorbed hydrophobins. The dried surfaces (both top and bottom OTS surfaces)
have a WCA of 34(6)° and an RMS of 0.33(4) nm for HFBI. For HFBI D40Q)/D43N the
corresponding values are 39(4)° and 0.38(7) nm.
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Figure 4.3: a) A flattened HFBI droplet on an OTS surface with a protein layer formed
at the water-air interface. b) Selected method for producing hydrophobin-coated OTS
surfaces by placing an OTS surface on top of the hydrophobin droplet. Shown is an HFBI
droplet between two OTS surfaces.

4.6 Atomic Force Microscopy

Atomic force microscopy (AFM) was developed to determine the surface topography of
non-conductive surfaces from the scanning tunneling microscope [243].

A sharp tip attached to a cantilever is moved over a surface. The position of the
cantilever, and thus the possible bending or change in oscillation amplitude, is determined
by the reflection of a laser beam focussed on the cantilever onto a 4-quadrant photodiode.
More detailed descriptions of the setup and operating principle of an AFM can be found
in numerous literature [244-247|.

In this work, in addition to the determination of surface topography (Addendum II
and V), the AFM was primarily used for force spectroscopy, more specifically single-cell
force spectroscopy (SCFS, Addendum II-V), to study the adhesion of cells. The method
of SCFS for bacteria, especially cocci, is well established in the group of Prof. Jacobs |65,
66]. A detailed guideline for bacterial immobilization, cantilever calibration and SCFS
measurement methodology has been published by Thewes et al. [207]. Therefore, the
basic principle of bacterial SCF'S is briefly described and the similarities and differences
to human cell SCFS measurements are shown.

Single-Cell Force Spectroscopy — Staphylococcus aureus

To determine S. aureus adhesion by SCFS, a single S. aureus cell is first immobilized
on a tipless calibrated cantilever (MLCT-O). Polydopamine, a polymer derived from
a bioadhesive mussel protein, is used for this purpose [248, 249|. This immobilization
method does not affect the viability of the bacterium, checked via live/dead staining. To
record the force-distance curves, the cantilever with the immobilized bacterium is slowly
approached to the surface to be adhered (see Fig. 4.4, green curve). Depending on the
interactions of the bacterium with the surface, a snap-in may occur at a certain distance,
called the snap-in distance. The strength of this attraction is called the snap-in force.
When the cell comes into contact with the surface, it is gently pushed onto the surface
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Figure 4.4: Sketch of a cell adhesion force-distance curve (approach and retraction) with
typical adhesion parameters that can be determined.

by a preset force trigger (300 pN). It is possible to set an additional contact time during
which the bacterium remains on the surface. In this work, an additional contact time
of 5s is used for S. aureus adhesion on hydrophilic surfaces, while no additional contact
time is required on hydrophobic surfaces. The adhesion force can then be determined
from the retraction curve as the maximum deviation from zero (see Fig. 4.4, red curve).
The distance at which the force value becomes zero (in the noise of the baseline) and the
bacterium has completely lost contact with the surface is called the rupture length. The
adhesion energy is defined as the integral of the force over the distance.

Multiple force-distance curves can be recorded on a single bacterial cell. This allows
adhesion measurements with the same cell on different surfaces.

Single-cell force Spectroscopy — Human Retinal Pigment Epithelial Cell

To measure the adhesion of human RPE-1 cells to fibronectin, the experimental protocol
of bacterial SCFS was adapted. Since the specific adhesion to fibronectin is to be tested
here, the cells are not immobilized on the cantilever before the measurement, but are
detached directly from the fibronectin. For this purpose, another immobilization method
is used, the FluidFM [250]. In this method, cells are immobilized on the cantilever by
suction, using special cantilevers with a microfluidic channel connected to a pumping
system.
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RPE-1 cells were prepared in collaboration with the group of Prof. Lautenschlager.
Tissue culture dishes (TPP, Trasadingen, Switzerland) were treated with plasma for 3
minutes, covered with 500 pl of fibronectin (25 pg/ml), incubated for 1 hour at room
temperature, and then seeded with RPE-1 cells (1 x 106 cells/dish) and the compound
used (dimethyl sulfoxide (DMSO) or MiuA). To ensure complete adhesion of the cells to
the fibronectin, the cells were allowed to adhere for 4 hours in the incubator (37°C, 5%
CO02). To maintain consistent conditions during single-cell force measurements, HEPES
(4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid) is added to the cell medium (25 pl
per 1 ml) and the cells are maintained at 37°C throughout (JPK PetriDishHeater™).

Single-cell force measurements are performed using a Nanowizard IV XP AFM with a
CellHesion 200 head (Bruker Nano GmbH, Berlin, Germany) and a FluidFM microfluidic
control system V2 Platinum (Cytosurge, Glattburg, Switzerland). The cell to be mea-
sured is approached (z-length 50 pm, z-velocity 0.8 pm/s) with a Cytosurge FluidFM
micropipette (aperture 4 pm, stiffness 2 N/m), immobilized by negative pressure (-500
mbar) while the micropipette itself is held at a constant height or force, and then de-
tached from the fibronectin by retracting the micropipette (z-length 50 pm, z-velocity 0.8
nm/s). This detachment process is monitored with an inverted light microscope (Zeiss
AG, Oberkochen, Germany). The retraction curves obtained can be described similarly
to the bacteria retraction curves using the same parameters (adhesion force, adhesion
energy, and rupture length). JPK Data Processing version 7.0.128 is used for analysis.

4.7 Materials and Instrumentation

Chemicals and other consumables:

e 1,2-Di-(9Z-octadecenoyl)-sn-glycero-3-phosphocholin (DOPC), Avanti Polar Lipids,
Alabaster, AL, USA

e 1-Oleoyl-rac-glycerol (Monoolein) > 99 %, Merck KGaA, Darmstadt, Germany
e Acetic acid 100 %, VWR International GmbH, Darmstadt, Germany
e Acetone 99.98 %, Fisher Scientific GmbH, Schwerte, Germany

e AFM tips: HAR1-200-10, MLCT-O and ScanAsyst-Air, Bruker AFM Probes, Ca-
marillo, CA, USA

e AFM tips: OMCL-AC160TS, Olympus Europa SE & Co. KG, Hamburg, Germany

e Blood agar (Tryptic soy broth with sheep blood), Fisher Scientific GmbH, Schwerte,
Germany

e Developer MR-~dev 600, micro resist technology, Gesellschaft fiir chemische Materi-
alien spezieller Photoresistsysteme mbH, Berlin, Germany

e Disposable needles: Sterican@®) blunt, length: 25 mm, diameter: 0.40 mm, B. Braun
SE, Melsungen, Germany
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Dopamine Hydrochloride 98 %, Merck KGaA, Darmstadt, Germany (former Sigma-
Aldrich)

Ethanol 99.8 %, VWR International GmbH, Darmstadt, Germany

FluidFM tips: micropipette, aperture: 4 pm, stiffness 2 N/m, Cytosurge, Glattburg,
Switzerland

Hexadecane > 99 %, Merck KGaA, Darmstadt, Germany

Hydrogen peroxide (30 %, nonstabilized), Merck KGaA, Darmstadt, Germany
Octadecyltrichlorosilane (OTS), Merck KGaA, Darmstadt, Germany
Phosphate Buffered Saline (PBS), Merck KGaA, Darmstadt, Germany

Photoresist SU-8-100, micro resist technology, Gesellschaft fiir chemische Materialien
spezieller Photoresistsysteme mbH, Berlin, Germany

Potassium Chloride 99, 5 %, Griissing GmbH, Filsum, Germany
Silicon Wafer, Siltronic AG, Burghausen, Germany

Silver Wire 99,99 %, diameter: 0.25 mm, Goodfellow Cambridge Limited - UK,
Huntingdon, Great Britain

Sodium acetate trihydrate, Merck KGaA, Darmstadt, Germany

Sodium chloride > 99 %, VWR International GmbH, Darmstadt, Germany
Squalene > 98 %, Merck KGaA, Darmstadt, Germany

Sulphuric acid > 96 %, VLSI Selectipur@®), BASF, Ludwigshafen am Rhein, Germany
Sylgard 184, Dow Corning, Midland, MI, USA

Tissue culture dishes, TPP, Trasadingen, Switzerland

Trishydroxymethylaminomethane hydrochloride (TRIS), Merck KGaA, Darmstadt,
Germany

Tryptic soy broth (T'SB), VWR International GmbH, Darmstadt, Germany

Instruments and measurement devices:
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AFM: NanoWizard®) 4 XP, with JPK NanoWizard®) 4 XP AFM head, JPK
CellHesion®) 200 Head, Bruker Nano GmbH, Berlin, Germany

Camera: ORCA-Fusion Digital CMOS camera, C14440-20UP, HAMAMATSU PHO-
TONICS DEUTSCHLAND GMBH, Herrsching am Ammersee, Germany

Contact Angle Instrument: OCA 25, DataPhysics Instruments GmbH, Filderstadt,
Germany

FluidFM: FluidFM®) microfluidic control system V2, Cytosurge AG, Glattburg,
Switzerland

High Speed Camera: Fastcam SA3, Photron Deutschland GmbH, Reutlingen, Ger-
many

Macroscope: Leica Z16 APO, Leica Microsystems GmbH, Wetzlar, Germany

Micromanipulator: MOM-202D, NARISHIGE INTERNATIONAL LTD., London,
Great Britain

Microscope: Leica DM 2700M with a Leica MC170 HD camera, Leica Microsystems
GmbH, Wetzlar, Germany

Microscope: Axio Observer 7, inverted optical microscope, Carl Zeiss Microscopy
Deutschland GmbH, Oberkochen, Germany

Petri Dish Heater: JPK PetriDishHeater™ for BioMAT™, Bruker Nano GmbH,

Berlin, Germany

pH meter: SevenExcellence with perfectlON electrode for fluoride concentration
measurement, Mettler Toledo, Giefen, Germany

Physical Vapor Deposition Device: Univex 300, Leybold Heraeus, Koln, Germany
Plasma Cleaner: PDC-32 G, Harrick Plasma Ithaca, NY, USA
Plasma Cleaner: Femto, Diener electronic GmbH & Co. KG, Ebhausen, Germany

Pumping system: multiboard 2 with a highdriver 4, mp6-liq and mp6-gas pumps,
Bartels Mikrotechnik GmbH, Dortmund, Germany

Voltage Amplifier: HEKA EPC 10 USB, Multi Channel Systems MCS GmbH,
Reutlingen, Germany

Water purifier: GenPure, Thermo Fisher Scientific Inc., Waltham, MA, USA
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5 Results and Discussion

For many different phenomena in biological systems, knowledge of the behavior of macro-
molecules at interfaces is of paramount importance. Protein adsorption at interfaces,
bilayer formation, incorporation of molecules into a bilayer, and cell adhesion are just a
few examples of phenomena where macromolecules play a crucial role. In this chapter,
the main results of this thesis are presented. Additional information on results already
published or available in manuscript form can be found in the Addendum.

5.1 Hydrophobin HFBI at Interfaces

After Hahl et al. showed that hydrophobins can be used to produce stable vesicles that can
even contain a functional ion channel (gramicidin A), it was clear that further studies of
this system were needed to be able to use it technically [13]. Such surface-active molecules
are very useful for technical applications, for example for stabilizing emulsions or for drug
delivery or other packaging issues. Due to its strong amphiphilicity, HFBI is a very good
candidate for these requirements and the characterization of its properties in monolayers
and bilayers is therefore of high technological relevance. In particular, water permeability
is an important physiological property of a membrane and is therefore carefully determined
in this thesis (chapter 5.1.1). In chapter 5.1.2 the preparation of vesicles from pure HFBI
protein bilayers was further developed, and in chapter 5.1.3 the behavior of hydrophobins
on a lipid bilayer was investigated. In addition, HFBI was used to study the influence
of surface charge on bacterial adhesion of Staphylococcus aureus, which is described in
chapter 5.2.4.

5.1.1 Water Permeability of HFBI Bilayers

For the use of membrane and vesicle systems in medical applications such as biomimetics
and vesicle-based drug delivery, water permeability is an important property. Water
permeability describes the passage of water molecules through the membrane and thus
influences the interaction between the two sides of the membrane. The water permeability
of pure HFBI bilayers has been studied in detail and is described by Nolle et al. in
Langmuir (accepted) (Addendum I). Water permeability was measured by bringing
two HFBI monolayer coated droplets (micelles) into contact. A so-called droplet interface
bilayer (DIB) is formed at the contact surface between the two droplets (see section 4.2).
If an ion concentration difference is applied between the two contacting droplets, an
osmotic pressure is applied to the system, which can be balanced by a flow of water into
the droplet with the higher salt concentration. By recording the change in droplet size
over time, the water permeability can be calculated (see Addendum I)
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Figure 5.1: Bar chart of water permeability values of different bilayer systems. The blue
bar represents the maximum water permeability value including the standard error of
pure HFBI wild type bilayers. The water permeability of HFBI-dCBM:HFBI bilayers
with a ratio of 0.4:1 is shown in purple, and experimental water permeability data from
monoolein bilayers are shown in green. Water permeability values obtained from MD
simulations of dense HFBI-$ bilayers are displayed in red.

At a salt concentration difference of approximately 1 M, the water permeability values
measured for HFBI bilayers are below the experimental resolution of 1um/s (Fig. 5.1
blue bar). This permeability is surprisingly low compared to that of simple lipid bilayers,
which are in the range of 10—160 um/s [5, 15, 251, 252|. Such low values have only been
achieved in densely packed bilayers, such as sphingomyelin:cholesterol bilayers, which
can obtain a water permeability of about 2—4um/s [15, 252|. We collaborated with
Professor Jochen Hub and his theoretical physics group to see if molecular dynamics
(MD) simulations could confirm our results. However, their MD simulations predict a
very large water permeability for HFBI bilayers, ranging from mm/s to cm/s (Fig. 5.1 red
bar). Measurements on monoolein (1-Oleoyl-rac-glycerol) lipid bilayers were performed to
test the measurement system and for comparison with HFBI bilayers. In agreement with
literature values [5], monoolein bilayers show a low but well detectable water permeability
(Fig. 5.1 green bar). To further ensure the accuracy of the measured water permeability
values of the HFBI bilayers, the HFBI bilayer was examined for possible oil residues by
adding a flourescent dye to the oil and measuring the fluorescence signal. No oil residues
are detected, which is consistent with the results of the MD simulations of unstable
oil layers between two HFBI monolayers. In mixed bilayers containing the HFBI fusion
protein with two cellulose binding domains (HFBI-dCBM) in addition to the wild type
HFBI protein, a detectable water permeability is observed (Fig. 5.1 purple bar). This
not only confirms the formation of a proper bilayer but also demonstrates the potential
variability of HFBI bilayers. Combined with the results of the MD simulations on the
water permeability of the HFBI bilayer, we suggest that a restructuring of the order of the
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proteins in a monolayer to a bilayer must take place. Unfortunately, MD simulations are
currently limited by the lack of knowledge about the exact protein-protein interactions in
the HFBI bilayer. To resolve uncertainties in the chosen force field, additional simulations
with different force fields and water models were performed, but still the same effect of
enormous water leakage through the HFBI bilayer was observed.

By studying the water permeability of HFBI bilayers, impressive contrasts to conven-
tional lipid bilayers were revealed [5, 15, 252]. Very low permeability coupled with high
stability against osmotic pressure makes these HFBI bilayers particularly interesting for
use in biophysical and biotechnological applications, such as drug delivery [16]. What
is still missing is the ability to produce hydrophobin vesicles in a single size on a larger
scale. The first steps are described in the following chapter.

5.1.2 Hydrophobin Vesicle Production

In this work, the further development of HFBI bilayers into pure protein vesicles was
pursued. The aim was to increase the potential of hydrophobins for applications such as
drug delivery. In H&hl et al. [13], two methods for hydrophobin vesicle production are
described: microfluidic jetting and gel extrusion. Within this work, however, the desired
quantity of vesicles and the required control of vesicle production could not be achieved
with either of the methods described. There are several other methods for the controlled
preparation of lipid vesicles [253], some of which can be tried with modifications for the
preparation of hydrophobin vesicles. The two most promising methods for the controlled
production of HFBI vesicles were constructed in this work and are presented here. Method
A is based on the microfluidic jetting method [13, 254|, which was extended and improved.
Method B uses a microfluidic system described by Karamdad et al. [255|, that was slightly
modified.

For method A, a controlled droplet interface bilayer (DIB) formation setup was used,
see Figure 5.2a. A pumping system (multiboard2 with a highdriver4, Bartels, Dortmund,
Germany) with four pumps connected in series (2x mp6-liq and 2 x mp6-gas+, Bartels,
Dortmund, Germany) allowed to control settings like bilayer size and flow rate. The best
results were obtained when a voltage of 250V and a frequency of 170 Hz were applied to
the pump system. This corresponds to a flow rate of approximately 15000 pl/min [256]. A
blunt cannula with a diameter of 0.4 mm is used as the outlet of the pressure device. With
this system, vesicles can be produced in the range of milliseconds. The vesicle shown in
Figure 5.2a has a diameter of about 1 mm. Since this setup is still in the adjustment phase,
no information about the monodispersity can be given. Adjustments to the pumping
circuit and the tubing used (diameter, length, stiffness) are planned to further optimize
the pulse for microfluidic jetting of HFBI bilayers and to achieve higher throughput of
HFBI vesicles.

Method B uses a microfluidic setup sketched in Figure 5.2b. In the first step, monodis-
perse water-in-oil (10 mM NaAc-in-hexadecane) HFBI droplets are produced in a mi-
crofluidic channel system (diameter of 50 — 150 pm). For this purpose, fixed flow rates of
a connected pump system are adjusted so that the HFBI droplets are pinched off as a
function of the selected flow rates. The flow rate of the oil phase is selected to be at least
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digplet interface

DB,

Figure 5.2: a) Microfluidic jetting system for hydrophobin vesicle formation by controlled
pulsed water flow through a droplet interface bilayer (DIB) with a pumping system. The
steps from bilayer deformation to vesicle formation by microfluidic jetting are shown in a
time series of HFBI vesicle formation. b) Design of a microfluidic chip for the generation
of hydrophobin vesicles. In the first step, droplets of a protein solution are generated in
an oil-filled channel. Between step 1 and step 2, micelle-like droplets are formed after
a certain time, depending on the size and protein concentration of the droplets. In the
second step, the droplets are captured again in aqueous solutions and vesicles are formed.
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ten times higher than the flow rate of the water phase in order to produce individual
droplets (flow rates in the range of 0.1-20 pLi/min). During this process, the HFBI droplet
size can be adjusted. To ensure that a dense monolayer of HFBI molecules is formed
at the interface between the droplet and the oil, HFBI droplets must be given enough
time. Unfortunately, this step is not trivial because, unlike lipids, hydrophobins are not
dissolved in the oil but in the water phase, so the HFBI concentration is crucial for the
formation of a dense monolayer. If the concentration is too low, the density of HFBI
at the interface is too low to cover the entire interface with an HFBI monolayer; if the
concentration is too high, the HFBI droplets become gel-like and stick to the PDMS.
The protein concentration is therefore adjusted to the droplet size so that the amount
of protein in the droplet is just above the required amount to form a dense monolayer
at the interface. The final step is to form a vesicle from the micelle by placing a second
monolayer of HFBI "around" the first. This requires a stable boundary layer through
which the water droplets with the HFBI monolayer can pass. However, this is still part of
the current research, as adjustments to increase the stability of this transition still need
to be investigated.

Both of the methods described are still in the optimization phase, and while vesicles
have already been formed by microfluidic jetting, the production of vesicles using a
microfluidic chip is still in the early stages. Recent findings that the formation of HFBI
bilayers is likely to lead to protein rearrangement make methods such as the microfluidic
technique described above very difficult. Making double emulsions instead of vesicles is one
possibility. This would also depend on adjustments such as the choice of oil phase. For the
production of HFBI vesicles, methods based on a bilayer, such as microfluidic jetting, are
preferred. However, the constant need to create a new bilayer limits the production rate
of vesicles. Therefore, a next step would be to develop an automated device to produce
hydrophobin bilayers. In addition to the production of pure HFBI bilayers, there is of
course also the possibility of incorporating HFBI proteins into lipid bilayers and thereby
changing the properties of the lipid bilayers.

5.1.3 Hydrophobins in Lipid Bilayers

The class II hydrophobin HFBII has a stabilizing effect on biomimetic membranes
according to the patent of Gil, Kristensen and Mainzer "Stabilization of biomimetic
membranes" [257]. This is of great interest in the field of desalination and biosensors, since
there, membrane stability is crucial and often requires stabilizers [258, 259|. In this thesis,
the effect of HFBI incorporation into a DOPC bilayer on pore formation was investigated
in a microfluidic setup combined with a HEKA EPC-10 patch clamp amplifier.

HFBI is easily incorporated into a microfluidically prepared planar DOPC bilayer.
This increases the stability of the bilayer with respect to the applied voltages during
electroporation measurements by a factor of 1.33 (DOPC/HFBI: 200 mV, DOPC: 150
mV, Fig. 5.3a upper graph). Compared to the pure DOPC bilayer at the same voltage,
the ion flux through the DOPC/HFBI bilayer also increases (e.g. current increase by a
factor of 5 at -100 pA and by a factor of 2 at 100 pA). In addition, a DOPC bilayer with a
reservoir of HFBI proteins provided by the surrounding medium was subjected to several
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Figure 5.3: a) Electrophysiological measurements on DOPC bilayer with and without
HFBI in the surrounding solution and multiple cycle measurements performed on a
microfluidic chip. b) Coarse-grained simulation of HFBI interacting with a DOPC bilayer
with a pore.

voltage cycles (Fig. 5.3a lower graph). For each cycle, the voltage was slowly increased
from -180mV to 180mV after a pause of a few seconds. Electroporation measurements
show a steady increase in ion flux during these measurements. It is interesting to note
that a new cycle always starts at approximately the end value of the previous cycle.

These results clearly show that HFBI molecules are incorporated into the DOPC
bilayer (increased stability and ion flux). However, this incorporation seems to be strongly
favored by pores in the DOPC bilayer (increase in ion flux with voltage cycles). Additional
measurements also showed that waiting before applying voltage did not increase the
starting point of ion flux through the bilayer. The results therefore suggest that the
hydrophobins are incorporated into the pore rims and that these edges, and thus the
entire bilayer, are stabilized. Initial coarse-grained simulations by our collaborators in
Professor Hub’s group at the University of Saarland seem to confirm these results. Again,
the hydrophobins are clearly incorporated at the pore rims (Fig. 5.3b).

HFBI is a potential molecule to support membrane stability in desalination due to
the demonstrated stabilization of the lipid bilayer and its pores. Other properties such
as how HFBI behaves with aquaporins, commonly used water channels in desalination
[259], and how HFBI behaves in more complex membranes is part of future research. In
addition, the behavior of HFBI in a lipid bilayer without the application of stress has yet
to be elucidated.

5.2 Bacterial Adhesion

Macromolecules at the bacterial cell surface, for example cell wall anchored (CWA)
proteins, wall teichoic acids (WTAs) or lipoteichoic acids (LTAs), play an important
part in the nonspecific adhesion of bacteria to biotic and abiotic surfaces. In this work
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several studies have been conducted to define the contribution of macromolecules in the
adhesion of Staphylococcus aureus (S. aureus) to abiotic surfaces. The influence of surface
roughness, hydrophobicity and also the charge has been linked to the interactions of cell
wall macromolecules with the surface. In addition, various knock-out mutants exhibiting
alterations in the properties of cell wall macromolecules were used to further investigate
the specific role of different macromolecules.

5.2.1 Influence of Surface Roughness

Surface topography is an important surface property that has a major impact on the
first step of biofilm formation, bacterial adhesion. Therefore, the adhesion of S. aureus to
octadecyltrichlorosilane (OTS)-coated silicon surfaces of different roughness have been
examined in detail by Spengler et al. in Nanoscale 2019 (Addendum II). In addition,
a correlation between the surface area accessible to cell wall macromolecules and the
adhesion forces determined for the whole cell was established by combining the forces
measured by single-cell force spectroscopy (SCFS) with Minkowsky functionals of the
surface.
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Figure 5.4: a) Normalized adhesion forces of individual S. aureus cells on hydrophobic
silicon surfaces (OTS) with different degrees of roughness compared to their adhesion
forces on smooth surfaces. (Adapted by Addendum IT) b) Graphical visualization of the
adhesion process of an S. aureus cell on an RMS = 35 nm rough OTS-coated silicon surface
(real AFM data). The watershed used for the Minkowski measures is illustrated in blue.

Silicon surfaces of different roughness (RMS = 7nm, 24 nm and 35 nm) have been used.
Increased roughness has been produced by wet chemical etching in hydrofluoric acid.
All surfaces used for this study have been coated with OTS for equal hydrophobicity.
Adhesion forces of S. aureus cells have been measured in comparison to a smooth OTS
covered silicon surface (RMS = 0.1 nm) and normalized to the adhesion force of the same
specific cell. While the adhesion force of S. aureus on the 7nm rough surface is in the
range of the adhesion force on a smooth OTS surface, a further increase in roughness
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is accompanied by a decrease in adhesion force (Fig. 5.4a). For the roughest sample
(RMS = 35nm), the adhesion force is reduced by approximately 60 %. In addition to the
effect on S. aureus adhesion, surface roughness also has an effect on cell viability. As
surface roughness increases, cell viability decreases.

Combining the results of SCFS with morphometric analysis using Minkowski func-
tionals, it was shown that the reduced surface area accessible to cell wall macromolecules
determines the adhesion force (Fig. 5.4b). Therefore, the amount of adherent cell wall
macromolecules is a determining factor for the bacterial adhesion.

5.2.2 Influence of Surface Hydrophobicity

To define the more specific role of cell wall macromolecules in the adhesion process to
abiotic surfaces, the adhesion forces of S. aureus on hydrophilic (SiOg, advancing water
contact angle 5(2)°|240]) and hydrophobic (OTS-coated SiOs, advancing water contact
angle 111(2)°[240, 241]) surfaces have been measured and analyzed in Maikranz et al. in
Nanoscale 2020 (Addendum III). SCFS has been performed to understand the adhesion
process on these surfaces of different hydrophobicity and complemented by Monte-Carlo
(MC) simulations.
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Figure 5.5: Adhesion of S. aureus cells on hydrophilic (SiO2) and hydrophobic (OTS)
surfaces. a,c) Mean retraction force distance curves with their standard error (shaded
area) of five different S. aureus cells on SiOy and OTS surfaces. b) Box (Perc. 25, 75;
Median) an whisker plot (min-to-max) of the mean adhesion force of more then 50 cells
on each surface. For comparison an unpaired t-test has been performed (*** p <0.001).

SCFS measurements show a great dependency of the mean adhesion forces of different
S. aureus cells to the hydrophobicity of the surface. The median adhesion force of all
measured cells to OTS is around 22-fold higher than to bare SiOy surfaces (Fig. 5.5b).
Comparing the shape of force-distance curves of individual bacteria, differences between
hydrophobic and hydrophilic surfaces become apparent. On hydrophobic surfaces (Fig.
5.5a), the retraction part of the force-distance curves of one and the same bacterium
exhibit a comparatively smooth shape with little variation. The variation in adhesive
forces of different S. aureus cells can be explained by the natural heterogeneity of the cells
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as well as by a recently described patchiness of adhesive cell wall macromolecules on the
cell wall [260]. In contrast, the shape of the retraction part of the force-distance curves
on hydrophilic surfaces is ’spiky’ and varies greatly for a single bacterium. Whereas the
difference between individual bacterial cells is small (Fig. 5.5¢).

These results are consistent with the idea that other bacterial macromolecules are
involved in adhesion due to surface hydrophobicity. When in contact with a hydrophobic
surface, a variety of macromolecules weakly adhere to the surface (smooth curves, little
variation in the curves of a bacterium). On hydrophilic surfaces, only a few, strongly
binding macromolecules are involved in the adhesion process (’spiky’ curves, strong
variation in the curves of a bacterium). Monte-Carlo simulations were able to reproduce the
experimental curves with the help of the experimental force-distance curves. This supports
our conclusion concerning the leading role of the bacterial cell wall macromolecules in the
adhesion process.

5.2.3 Influence of Different Macromolecules

Based on the knowledge that different macromolecules are responsible for adhesion
on hydrophobic and hydrophilic surfaces, the following question has been raised by
Spengler et al. in Int. J. Mol. Sci 2021 (Addendum IV): Is it possible to identify
the macromolecules that are responsible for the adhesion?

To answer this question, SFCS measurements on SiO2 and OTS surfaces have been
performed using various S. aureus SA113 knock-out mutants with the following properties:

e SA113 AsrtA: deficiency of covalently bound cell wall proteins.
e SA113 AtagO: lack of wall teichoic acids.

e SA113 AdItA: deficiency of positively charged D-alanine groups on lipoteichoic
acids.

The results have been compared with the adhesion forces of S. aureus wild type cells
(SA113) published in Maikranz et al. [261]. The retraction curves of the three different
SA113 mutants were examined for similarities and differences on OTS and SiOg (Figs.
5.6a,c), in addition, the retraction curves were compared with the retraction curves
of SA113 wild type cells (Figs. 5.5a,c). On OTS surfaces, all retraction curves of the
different mutants have a smooth shape with a high replication capacity for a single cell,
similar to the retraction curves of SA113 cells. The retraction curves of SA113 AsrtA and
SA113 AdItA on the hydrophilic SiO9 surfaces show a ’spiky’ shape with a rather broad
distribution for one single cell, comparable to SA113 retraction curves on hydrophilic
surfaces. Only the SA113 AtagO cells show, similar to the curves on hydrophobic OTS,
smooth shaped curves on the hydrophilic SiO9 surfaces. Comparing the mean adhesion
forces of the measured cells in a box and whisker plot (Fig. 5.6b), further differences
become apparent: On hydrophobic surfaces, the adhesion forces of the SA113 mutants are
all strongly reduced compared to the SA113 wild type. Among them, the AsrtA mutant
shows the largest reduction in adhesion force (reduction of the median to 13,%) and the
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Figure 5.6: Adhesion of SA113 and mutant cells on hydrophobic (OTS) and hydrophilic
(SiO2) surfaces. a,c) Mean retraction force distance curves with their standard error
(shaded area) of respectively five different SA113 AsrtA, SA113 AtagO and SA113 AditA
cells on OTS and SiOy surfaces. b) Mean adhesion force of at least 11 cells of each SA113
mutant on each surface compared to SA113 wild type cells [261] in box (Perc. 25, 75;
median) and whisker plots (min-to-max). Ordinary one-way ANOVA and Dunnett’s test
(multiple comparison) and an unpaired t-test (pairwise comparison) have been performed
(n.s., p>0.05; *** p <0.001). Graph adapted by Addendum IV.

AdItA mutant shows the largest variance in measured adhesion forces (1nN to 22nN). A
reduction in adhesion force on the hydrophilic SiOs surface compared to the hydrophobic
OTS surface is evident for all mutants. However, the reduction itself differs in magnitude,
with the AtagO mutant in particular showing a small reduction of only half the adhesion
force. Thus, the AtagO mutant (3.1£1.0nN) exhibits a higher median adhesion force than
the wild type (1.0+£0.3nN) on SiOs. The AsrtA (0.940.1nN) and AditA (0.4+0.1nN)
mutants again exhibit reduced adhesion force compared to the SA113 wild type.

The measurements clearly show that any changes to the macromolecules of the
bacterial cell wall lead to changes in bacterial adhesion to abiotic surfaces. The influence
of distinct macromolecules on adhesion varies on surfaces with different wettability. While
on hydrophobic surfaces any change in cell wall macromolecule composition significantly
reduces (on average) adhesion, the change in adhesion on hydrophilic surfaces was not
as pronounced. Thus, covalently bound cell wall proteins seem to play a crucial role in
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adhesion on hydrophobic surfaces (median adhesion reduced by 87% compared to the wild
type), whereas they play a rather minor role in adhesion on hydrophilic surfaces (reduced
by 10%). Teichoic acids are crucial for adhesion on hydrophilic as well as on hydrophobic
surfaces, although the effect is not as prominent on hydrophilic surfaces. In contrast, the
change in the charge of the cell wall seems to play a role mainly on hydrophilic surfaces,
as shown with the AdltA mutant, having a higher cytochrome ¢ binding affinity than
the wild type and a decreased adhesion on SiOg (reduced by 63%). It is this influence
of electrostatic interactions on bacterial adhesion that is an interesting point for further
material adaptations in the biomedical field and was therefore investigated in more detail
as described in the next chapter. Also, in order to exclude side effects of macromolecule
assembly on the bacterial cell wall, the protein composition of the SA113 mutants needs
to be studied in more detail to identify more specific interactions.

5.2.4 Influence of Surface Charge

For a better understanding of the influence of electrostatic interactions between the
bacterial macromolecules and the underlying surface, experiments with different cell and
surface charge have been performed and discussed in Nolle et al. to be submitted
(Addendum V). To obtain different surface charges of the bacteria, SA113 and SA113
AdltA cells were used. SA113 AdItA cells have a higher negative surface charge compared
to the wild type. In addition, the surface charge of the adherent surface was altered by
using a protein coating of amphiphilic hydrophobins. OTS surfaces were coated with the
wild-type class IT hydrophobin HFBI or the charge mutant HFBI D40Q /D43N, in which
two aspartic acids were replaced by neutral amino acids, resulting in differences in zeta
potential of about 25 mV at pH 7 [103|. Further characterization of the two HFBI coatings
revealed only minor differences in surface properties like roughness (HFBI: 0.33(4) nm;
HFBI D40Q/D43N: 0.38(7) nm) and wettability (static water contact angle (WCA), HFBI:
34(6)°; HFBI D40Q/D43N: 39(4)°). These differences are, however, not significant and
should not lead to any measurable changes in the adhesion of S. aureus.

The results were compared to the adhesion forces on well studied surfaces (SiO2, OTS)
to better understand the adhesion forces on HFBI coated surfaces. Adhesion forces of
SA113 are strongly reduced on the HFBI-coated surfaces (80£40pN) compared to the
adhesion forces on OTS surfaces (22£13nN) before protein coating (Fig. 5.7a). This
difference in adhesion force can mainly be described by the change of surface wettability.
Due to the hydrophobin coating, the hydrophobic OTS surface becomes hydrophilic.
However, even compared to the hydrophilic SiOy surfaces (1.0+£0.3nN) the adhesion
forces are strongly reduced. As the SiO surfaces (WCA: 5(2)°) have clearly a lower water
contact angle, the surface wettability alone cannot cause the reduced adhesion forces. On
hydrophilic surfaces, hydrogen bonding is important for S. aureus adhesion [261], and
this bonding must be hindered on HFBI surfaces to explain the lower adhesion forces. A
reduced ability to form hydrogen bonds due to a heterogeneous surface could be a possible
explanation. This also fits with the statement, that for protein adsorption on hydrophobin
surfaces mainly electrostatic interactions are crucial compared to other forces [262].
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Figure 5.7: Adhesion forces of 9 S. aureus cells on HFBI-coated OTS surfaces. (a) Box
plot (min-to-max) of the adhesion force of S. aureus cells on HFBI wild type surfaces,
compared to adhesion forces on OTS and SiOy published in Maikranz et al. [261] (b)
Comparison of the mean adhesion force of single S. aureus cell measured on HFBI and
HFBI D40Q/D43N surfaces. Adhesion forces were normalized to the mean adhesion force
on the HFBI surfaces, error bars depict the standard of the mean. For a better overview,
the measured cells were sorted according to the normalized adhesion force on the HFBI
D40Q/D43N surfaces. Graph adapted by Addendum V.

In a next step, the adhesion of single S. aureus cells was measured on HFBI and HFBI
D40Q/D43N surfaces in direct comparison. A correlation between the zeta potential of
the surface and the adhesion force of SA113 is evident when the adhesion forces of all
measured cells are normalized to the mean value of the adhesion forces on HFBI surfaces
(Fig. 5.7b). As the zeta potential increases, so does the adhesion force, with the mean
adhesion force on the HFBI D40Q/D43N surfaces being twice as high. In addition, the
measurements were repeated with the SA113 mutant AdltA. This mutant shows a reduced
adhesion compared to SA113 cells as already described on hydrophilic SiOs surfaces
(chapter 5.2.3). No effect of the surface charge can be detected (Addendum V).

Measurements on surfaces of different surface charge have shown that electrostatic
interactions play a crucial role in the adhesion of S. aureus cells to hydrophilic surfaces.
A negative charge of the surface to be adhered to can thus reduce the ability of the
bacteria to adhere. The lack of a detectable effect of the surface charge on the adhesion
of the SA113 mutant AdltA may have several reasons. For example, the adhesion of the
AdltA mutant on the HFBI surfaces may already be prevented to such an extent that a
charge difference of the present magnitude (/~25mV) has no further effect. Furthermore,
in collaboration with the group of Prof. Bischoff, Saarland University, Germany, we were
able to detect a change in the composition of cell wall macromolecules in the AditA
mutant by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE). This
in turn could have an effect on the patchiness of the cell wall, which in turn could then
lead to a change in the magnitude of the forces acting. These results may provide the
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basis for a better understanding of the interaction of macromolecules at interfaces and
also advance the use of HFBI-coated surfaces in biomedical research.

5.3 Influence of MiuA on RPE-1 Cell Adhesion

In order to understand the adhesion not only of prokaryotes, especially bacteria, but also
of eukaryotes, measurements were performed on retinal pigment epithelial (RPE-1) cells.
For the results of this work, the focus was on the influence of the size of focal adhesions
of RPE-1 cells on cell adhesion. Our collaborators in the group of Prof. Lautenschldger,
University of Saarland, Germany, have recently shown that adding the natural compound
miuraenamide A (MiuA) stabilizes actin filaments, increases their length, and alters the
number and size of focal adhesions [232]. MiuA-treated cells have more but smaller focal
adhesions and an increased spreading area of the cell. Since focal adhesions are crucial
for cell adhesion, the adhesion parameters (adhesion energy, adhesion force and rupture
length) of MiuA-treated and untreated RPE-1 cells on fibronectin were measured by
SCFS and compared.

Retraction curves of untreated (control, Fig. 5.8a) and MiuA-treated (MiuA, Fig.
5.8b) RPE-1 cells have a similar curve shape, but the order of the adhesion forces is
different. While the adhesion energy (d) and force (e) are significantly reduced in the
MiuA measurements compared to the control, there is no significant difference in the
rupture length (f). Increasing the total area of focal adhesions of MiuA-treated RPE-1
cells does not result in increased adhesion. On the contrary, the adhesion energy is reduced
to about 25 %. Thus, the individual focal adhesions that were reduced in area by MiuA
treatment do not appear to have their full adhesion capacity. The unchanged rupture
length despite the increased cell-substrate contact area cannot be fully explained. One
possible explanation is that MiuA causes a shift of the nucleus to the center of the cell
[232]. The nucleus serves as an attachment point for the peeling process, thus could
minimize the rupture length. In addition, a general reduction in the adhesion force of
individual focal adhesions could lead to this unchanged rupture length. This altered
cell adhesion also has implications for cell migration of RPE-1 cells (Fig. 5.8¢). Our
collaborators in the lab of Prof. Lautenschlager have shown that mesenchymal migration
on fibronectin lines, in which cell adhesion plays a major role, is strongly minimized
in MiuA-treated RPE-1 cells [232]. In contrast, recent unpublished measurements have
shown that amoeboid migration under confinement in a PDMS channel, which is based
on friction and not on adhesion, is not significantly different.

MiuA-treated RPE-1 cells show strongly reduced adhesion. This can be explained by
changes in the size of the focal adhesions. The reduced adhesion strength of MiuA-treated
RPE-1 cells has a strong effect on adhesion-based migration, while friction-based migration
is unchanged. Changes in focal adhesions other than size remain to be investigated.
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Figure 5.8: Adhesion measurements of RPE-1 cells without addition of any compound
(control, green) and of RPE-1 cells after MiuA treatment (MiuA, orange). Five represen-
tative retraction curves of untreated (a) and MiuA-treated (b) RPE-1 cells are shown
for a firs overview. Box plots (min-to-max) of adhesion parameters: adhesion energy
(d), adhesion force (e), and rupture length (f), show the influence of cell treatment on
the overall adhesion process. (c) Mesenchymal (left) and amoeboid (right) migration
measurements (box plots, min-to-max). MiuA-treated RPE-1 cells on fibronectin lines
(mesenchymal) show a strong reduction in migration speed, whereas the migration speed
of MiuA-treated RPE-1 cells under confinement (amoeboid) is unchanged. Mesenchymal
migration data are taken from Baltes et al. [232|. Unpaired t-test was performed to
compare control and MiuA measurements: n.s., p > 0.05; ** p < 0.01; *** p <0.001.
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6.1 Summary

The purpose of this thesis is to advance the understanding of the behavior of macro-
molecules at interfaces. Emphasis has been placed on two main topics: (I) The properties
of the protein HFBI at interfaces, especially as a pure protein bilayer. (II) The role of
macromolecules in the adhesion of cells, in particular the adhesion of S. aureus either by
modifying the surface (roughness, hydrophobicity, charge) or the macromolecules on the
S. aureus cell wall (SA113 knock-out mutants). A variety of measurement techniques has
been used to study macromolecules at interfaces. While questions about the behavior
of HFBI at interfaces have mainly been addressed microfluidically and by generating a
droplet interface bilayer (DIB), the method of choice for cell adhesion has been single-cell
force spectroscopy (SCFS).

In the first part (I), by improving the method of HFBI bilayer formation, properties
such as water permeability were investigated. It was shown that the water permeability of
these pure protein bilayers is vanishingly small, below the accuracy of the measurement.
At the same time, the HFBI bilayers were found to be very stable with respect to osmotic
pressure. Water permeability could be generated by introducing a steric hindrance through
the HFBI-cellulose fusion protein HFBI-dCBM. An increase in permeability was observed
with increasing HFBI-dCBM concentration in the pure protein bilayer. Combined with
MD simulations, it was shown that the low water permeability of HFBI bilayers indicates
that the proteins are reorganized when the bilayer is formed from two HFBI monolayers.

This low water permeability property raised the next question: How could this protein
bilayer be used to generate vesicles? To answer this question, several vesicle preparation
techniques were tested and the two most promising were described. The technique
of microfluidic jetting could be used to produce vesicles, but optimizations for higher
throughput are still needed. The production of vesicles by a microfluidic device by creating
first micelles and "wrapping" a second hydrophobin layer around them is still in its infancy.

In addition to the study of pure HFBI protein bilayers, the incorporation of HFBI into
DOPC bilayers was also considered. It was found that HFBI incorporation was enhanced
by voltage-induced pore formation. Hydrophobins stabilize the edges of these pores and
thus increase the overall stability of these DOPC bilayers.

In the second main part of this thesis (II), new insights into the interplay of many
different macromolecules on the bacterial cell wall of S. aureus during adhesion were
gained. Nanorough surfaces with a roughness dimension corresponding to the length of
cell wall macromolecules were shown to affect the adhesion of S. aureus. A decrease in
adhesion of approximately 60% was observed when the roughness was increased from
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RMS =7nm to RMS=35nm. This change in adhesion may be directly related to the
contact area accessible to the fluctuating cell wall macromolecules.

However, it became clear that the chemical nature of the surface is also important
for macromolecules to tether to it. The adhesion strength of the bacterium was signifi-
cantly affected by changes in the hydrophobicity of the surface. While a large number
of macromolecules are able to bind to hydrophobic surfaces, only a small number of
macromolecules are able to bind to hydrophilic surfaces. Furthermore, adhesion is not
only influenced by the number of tethering macromolecules, but also by the interaction of
many different macromolecules on the cell wall, as shown by measurements with different
S. aureus knock-out mutants. Thus, adhesion involves many different macromolecules
whose role in the adhesion process may vary, depending on the adherent surface.

The role of electrostatic interactions in bacterial adhesion to hydrophilic HFBI surfaces
was investigated by combining the two main topics. Coatings with only a crucial difference
in charge for bacterial adhesion were obtained by using HFBI and the charge-modified
HFBI mutant HFBI D40Q/D43N. It was this difference in charge that resulted in a change
in the strength of the adhesion of S. aureus. A higher affinity was found for less negatively
charged surfaces of the same charge sign. Electrostatic interactions can therefore degrade
adhesion of S. aureus to negatively charged hydrophilic surfaces.

However, macromolecules play a crucial role not only in bacterial adhesion but also
in eukaryotic adhesion. RPE-1 cells with stabilized actin filaments and altered focal
adhesions (smaller in size but more numerous) showed reduced adhesion compared to
untreated RPE-1 cells.

6.2 Outlook

The interactions of macromolecules at interfaces, whether in artificial bilayers or in cell
adhesion, is a very large field that needs to be further explored in the future. This thesis
provides answers to some of the open questions, but also raises new follow-up questions.

For example, the exact structure of the HFBI molecules in the bilayer must be explored
to understand and control the properties of these protein bilayers. Fabricating free-standing
HFBI bilayers and scanning them with atomic force microscopy, electron microscopy,
or tunneling microscopy could image the protein arrangement and thus elucidate the
protein-protein interactions.

The incorporation of membrane channels and their function would be the next step
to expand the potential applications of HFBI bilayers. For example, the incorporation
of aquaporins into the HFBI bilayer could further promote water permeability and
thus the potential of hydrophobins as a selective bilayer. Likewise, the incorporation
of hydrophobins in a lipid bilayer needs to be further explored along these lines. Do
the hydrophobins remain in the lipid membrane even in the absence of pores? How do
the HFBI proteins behave in more complex membranes? All these questions can be
addressed by the presented method of electroporation measurements in a microfluidic
setup. Time-resolved voltage measurements as well as the use of other lipids could lead to
further insights.
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Not only bilayers, but also hydrophobin vesicles have to be investigated, for which
the method of vesicle production has to be further optimized. To be able to produce
a large number of vesicles, a high-throughput method such as the microfluidic system
is needed. A large number of vesicles would allow to test the stability to acid or stress
factors found in physiological conditions. The packaging of various compounds for use
as potential drug carriers could also be tested. With the two methods presented in this
work, it should be possible to introduce a compound during vesicle formation. Of course,
possible destabilizing effects caused by the compound during the formation of the bilayer
have to be taken into account. Alternatively, loading the vesicles after bilayer formation
using the FluidFM with a nanosyringe could be considered. Furthermore, the production
of oil-in-oil vesicles and a filling with different nutrients could be of great advantage for
e.g. the food industry.

According to the results of this work, HFBI could also be used as a protein coating to
reduce bacterial adhesion in biomedical applications such as implants. In this context,
the production of antibacterial HFBI fusion proteins could lead to further progress. To
be used as a biomedical coating, HFBI coatings need to be compared with other protein
coatings currently in use (e.g. bovine serum albumin) and the bacterial adhesion of other
bacteria has to be tested.

Developing antibacterial surface coatings also requires further research to understand
how bacteria adhere. The forces involved on bacterial adhesion could be tested in greater
detail varying the charge of the surfaces. These different surface properties could be
achieved for example by surface functionalization with silanes with different endgroups or
proteins like HFBI with charge mutants. The change of the surrounding medium (pH, ion
concentrations) could not only lead to changes of the surface to adhere but also on the
cell surface.

The role of individual macromolecules of the bacterial cell wall needs to be further
investigated in the future. S. aureus mutants lacking individual adhesins (e.g. FnBPA /B)
could lead to further elucidation of the role of individual macromolecules. Since the
hypothesis of single changes in cell wall macromolecules may entail a number of other
unanticipated changes, this should be supported by accurate protein analysis of the
cell wall. Therefore, further experiments using the SDS-PAGE with additional mass
spectrometry or western blotting should be performed. Another way to clarify the role of
individual macromolecules is a bottom-up strategy by coating spheres with individual
macromolecules to study their specific behavior in an adhesion process. It is important to
note that interactions between different cell wall macromolecules can alter their behavior.
This must be taken into account when interpreting the results. Already known surface
properties can be used to avoid altering the cell itself and still study the role of cell wall
macromolecules. A combination of surfaces with different roughness and hydrophobicity
could lead to the elucidation of the role of individual macromolecules through different
tether lengths and binding affinities to surfaces with different surface potential. In addition,
experiments with other (e.g. gram-negative) bacteria are needed to test the general validity
of the concepts of bacterial adhesion established for S. aureus adhesion.
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6 Summary and Outlook

These experiments represent only a small fraction of possible biophysical experiments
that could be performed with macromolecules at interfaces. However, it would be a
further step in understanding the behavior of HFBI proteins and bacterial cell wall
macromolecules at interfaces.
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I Hydrophobin bilayer as water impermeable protein membrane

HFBI. Using a droplet-interface bilayer setup, we demonstrate that HFBI bilayers are
essentially impermeable to water. HFBI bilayers withstand by far larger osmotic pressures
than lipid membranes. Only by disturbing the packing of the proteins in the HFBI bilayer,
a measurable water permeability is induced. To investigate possible molecular mechanisms
causing the near-zero permeability, we used all-atom molecular dynamics simulations
of various HFBI bilayer models. The simulations suggest that the experimental HFBI
bilayer permeability is neither compatible with a lateral honeycomb structure, as found
for HFBI monolayers, nor with a residual oil layer within the bilayer, or with a disordered
lateral packing similar to the packing in lipid bilayers. These results suggest that the
low permeabilities of HFBI and lipid bilayers rely on different mechanisms. With their
extremely low but adaptable permeability and high stability, HFBI membranes could be
used as an osmotic pressure-insensitive barrier in situations where lipid membranes fail,
such as desalination membranes.
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Abstract

One of the most important properties of membranes is their permeability of water
and other small molecules. A targeted change in permeability allows the passage of
molecules to be controlled. Vesicles made of membranes with low water permeability
are preferable for drug delivery, for example, because they are more stable and better
maintain the drug concentration inside. This study reports on the very low water per-
meability of pure protein membranes composed of a bilayer of the amphiphilic protein
hydrophobin HFBI. Using a droplet-interface bilayer setup, we demonstrate that HFBI

bilayers are essentially impermeable to water. HFBI bilayers withstand by far larger
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osmotic pressures than lipid membranes. Only by disturbing the packing of the proteins
in the HFBI bilayer, a measurable water permeability is induced. To investigate possible
molecular mechanisms causing the near-zero permeability, we used all-atom molecular
dynamics simulations of various HFBI bilayer models. The simulations suggest that
the experimental HFBI bilayer permeability is neither compatible with a lateral hon-
eycomb structure, as found for HFBI monolayers, nor with a residual oil layer within
the bilayer, or with a disordered lateral packing similar to the packing in lipid bilayers.
These results suggest that the low permeabilities of HFBI and lipid bilayers rely on
different mechanisms. With their extremely low but adaptable permeability and high
stability, HFBI membranes could be used as an osmotic pressure-insensitive barrier in

situations where lipid membranes fail, such as desalination membranes.

Keywords

Permeability, Droplet Interface Bilayers, Biological membrane, Hydrophobin, Nanobio inter-

face, Molecular dynamics simulations

Introduction

All living cells are surrounded by lipid membranes fulfilling similar tasks despite their dif-
ferent structures and chemical compositions. Membranes are responsible for the compart-
mentalization of living cells and control the selective transport between these compartments.
The regulation of water permeability is particularly important for maintaining cell home-
ostasis,! enabling the cell to respond to external influences, such as salt concentration or
pH. Controlling water permeability is also relevant in the field of biomimetics for poten-
tial biotechnological and biomedical applications,>™ for instance as nanocarriers, and has
therefore been addressed by various experimental and theoretical studies.®” The lipid com-

position, as well as the content of proteins, channels, or nanoparticles, strongly influence the
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permeability, as has been shown in numerous experimental studies using planar lipid bilay-
ers® 13 or liposomes. 1417 Artificial membranes with controlled permeability have been formed
using several other building blocks besides lipids, *® such as fatty acids, synthetic lipids, (block

19-21

co-)polymers, engineered proteins, or peptides.???3 Another possible building block for

artificial membranes are amphiphilic proteins like the protein HFBI, which has been used to
form pure protein membranes.?*

HFBI is a globular protein from the family of class II hydrophobins produced by the
filamentous fungus Trichoderma reesei.? The molecular surface of HFBI contains a char-
acteristic nonpolar region, also known as a hydrophobic patch, which enables the fungus
to attach to hydrophobic solid surfaces, such as wood,?® and to expose the hydrophilic
protein regions to the solvent.?”2? At the air-water interface, HFBI forms highly ordered

30-33 and

honeycomb-like monolayers as shown experimentally by atomic force microscopy
cryogenic electron microscopy.3* These ordered monolayers have been described computa-
tionally by protein—protein docking and molecular dynamics simulations.?> HFBI monolay-
ers at the air—water interface resemble phospholipids in their layer-forming properties: both,
HFBI and lipids orient their hydrophobic parts towards the air. Yet, it was shown that the
formation of HFBI monolayers is mainly controlled by steric and electrostatic interactions

and therefore differs from the adsorption kinetics of phospholipids and other surfactants. 3

Hydrophobin boundary layers have been used for the coatings of surfaces,3”® for immo-

39,40 41,42

bilization of molecules and cells, or for therapeutic applications such as drug delivery.
Maiolo et al.#? encapsulated gold nanoparticles in a hydrophobin monolayer shell, thereby
preventing the premature release of drugs and allowing a concentrated drug release at the
target site in vivo.

Joining two hydrophobin boundary layers leads to the formation of stable protein double
layers. 24434 By contacting two HFBI layers with their hydrophobic sides, a bilayer mem-

brane can be formed between two aqueous compartments, similar to black lipid membranes.

Such HFBI bilayers have previously been formed before in a microfluidic setup allowing both

81



I Hydrophobin bilayer as water impermeable protein membrane

optical access and electrophysiological measurements. 244® Thus, properties such as adhesion
between the bilayer sheets, bilayer thickness and ion transport across the bilayer have al-
ready been studied. In addition, these HFBI bilayers exhibit high stability and exceptional
resistance to lateral stress, which also facilitated the formation of vesicles from these bilay-
ers.?* Yet, the molecular structure and water permeability of these HBFI bilayers are still
unknown. Knowledge of the latter would, however, facilitate their use in medical applications
such as biosensing, biomimetics and vesicle-based drug delivery.

In this study, planar HFBI bilayers were generated at the contact site of two micelles.
These HFBI droplet-interface bilayers (DIB) were used to determine the water permeability
of the pure protein bilayers. The water permeability value was found to be extremely low.
The aim of this work is to explore and explain this low water permeability in experiments
and molecular dynamics (MD) simulations and to look for ways to disrupt the order of the

protein membrane in order to be able to control the water permeability.

Results and Discussion

Volume change of droplet pairs due to osmotic gradient

By bringing two buffer droplets of different salinity in hexadecane surrounded by protein
monolayers into close contact, a droplet interface bilayer (DIB) is formed (Figure la). An
osmotic pressure, caused by the difference in salinity leads to a flux of water from the
droplet with lower salinity to the one with higher salinity, if the bilayer is water-permeable.
Figures 1b and 1c show an HFBI-coated droplet pair with an osmotic concentration difference
of 1.717 osmol/L immediately after contact (left) and 6 minutes later (right). No volume
changes were optical discernible. For comparison and closer examination, we recorded the
volume change of droplet pairs covered with HFBI in hexadecane, cf. blue data in Figure
1d and droplet pairs with monoolein in squalene, cf. green data in Figure 1d with an

osmotic concentration difference of 0.259 osmol/L. (Squalene was chosen for the oil phase
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Figure 1: Droplet Interface Bilayer (DIB) experiments. a) Sketch from the side of the ex-
perimental setup of two HFBI-coated buffer droplet pairs of different salt concentrations
on PDMS-covered glass substrate. b)-c) Side and top view of two HFBI-coated buffer
droplets brought into contact and forming a DIB. Due to the different salt concentrations
(1.717 osmol /L) of the two droplets, the water permeability was measured by observing the
volume changes of the individual droplets over time. The contour of the droplet pairs (or-
ange) at the beginning of the measurements was copied and pasted into the image taken
at 6min. Scalebar indicates a size of 500 pm. d) Volume change of droplets over time with
pairs of monoolein (green circles) and HFBI (blue triangles) coated droplets. In both mea-
surements, the osmotic concentration difference between the two droplets in contact was
0.259 osmol/L. The inset shows an enlargement of the volume change of the HFBI-coated
droplet pair for the last two minutes. The red line indicates the zero volume change.

due to the improved stability of the bilayer with respect to bilayers formed in hexadecane.)
Compared to bilayers formed by other lipids, monoolein forms bilayers with a relatively low
permeability. #1345 Still, no discernible volume change was observed for HFBI droplet pairs
in comparison to Monoolein droplet pairs. To confirm that no remaining oil in the bilayer
was the reason for this water impermeability, we used BODIPY as an oil tracer.*® No oil was
detected in the bilayer with this method (Figure S1). For these pure protein bilayers, it was

also previously shown by capacitance measurements that essentially no hexadecane remains
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I Hydrophobin bilayer as water impermeable protein membrane

between the layers.?*

A small volume decrease (about 0.001 mm?) was observed in both HFBI-covered droplets
(see inset to Figure 1d). This water loss was characterized in single-droplet measurements as
diffusion of water into hexadecane with a diffusion coefficient in the range of 4-6-10° pm? /s
(Table S1). Since this diffusion coefficient is in the same range as for simple water droplets in
hexaxdecane, this result implies that the water passes through the hydrophobin monolayer
without any additional hindrance. Hence, it was necessary to account for the water diffusion
into hexadecane by correcting the data before calculating the membrane permeability. For
this purpose, the total volume loss of a pair of droplets was determined and this loss was
added to the volume of the individual droplets - according to the ratio of their surface areas.
Thus, in the corrected data, the influx of one droplet was equal to the outflux of the second
droplet. After this correction, the data for HFBI membrane suggest that there is no water
exchange between the droplets, so no values for water permeability were calculated. In
contrast, there was a clear difference in volume change for the monoolein droplet pairs in
squalene, however, the volume loss (~0.025 mm?) of the droplet with the low salinity was
larger than the volume gain (~0.020mm?) of the droplet with high salinity. This indicated
that there was also an overall volume loss into squalene. The permeability obtained from
the corrected data for the monoolein membranes was 56 pm/s = 1pm/s at 30°C and thus
in the range reported in other studies (58 pm/s + 31m/s at 25 °C in squalene).®

These results show that under the tested experimental conditions for HFBI membranes,
in contrast to monoolein membranes, (i) the flux through the HFBI membrane is smaller
than the flux into the surrounding hexadecane and (ii) the chosen time interval and osmotic
concentration difference is insufficient to determine a water permeability for pure protein
membranes. Therefore, the osmotic concentration difference as well as the time interval

were largely increased in the experiments described below.
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Figure 2: a) Volume change in percent of droplets, with initial size of Vj =0.7-0.9 mm?, over
time with droplet pairs having a HFBI-dCBM:HFBI WT ratio of 0:1 (blue triangles) and
0.4:1 (purple stars). b) Box and whisker plots (min-to-max) of the mean permeability values
of several HFBI membranes in presence of the mutant HFBI-dCBM in different weight
ratios. Osmotic concentration difference: 1.717osmol/L for pure HFBI membranes and
0.086 osmol /L for HFBI-dCBM:HFBI mixtures, Temperature: 30 °C

Permeability of pure HFBI membranes

For more precise measurements of the water permeability of the HFBI membranes, the
osmotic concentration difference between the droplets was increased to 1.717 osmol/L and
the observation time was extended to 30 min after initial contact. HFBI membranes are
capable to resist this high osmotic pressure and are stable over long periods of time, up to
several days (in contrast to lipid membranes, which cannot form stable membranes under
these osmotic conditions).

However, the results of the second series of experiments (Figure 2a, blue triangles) were
similar to the results of the previous ones: both droplets shrink in the same range of order. It

is noteworthy that for the given contact area and high osmotic pressure, a permeability of only
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about 6 pm/s would be sufficient to compensate for the diffusion of water into hexadecane,
i.e., to keep the volume of the droplet with the high salt concentration constant. Thus, even
without further analysis, the measurements show that the water permeability of the HFBI
membrane is well below 6 pm/s.

After volume correction, no volume transfer from the low salinity droplet to the high
salinity droplet is detectable. Taking into account the average size of the droplets and their
common contact area, as well as the error in volume determination (8-10~* mm?), permeabil-
ities with an accuracy of 1 pm/s are accessible. With this accuracy of the current setup, the
observed water permeability of HFBI membranes is indistinguishable from zero (see meth-
ods: Error analysis in the determination of experimental membrane water permeability).
These results are surprising given that water passes through HFBI monolayers into the oil
just as unimpeded as through uncoated water droplets (Table S1). The permeability through
the HFBI monolayers can be understood based on the known honeycomb structure at the

air-water interface. 3032

Thus, for the membrane, we hypothesize a rearrangement of proteins
into a much more densely packed arrangement.

To test this hypothesis, the structure of the monolayer (composed exclusively of wild-
type HFBI) was disrupted by inserting the bulky HFBI fusion protein HFBI-dCBM, which is
composed of two cellulose-binding domains bound to the wild-type HFBI domain.*” Weight
ratios of 0.3:1 and 0.4:1 of HFBI-dACBM:HFBI WT were used in the bulk concentration of the
droplets. The osmotic concentration difference 0.086 osmol /L. was chosen at a temperature
of 30°C. The results of these experiments are displayed in Figure 2b and the experimental
data corrected for the water loss into the oil are shown in the SI, Figure S2. In contrast
to the experiments with pure HFBI membrane, clear differences in the volume change were
observed for both mixing ratios tested. Volume decrease occurred still in all droplets, al-
though the volume loss was significantly less in the droplets with high salt concentration

than in the droplets with low salt concentration. (Figure 2a, purple stars). This results in

clearly detectable positive permeability values of around 3 pm/s for the ratio of 0.3:1 (HFBI-
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dCBM:HFBI) and up to 27 pm/s for the ratio 0.4:1 (Figure 2b). For the latter ratio a higher
variation of permeability values was observed, yet always higher than for the ratio of 0.3:1.
Apparently, the addition of HFBI-dACBM resulted in a detectable flux between two droplets
with an osmotic gradient. This demonstrates that the impermeability of the pure HFBI WT
membrane to water and ions is the reason why no significant volume change occurs across
the bilayer between the droplet pair.

To conclude, within the tested regime of osmotic gradients of 0.259 to 1.717 osmol/L,
which was generated by the addition of either KCl or NaCl (see SI), pure HFBI membranes
are impermeable to water within our measurement accuracy of about 1um/s. The per-
meability is much lower compared to water permeability values estimated by fluorescence
self-quenching in liposomes composed of palmitoyloleoylglycerophosphocholine (POPC) and
cholesterol, which have water permeabilities between (72 + 18) pm/s (pure POPC) and
(13+5) pm/s (POPC): Cholesterol ratio 60:40).'* The permeability of HFBI is even lower
than the permeability of densely packed sphingomyelin:cholesterol (60:40) membranes of
(2.240.4) pm/s, although their permeabilities may be of a similar order.'* Water perme-
ability of HFBI membranes can be achieved by adding a bulky HFBI fusion protein, but at
the tested ratios, it is still low compared to monoolein and other lipid membranes.

To better understand the effect of HFBI ordering in the membrane on its water per-
meability, MD simulations were initiated. MD simulations were already successfully used

49,50

previously to study water permeation across lipid membranes,*® aquaporins, and other

nanopores.?! Furthermore, MD simulations were used to study class-II hydrophobins within

solution®? and at interfaces.3%5354

MD simulations of HFBI monolayers at the air — water interface are

stable

To obtain molecular models of the HFBI monolayers and bilayers, and to study water per-

meation over HFBI bilayers in atomic detail, we used all-atom MD simulations. As starting
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conformations, we used the monolayer arrangements obtained via protein—protein docking
by Magarkar et al.,3 which were designed to reproduce the honeycomb structure observed in
HFBI monolayers. 3’ The authors reported two different unit cell models termed HFBI-a and
HFBI-f (Figure S4). The two models exhibit an overall similar monolayer packing yet with
distinct protein-protein interfaces, as evident from the relative orientation of the a-helices
within the unit cells (Figure S4). Two salt bridges were found in the HFBI-A unit cell with
a dominating one between Asp®® and Lys®? suggesting a higher stability compared to the
HFBI-« unit cell. To reveal the interactions of water with the HFBI monolayer, we performed
simulations of the HFBI monolayer based on the HFBI-/ unit cell at the air — water interface
at constant pressure (Figure 3a). Over four independent 400 ns simulations, the monolayer
was largely stable, exhibiting only a minor decrease of the lateral simulation box size of ~
1 to 2% reflecting a minor tightening of the protein—protein interfaces (Figure 3c). Analysis

of density profiles along the membrane normal reveals large overlap between the protein and
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Figure 3: HFBI monolayer simulations. a) Side view of simulation system shown in surface
representation composed of proteins (green) with hydrophobic patches (orange) and water
(blue). The simulation box is shown as a dotted black line. b) Mass density along the
membrane normal averaged over four independent simulations. c) First lateral box dimension
versus time taken from four independent simulations (shaded areas). Lines show running
averages to guide the eye.
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water densities, demonstrating that the HFBI monolayer is largely hydrated (Figure 3b).
Notably, the water density extends partly into the layer of hydrophobic patches, rationalized

65

by the polar side chain of GIn®> and by polar backbone atoms in the hydrophobic patch.

Overall, the monolayer simulations based on the unit cells proposed by Magarkar et al.3
are compatible with the experimentally observed honeycomb structure of the monolayer. A
similar simulation of the HFBI monolayer at an hexadecane/water interface was performed

in addition, again showing that the honeycomb structure is stable (Supporting Information).

MD simulations of bilayers with honeycomb structure exhibit mas-

sive water leakage
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Figure 4: a) Top: Top view of simulation setup of HFBI with a honeycomb structure. One
simulation cell is highlighted in dark green. Light green regions depict periodic images of the
cell. Bottom: schematic view of the “dense” overlay of two laterally displaced monolayers
with cavities spanning only one leaflet. b) Example of expansion of the first lateral box
dimension during simulations based on the HFBI-a (red) and HFBI-3 (blue) unit cells,®
either composed of the “dense” or the “holey” membrane model (see legend).

Next, we used MD simulations to test whether the honeycomb structure observed in

11
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I Hydrophobin bilayer as water impermeable protein membrane

monolayers is compatible with the low water permeability of HFBI membranes observed
with our DIB experiments. To this end, we overlaid two monolayers with the hydrophobic
patches facing each other based on two different lateral arrangements: the cavities of the
honeycomb structure were either aligned (i) between the two leaflets, such that large contin-
uous transmembrane pores were formed, denoted “holey membrane”; (ii) or the cavities were
laterally displaced such that the cavities spanned only one leaflet, denoted “dense membrane”
(Figure 4a, bottom). Each lateral arrangement was built either with the « or the 5 model by
Magarkar et al.>® Within 400 ns of simulation, we observed massive water permeation across
the transmembrane pores of the holey structure. However, major water leakage was also ob-
served in the dense structure with laterally displaced cavities. By counting water permeation
events over the bilayer, we obtained permeabilities in the range of 400 to 24.000 pm/s in stark
contrast to the experimental results (Table 1). In addition, the simulation box expanded
laterally by 5 to 10% over the simulation time, resulting in a destabilization of the lattice
structure due to translational movement of the individual proteins (Figure 4b), suggesting
that the initial membrane configuration was not optimal. To exclude that the observed wa-
ter leakage is a force field related artifact, we carried out additional simulations with the
OPLSaa® and AMBER99SB® force fields as well as simulations using the CHARMM36m
force field in combination with the OPC water model.?” All simulations showed the same
qualitative behaviour of rapid water intrusion indicating that the observed effect is not a
force field-specific artifact (Fig S6). Analysis of density profiles of protein and water confirms
that water increasingly penetrates the bilayer within the first 100 ns of simulation, such that
the water molecules are located at the hydrophobic patch at a reduced density of ~400 kg/m?
(Figure 5). The penetration of water is not surprising considering that water was in contact
with the hydrophobic patches even in the monolayer simulations (Figure 3). These findings
suggest that the mere presence of the thin hydrophobic patch is insufficient to exclude water
permeation across the HFBI bilayer. Additional simulations of honeycomb bilayers includ-

ing a thin film of hexadecane between the monolayers were performed (see Supplementary
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Information). These simulations confirmed the experimental observation that no residual oil

film remains, which could prohibit water permeation.

Table 1: Water permeability of HFBI bilayers based on the HFBI-« and -/ unit cells with

dense or holey lateral arrangements.

System H50 Permeability
[nm/s]
HFBI-a, dense 10000 =+ 2000
HFBI-a, holey 23920 =+ 50
HFBI-3, dense 3700 £+ 200
HFBI-$, holey 9800 £+ 500
Disordered HFBI | 13000 + 8200
Experiments 0 + 1
0-1ns 10-11 ns 100-101 ns
o
ZE 1000
2
2 500 -
2
s L 7
0 -2 0 2 -2 0 2
z [nm] z [nm] z [nm]
— water ——— protein upper — hydrophobic patch upper

——— protein lower

hydrophobic patch lower

Figure 5: Mass densities of HFBI (green), hydrophobic patches (orange) and water (blue) for
the “dense” HFBI bilayer based on the HFBI-f unit cell taken from different time intervals
0-1ns (left), 10-11ns (middle), 100-101 ns (right). Contributions from the upper and lower
leaflet are plotted in different shades (see legend).

Exceptionally tight protein-protein interactions are required to ex-

plain low water permeability

Lipid bilayers represent a two-dimensional fluid, in which the lipid molecules are relatively

loosely packed. Water permeation in those bilayers is suppressed owing to the nanometer-
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sized hydrophobic core, which disfavors the partitioning of polar water molecules. We used
MD simulations to test whether a laterally dense, irregular hydrophobin packing, similar
to the lipid packing in lipid bilayers, would be sufficient to exclude water permeation. In
free MD simulations, however, hydrophobins did not form laterally tight packing within
accessible simulation times in consequence of long-living protein—protein contacts. Hence,
we devised a multi-step protocol based on coarse-grained (CG) models, lateral compression
simulations using large lateral pressures and high temperatures, followed by backmapping of
the CG to atomistic models (see Supplementary Methods). Such an artificial protocol does
not give insight into the physical self-assembly or reorganization process, but it provides a
structural model of a densely packed hydrophobin bilayer, as evident from the continuous
(transparent) molecular surface rendered in Figure 6b. This model was used as a starting
point for further simulations.

However, as illustrated in Figure 6¢, even the densely packed hydrophobin bilayer was
penetrated by water within short simulation times, irrespective of the equilibrium protocol
(Supplementary Information). Visual inspection of the simulations showed that the water
penetrated primarily at contact sites with Asp3® and Lys?? residues, rationalized by the
high water affinity of these ionic residues. Furthermore, other polar residues at the protein—
protein interfaces became rapidly hydrated, such as Gln'®, Thr?, GIn%, Thr™, and Asn"™.
These water protrusions further caused the loss of some protein—protein contacts and led
to a lateral expansion of the bilayer by approx. 7-10%. After 100ns of simulation, the
bilayer was largely hydrated. The permeability was approx. 1 cm/s, which was incompatible
with our experimental data (Table 1). These findings demonstrate that overall tight but
irregular lateral packing of HFBI monomers, similar to the lipid packing according to the
two-dimensional fluid mosaic model of lipid membranes, is insufficient to rationalize the
experimental water permeabilities. Instead, we propose that well-defined and enormously
tight protein-protein interactions are required to form a stable densely packed bilayer. The

required reorganization process needs to introduce not only a few specific bonds that link
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the proteins together (as was the case for the unit cells at the air-water interface), but needs
to form a near-perfect interlocked protein-protein interfaces to act as an effective barrier
against water penetration. Such a reorganization process occurs most likely at time scales

inaccessible to MD simulations and thus can not be resolved within this study.

Figure 6: a) Scheme of HFBI structure. Secondary structure is shown in green, hydrophobic
patch in orange including the side chains. In addition, the charged side residues Asp®® and
Lys®? as well as the polar side chain of GIn® are highlighted in red and blue, respectively. b)
Graphical representation of a dense disordered HFBI monolayer (top view) after compres-
sion procedure. c¢) Snapshots (side view) from two different time points of a HFBI bilayer
simulation build of two monolayers as represented in b). Water is shown in blue.

Conclusions

Using a DIB setup, we showed that pure HFBI membranes are impermeable to water within
the experimental accuracy of ~1pm/s. Hence, HFBI membranes provide novel biocompati-
ble membranes with exceptionally low water permeability and high stability.

We used MD simulation to test several structural hypotheses for rationalizing the low
HFBI permeability. These hypotheses were based on low-resolution structural data of HFBI

30-33

monolayers, which revealed a monolayer honeycomb structure, and on the expectation

that physiochemical mechanisms applying to lipid membranes might likewise apply to HFBI

membranes. The simulations suggest that the large cavities in the honeycomb structure are
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I Hydrophobin bilayer as water impermeable protein membrane

incompatible with the experimentally found low HFBI membrane permeability. The cavities
of the honeycomb structured HFBI monolayer became rapidly hydrated, leading to major
leakage over the membranes. In addition, our simulations together with analysis of the HFBI
structures excluded the possibility that the low water permeability is caused by an extended
hydrophobic core as present in lipid bilayers (thickness of 2-3nm), since the hydrophobic
patch of HFBI forming the central layer is only few Angstroms thick. The hydrophobicity
of the HFBI bilayer core is further reduced by the presence of polar atoms of the protein
backbone and by the GIn® side chain. The presence of an only Angstrom-thick hydrophobic
layer is reflected by the extended hydration of hydrophobin monolayers at the water — air
interface (Figure 3), where the water density reaches up to the layer of the hydrophobic
patch. The simulations revealed water leakage even for a dense yet irregular lateral HFBI
packing (Figure 6), similar to the irregular lateral packing in lipid bilayers according to the
fluid mosaic model. Hence, the presence of the moderately apolar Angstrém-thick layer is
far from sufficient to explain the low permeability of the HFBI membrane.

To experimentally demonstrate that the low permeability is indeed an intrinsic property
of the HFBI membrane, we used a HFBI variant with two cellulose-binding domains. The
additional domains led to increased water permeability comparable to the permeability in
monoolein, likely by precluding the formation of a tight lateral packing of HFBI monomers.
Furthermore, we excluded experimentally, and by simulations, the possibility that the low
water permeability is caused by a residual film of oil between the HFBI leaflets.

Based on these results, we propose that the formation of a HFBI membrane from two
HEFBI monolayers in a honeycomb structure trigger a lateral rearrangement of HFBI mono-
layers, leading to an exceptionally dense packing with well-defined, stable protein—protein
interfaces. We anticipate that such interfaces are at least as tight as found in sphin-
gomyelin:cholesterol membranes, which exhibit a comparable low water permeability. Owing
to long-lasting protein—protein interactions, these lateral rearrangements likely occur on long

time scales that are currently inaccessible to MD simulations. Hence, to rationalize the ex-
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perimentally found low water permeability by atomic models and by MD simulations, it
will be critical to obtain atomic-level structural information in future studies, for instance
via cryo-electron microscopy or NMR spectroscopy, which may help in defining the protein—
protein interfaces and, thereby, guide future simulations.

To conclude, we found that HFBI membranes exhibit exceptionally low water permeabil-
ity and are capable of withstanding high osmotic pressures. These features are in contrast to
lipid membranes, hence opening new options for using HFBI membranes as robust biomimetic
membranes with pre-selected properties, for instance by incorporation of functional chan-
nels.?* This study lays the foundation for developing hydrophobin membranes towards a

biocompatible platform for biophysical or biotechnological applications.

Methods

HFBI HFBIis a class IT hydrophobin naturally produced by the filamentous fungus Tricho-
derma reesei. 1t is highly amphiphilic with a hydrophobic patch and a kind of "hydrophilic
pole".43 Due to its compact size (ca. 7.5kDa) and the presence of four disulfide bridges,
HFBI is an exceptionally stable protein. In addition to the wild type, the HFBI variant
HFBI-ACBM (ca. 18.5kDa) was used.®® In this non-natural protein, two cellulose binding
domains are bound to HFBI wvia a 24 amino acid long, unstructured linker (11kDa).4” The
lyophilized HFBI proteins used in this work were produced and purified at VIT (Espoo,
Finland), as described in Paananen et al.>

Lyophilized HFBI was dissolved in 10mM acetate buffer (~pH 5) at a concentration
of 100 pM. This stock solution was diluted to a concentration of 4 pM for further use. At
this concentration, the droplets (radii: 0.52-0.62mm) contain almost double the amount of
proteins than needed for full surface coverage of 0.45 pmol/m?2.%8 The dilution was carried out
either by addition of a 10 mM acetate buffer with an ionic strength of 6 mM for the droplets

with the low salt concentrations or the same buffer supplemented with KCI to obtain an
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ionic strength of 954 mM for the droplets with high salt concentraion. Therefore, a pair of
droplets with an osmotic concentration difference of 1.717 osmol/L or 0.259 osmol/L and for
the HFBI-ACBM droplets of 0.086 osmol/L (osmotic coefficient: ¢ = 0.9, number of ions KCl
dissociates: n=2) were produced. All the protein solutions were stored at 4 °C and sonicated

prior to usage.

Monoolein Solutions Monoolein (Sigma-Aldrich, M7765, > 99 %) was dissolved in squa-
lene (Sigma-Aldrich, S3626, > 98 %) (10 mg/ml) at 45°C for around 20min. The water
droplets in the measurements with monoolein were prepared with an osmotic concentration

difference of 0.259 osmol/L.

Measurement Setup All experimental measurements with HFBI were carried out in n-
hexadecane (Sigma-Aldrich, 8.20633, > 99 %) and all measurements with monoolein in squa-
lene (Sigma-Aldrich, S3626, > 98 %). Hexadecane was chosen as the surrounding medium
because it has already been shown that a HFBI bilayer can be produced in this oily phase.3
Squalene was used instead of hexadecane as a surrounding medium for monoolein as no sta-
ble bilayers could be formed with monoolein in hexadecane. In order to avoid hexadecane
crystallization, a temperature of 30°C was chosen for all measurements, which is above the
melting point of hexadecane (18.18°C). To ensure a small contact area between the intro-
duced droplets and the bottom, but also to prevent complete spreading of the droplets on
the bottom, glass Petri dishes were coated with PDMS (Sylgard 184-Dow Corning) in order

to increase their hydrophobicity (see Figure 1a).

Bilayer Formation - Droplet Interface Bilayers The bilayer formation for the water

permeability measurements were oriented on the so-called "DIB"-method (Droplet Interface

60.61) 8,9,13

Bilayer , that was previously used to calculate the permeability of lipid bilayers.

Therefore, small droplets (radii: 0.52-0.62 mm) of aqueous solution were formed in oil. After

a relaxation time of at least 30 minutes, during which the molecules were allowed to adsorb
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at the interface of the droplets and form a dense monolayer,3® two droplets with different
osmotic concentrations were brought into contact with a metal needle to form a bilayer.
The contact area formed in this way has already been shown to be a protein bilayer and is
impermeable to ions, as shown by measurements of the layer thickness and voltage-clamped
membrane current. %

The droplets were imaged by a top view light microscopy (Leica DMI 2700M equipped
with camera Leica MC170 HD) and their volume change recorded for up to 30 minutes. The
droplet volumes and bilayer area were estimated from the recorded images. For determination
of the droplets’ cross-sectional area from the images, a MATLAB program developed in-
house was used. The grayscale images were first segmented in foreground and background
by thresholding. These foreground and background markers were then used to support edge-
detection and a final watershed segmentation to mark the droplets and the dividing line. The
cross-sectional droplet area and the length of the dividing line were then used to calculate
the volume of the droplets and the area of the bilayer, respectively, assuming a spherical
shape of the droplets and a circular contact area.

Furthermore, a lateral control measurement by an optical contact angle instrument (OCA
25, Data Pyhsics Instruments GmbH) was carried out during which no flattening of the
droplets could be observed (see Fig. 1b), in contrast to hydrophobin droplets in air.3

Measurement noise in the determination of the cross-sectional area results in an error in
the determination of the equivalent radius of 0.1 pixels, which corresponds to a measurement
accuracy in the volume of 8-10~* mm? for the considered droplet volume. Using typical values
(initial volume, osmotic concentration, contact area), the permeability accuracy is 9 pm/s for
the low salt concentration and 1 pm/s for the increased salt concentration. The permeability
accuracy improves with higher osmotic concentration difference due to an increased volume

change over time.
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Setup of atomistic molecular dynamics (MD) simulations of HFBI monolayers at
the air—water interface MD simulations were set up and carried out with the GROMACS
software. % The HFBI structure files were retrieved from the protein data bank (entry 2fz6).%
Crystal water and zinc ions were removed from the structure. The HFBI monolayers were
constructed from one of the hexameric unit cells proposed by Magarkar et al.,?® denoted
HFBI-S (Figure S4b). For the HFBI simulations at the air-water interface, nine of such
unit cells were assembled in a 3 x 3 shape into a hexagonal lattice structure and centered
in a triclinic box with dimensions 17.1 nm x 17.1 nm X 8.5 nm. Water was added in a
slab between 2.1 nm < z < 6.0 nm to generate the air—water interface. The water layer was
stabilized using flat-bottom position restraints with a force constant of 200 kJ/(mol nm?).
The system contained 54 protein monomers and = 20,000 water molecules, which summed
up to ~ 120,000 atoms. The CHARMM36m®% force field together with the TIP3P water
model® was used for the all-atomistic simulations. Virtual hydrogen site construction was
enabled throughout, allowing a time step of 4 fs.%6 The temperature was kept constant using
the velocity-rescale thermostatS” at 300 K. Pressure coupling at 1 bar was applied using
the Berendsen barostat in the lateral (xy) membrane direction .%® Electrostatic interactions
were calculated using the particle-mesh Ewald method.% Lennard-Jones interactions were
cut off at 1.0nm. Water molecules were constrained with SETTLE.™ All other bonds were
constrained with LINCS.™ An initial constant volume (NVT) equilibration simulation over
50 ns was performed followed by four independent 400 ns simulations. Mass density profiles

along the membrane normal were calculated using the gromacs tool ’gmx density’.

Setup of honeycomb bilayer simulations HFBI monolayers were constructed as de-
scribed above using both proposed monolayer structures HFBI-aw and HFBI-S (Figure S4).
For each monolayer, nine of such unit cells were assembled in a 3 x 3 shape into a hexago-
nal lattice structure and centered in a triclinic box with dimensions 16.41 nm x 16.41nm X

10nm for HFBI-« and 17.16 nm x 17.16 nm x 10nm for HFBI-5. Two copies of a monolayer
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were placed on top of each other such that the hydrophobic patches pointed inwards. The
upper and the lower monolayer were placed in two lateral arrangements: For the holey bi-
layer, the holes of the honeycomb structure were placed on top of each other, such that large
transmembrane cavities were formed. In addition, for a dense bilayer the holes in the upper
layer were laterally displaced relative to the lower bilayer, such that the holes in one leaflet
were covered by proteins of the other leaflet. The simulation box was filled with explicit
water molecules and with Na™ and CI ions to reach a concentration of 0.1 mol/L. The sys-
tem contained 108 protein monomers, ~ 30,000 water molecules and ions, which summed up
to ~ 200,000 atoms. All simulation parameters were identical to the honeycomb monolayer
simulations at the interface, except that the pressure coupling was also applied separately
along the membrane normal (z) direction and no position restraints were used. For each
setup, three independent simulations of 400 ns each were carried out. Mass density profiles

were calculated as stated above.

Setup of disordered and laterally compressed bilayers A densely packed disordered
bilayer was generated using a multi-step protocol, which is described in detail in the Sup-
porting Material. In short, the following steps were carried out: (i) HFBI monomers in
coarse-grained (CG) representation were placed at random positions in the z-y plane, mod-
elled with the MARTINI22 force field. ™™ The layer was compressed laterally in a simulation
with a lateral pressure of 1200 bar and a temperature of 3600 K, while stabilizing the internal
HFBI structures with elastic networks. (ii) The system was cooled down to 300 K using a
simulated annealing. (iii) The two resulting densely packed monolayers were combined to
form a bilayer, and the CG system was equilibrated at constant volume. (iv) The CG models
were backmapped to atomistic models with the Backward software.”™ Since the secondary
structure and certain side chain arrangements disagreed with the crystal structures after the
CG-to-atomistic backmapping, we ran simulations with additional restraints to anneal the

structure towards the correct crystallographic secondary structure. (v) After the addition of
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water and NaCl at 0.1 mol/L, the system was simulated for 100 ns at 300 K and 1 bar using

the same parameters as described above.

Permeability Calculations The permeation of water molecules across a membrane can

be described by the permeation events per time (®(¢)) through a given surface area (A):

_ %0
-~ AAc(t) (1)

Py

where Ac(t) is the concentration difference between the two sides of the membrane.
Experimentally, water permeability is usually determined by the change in volume of a pair
of droplets (DIB) of different salt concentrations. Therefore ® can be described by the
volume change of the drops dV/dt - 1/vy (vw= molar volume of water) and equation (1)

results into: 10457

%it) = —PrAvy Ac(t) (2)

By assuming a negligible salt concentration of the drop of low salt concentration, the
equation (2) can be integrated over the time to be able to use the values obtained from the

experiments.

(‘/‘?)2 =1+ (QPff‘l/ZwC[)) t (3)

Vo is the volume and Cj the concentration difference of the two drops at the beginning
of the measurement. Using this linear relationship, the permeability can be determined via
the change in volume of the droplets. The volume change is corrected for the volume loss of
the droplets in the oil by assuming that the inflow into one droplet is equal to the outflow
through the membrane of the second droplet. The volume change was investigated after the
formation of a double layer until the double layer broke apart or a maximum time of 30

minutes was reached. Mean permeability values were then calculated by a linear fit.
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In contrast to the experiments, the MD simulations contain an equal number of ions on
both sides of the membrane due to the periodic boundary conditions. Therefore, there is
approximately equal water flux in both directions, i.e. nearly zero net flux. However, the
simulation system may be considered as an overlay of a water concentration gradient ¢ in one
direction with a gradient —c in the other direction, where ¢ = 55mol/L is the concentration
of water. Hence, the number of permeation events N (in any direction) per simulation time

t was translated into the membrane permeability with

N
~ 2Ate

Py (4)

Here, the factor 1/2 corrects for the fact that we summed permeation events in both direc-
tions. The water permeability Py of the HFBI-bilayers were computed as in Zocher et al.”
Accordingly, the position along the membrane normal (i.e. the z coordinate) was recorded
for all oxygen atoms of water. Three layers were defined along the z axis: A core layer span-
ning the membrane center and two outer layers that cover the water on top of and below the
membrane. A permeation event was registered if the particle passed from one outer layer
through the core layer to the other outer layer. This protocol excludes the possibility that
water molecules diffusing across the periodic boundaries are misinterpreted as permeation
events. It is known that the TTP3P model produces diffusion coefficient values that are larger
than the experimental observed ones.” We therefore determined the diffusion coefficient of
pure TIP3P water from a 5ns simulation of pure water and found that the diffusion coef-

ficient was increased by a factor of 2.49 relative to experiments at 298.15 K.” Hence, we

corrected the computed Py by the same factor.

Error analysis in the determination of experimental membrane water permeabil-
ity In Figure 7, the permeabilities for the pure HFBI membranes also assume negative
values, which is physically implausible. After correction of the water loss into the hexade-

cane, the droplet with the higher salt content of the droplet pair does not always increase in
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Figure 7: Distribution of permeability values calculated for every single time step for three
pure HFBI wild type membranes.

volume, it can also shrink and thus lead to a negative sign of the permeability. Systematic
errors, as e.g., in the calculation of the droplet volume from the cross-section images, might
cause this observation, however, compared to the resolution of the experimental system,
this systematic error is small: The permeability values scattered with 4 0.5 pm/s around
-0.4pm/s (Figure 2b, data for pure HFBI). The resolution estimated from the inherent scat-
ter in the droplet area determination is approx. 1pm/s (standard deviation of the Gaussian
distribution), as can be seen in the distribution of the evaluated permeability values for every
time step (Figure 7). The two sources of error are therefore of the same order of magnitude,
whereas the scattering determines the lowest possible resolution. Thus, in the current setup,

the water permeability of HFBI bilayers is indistinguishable from zero.
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Supporting Information

Water transport across a HFBI monolayer in Hexadecane

The solubility of water in n-hexadecane is very low (ca. 3mmol/L at 30°C"'), yet not zero.
Therefore, water droplets in hexadecane will shrink over time as water molecules cross the
water-oil interface and diffuse into the oil. To measure the water diffusion into hexadecane,
single buffer droplets (with and without HFBI and KCl) were injected into a hexadecane

bath at 30 °C with a hollow needle. Ensuring a total protein coverage of the droplet interface
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for the droplets with HFBI, all droplets were added into hexadecane half an hour prior
to measurement. Volume changes of these single droplets were observed with a top-view
light microscope as described in the manuscript. To account for the loss of water into the
surrounding oil, we quantify the volume of individual droplets consisting of pure water as well
as of acetate buffer, with and without proteins in hexadecane over a period of 30 minutes.
For all droplets, a clear decrease in volume was observed. The flux per area was thereby
similar for all recorded droplets, i.e. independent of the presence of additional salt or proteins

(Table S1).

Table S1: Water flux and diffusion values of different solutions with and without surrounding
hydrophobin monolayer.

Solution Water flux per area [107* pm/s] | Diffusion [10% pm? /s
Pure water 53+ 1.1 5.5 £ 1.0
Buffer (I =6mM) 4.7+09 48 £ 1.0
Buffer (I— 954 mM) 5.0 £ 1.0 51+ 09
HFBI + buffer (I=6mM) 59+ 0.8 6.0 £0.7
HFBI | buffer (I— 954 mM) 18 £07 5107

Using the diffusion equation and Fick’s first law, we calculated the diffusion coefficient
(D) of water from the drop into the oil by considering the solubility of water in hexade-
cane (c; =0.003mol/L), assuming that there is an approximately linear relationship with

temperature® via

V- V()

- e S 1
AT CgUy, fotr(t)dt’ W)

where v, = 18 g/mol is the molar mass of water, V is the current droplet volume and Vj is
the droplet volume at time ¢ = 0 and r is radius of the droplet. Complete saturation of the
hexadecane with water was not achieved because the additional oil-air interface at the top
of the oil bath allowed the water to evaporate. Effective diffusion values were determined to
be in the range of 4-6-103nm?/s using eq. (1), which take a possible additional hindrance

by an interfacial layer into account.
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Thus, the volume change of droplets in the DIB setup is not solely caused by the water
transport across the membrane that is formed between two droplets of different salt con-
centration, but also by the diffusion of the buffer through the monolayer of the drops in
contact with the oil. In most studies®™* using the DIB method, this effect can be disregarded
as the flux through a lipid membrane between two droplets is, typically, much larger than
the self-dilution of the individual droplets. However, for the measurement of permeabilities
in the pm/s range as relevant in our case, buffer diffusion into the oil must be taken into

account.

Oil-free membrane

To visualize the oil around the droplets and investigate a suspected oil layer between the
droplets (Figure S1), fluorescence microscopy measurements were performed with hexadecane
stained with BODIPY (Thermo Fisher - 493/503 dye (Cat. No. D3922)). Preparation steps
were identical to the permeability measurements described in the main text. Only the salinity
difference was chosen to be zero. A stack of microscopy images was recorded with height
steps of 5 um between the slices at an Axiovert 7 Zeiss with a colibri 7 (LED) illumination and
rendered as a 3D image by software Zen Zeiss. In the images, no signal in the fluorescence
channel could be detected in the contact area between the droplets. Thus, no evidence of oil
between the individual HFBI layers was found, which could form an additional permeation

barrier.

Data processing

To extract the permeability from the droplets’ volume change data, the volume loss into the
surrounding oil was added to the data, as described in the main text. In Figure S2 data from
the main text are presented after this correction step. Figure S2a depicts the situation for
a pure HFBI bilayer showing almost no volume exchange through the bilayer and S2b the
situation for a 0.4:1 HFBI-dCBM:HFBI WT ratio, showing a water flow through the mem-
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Figure S1: a) Top view of two identical HFBI-coated buffer droplets. Green shows the
fluorescence signal of the BODIPY in the entire setup. b) 3D image stack in 5 pm steps over
the z-height of the formed HFBI membrane. Green represents the fluorescence signal of the
dyed oil in the plane of the membrane and excludes the dye above or below the membrane.
A square of the drawn grid has a length of 600 pm each in x-, y- and z-direction.

brane from the droplet of low salt concentration into the droplet of high salt concentration.

Water permeability using NaCl as osmolyte

Volume changes of two different droplet pairs with NaCl (1.717 osmol/L) instead of KCl
as the osmotic pressure causing salt were recorded, resulting in permeabilities below the
resolution limit (P;=0.7 and 0.4pm/s) similar to droplets with KCl. Experimental setup
was else identical to the measurements with KCl. Fig. S3 compares measurements with

NaCl and KCI.

MD simulation of HFBI monolayer at the oil-water interface

We ran an additional simulation of the HFBI monolayer at an hexadecane—water interface
to investigate the stability of the honeycomb structure under the experimental conditions

present in the DIB setup. As starting configuration, we used the HFBI monolayer based
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Figure S2: Relative volume changes, corrected for volume loss into oil, of two droplet pairs
with different HFBI-dCBM:HFBI-WT ratios (a) 0:1 and b) 0.4:1). In each case, the filled
symbols represent the droplet with high salt concentration and the open symbols repre-
sent the droplet with low salt concentration. The osmotic concentration difference was a)
1.717 osmol/L and b) 0.086 osmol/L. Temperature was kept constant at 30 °C.
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Figure S3: Comparing measurements using NaCl instead of KCI as the osmotic active
molecule in the droplet of high salt concentration. The axes are chosen according to formula
3 so that the slope of the linear fit of the data corresponds to the mean permeability value
of the membrane shown.However, both permeability values are below the resolution limit of
our experiment.
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Figure S4: Proposed unit cells of HFBI hexamers from docking simulations® termed a)
HFBI-« and b) HFBI-. Monomers are shown in cartoon representation with the hydropho-
bic patch represented as orange sticks. Note the differences between the HFBI monomer
interfaces as evident from the distinct orientation of the a-helices.

on the B unit cell at the air-water interface as described in the main text. An additional
layer of hexadecane oil with a thickness of ~ 3.2 nm was generated in a separate simu-
lation box with identical z-y dimensions, composed of 1560 molecules corresponding to a
density of 0.77 g/cm at room temperature.® This layer was inserted above the hydrophobic
patch of the HFBI monolayer. Parameters for hexadecane were taken from alkane parame-
ters by CHARMM36m, augmented with alkane—water interactions suggested by Kramer et
al..” Lennard-Jones interactions were treated with the cut-off scheme as described in the
CHARMM specifications. The temperature was controlled at 310 K by velocity rescaling®
and the pressure at 1 bar using the Berendsen barostat.” Flat bottom position restraints with
a force constant of 200 kJ/molnm? for both the oil and the water layer were defined such
that jumps over the periodic boundary were prevented while allowing the transport through
the protein layer. We ran 10 ns for equilibration at constant volume, followed by 25ns equi-
libration at constant pressure with pressure coupling only applied in z-y direction. Next,
we carried out a 400 ns production simulation at 1 bar and 310 K. Water diffusion through
the HFBI monolayer was detected using the method used to calculate water permeation
through the bilayer (see main text). Here, the central layer was defined by the maximum

and minimum 2z coordinate of the hydrophobic patch taken from the last simulation frame.
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Consequently, the upper layer corresponded to the water phase and the lower layer to the
oil phase.

During the simulation, water slowly penetrated the oil phase and vice versa, resulting in
minor local deformations of the HFBI monolayer (Figure S5). Nevertheless, the honeycomb
structure remained stable over the whole simulation. In the simulation time, we observed
approx. 100 events of water molecule diffusion into the oil phase, showing that the simula-
tions follow qualitatively the experiential observations. Quantitatively, however, we observed
fewer events compared to simulations, which is expected because the TIP3P water models
does not reproduce the experimental water/oil partition coefficient. This is explained by the
fact that TIP3P has been parameterized to reproduce bulk properties and not properties of

individual water molecules in oil, as has been reported previously. !

Figure S5: Snapshots of simulations of HFBI monolayer at the oil-water interface at 0 and
400 ns. The protein is shown in surface representation in green with the hydrophobic patch
colored in orange. Hexadecane is shown as red sticks and water oxygens as blue spheres
respectively. Dotted lines indicate the simulation box.

Variation of force fields and water model

To exclude that the choice of the protein force field or water influences the key findings of
this study, we carried out additional simulations of the ‘dense’” HFBI bilayer based on the

[ unit cell with using the following combinations of protein force field and water model:

AMBER99SB/TIP3P, OPLSaa/TIP3P, or CHARMM36m/OPC. For AMBER99SB/TIP3P,

7

121



I Hydrophobin bilayer as water impermeable protein membrane

Lennard-Jones interactions were truncated at 1.0 nm; for the other two combinations,
Lennard-Jones interactions were truncated at 1.4 nm. All other simulations parameters
were chosen as described above. Each setup was simulated at least for 15ns and the water
density profile was computed for different time intervals as shown in Fig. S6. In all cases
water penetrated the membrane core within few nanoseconds, demonstrating that the key

findings are not influenced by the force field.
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Figure S6: Water mass densities from simulations of the ‘dense’ HFBI bilayer based on the
HFBI-$ unit cell using different force fields and water models. Densities are averaged over
intervals of 1 ns each. a) Simulation using the AMBER99SB force field and the TIP3P water
model, b) OPLSaa force field and TIP3P water model, and ¢) CHARMM36m force field and
the OPC water model. After 10ns, water has penetrated the hydrophobic membrane core
(z = 0nm), independent of the choice of the force field or water model.
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MD simulations are compatible with oil-free hydrophobin bilayers

To rationalize the low water permeability found experimentally, we hypothesized that a thin
hexadecane layer of only a few atom layers remains between the monolayers and, thereby,
prevents water transfer between neighboring hydrophobin monolayers. To test such an hy-
pothesis, we carried out two MD simulations with a thin hexadecane film between the two
hydrophobin layers with thicknesses of 1.3nm and 0.5 nm, corresponding to approximately
6 or 3 hexadecane molecules per hydrophobin monomer respectively (Figure S7). The bi-
layer simulation system with the central hexadecane film was built from the dense bilayer
configuration based on the HFBI-S unit cell. Again, each monolayer was composed of 3 x 3
unit cells. The protein bilayer was setup as described before, however with an additional
gap in between the monolayers. The thin layer of hexadecane with a thickness of ~1.3nm
was generated in a separate simulation box with identical z-y dimensions, composed of 676
molecules corresponding to a density of 0.77g/cm at room temperature.® The hexadecane
layer was inserted into the gap between the HFBI monolayers, and the system was com-
pressed in z-direction, while constraining the z-y-coordinates of the hexadecane atoms. To
generate another system with an even thinner hexadecane layer, every second oil molecule
was removed from the initial setup, followed again by compression along the z direction,
thereby reducing the distance between the monolayers while maintaining the hexadecane
film structure. The temperature was again controlled at 310 K with the velocity-rescale
thermostat® and the pressure to 1 bar using the Parrinello-Rahman barostat.!! For each sys-

tem, one simulation of 400 ns was performed.

However, the hexadecane film ruptures within the simulation time and allows water
leakage over the membrane. Simultaneously, the hexadecane aggregates to form oil droplets
at the monolayer cavities. This effect was even more pronounced in the simulation with the
reduced amount of hexadecane (Figure S7). In the experimental context, these oil droplets

would eventually be absorbed by the oil reservoirs. These findings agree well with the notion

123



I Hydrophobin bilayer as water impermeable protein membrane

of an oil-free hydrophobin bilayer!? and with the absence of BODIPY inside the membrane
in the experiments described above (Figure S1). In addition, this data suggest that the low
water permeability cannot be explained by residual oil but must instead be a consequence

of tight packing between hydrophobin monomers.

a) - b)

400 ns

Figure S7: Simulation snapshots of simulations of HFBI bilayer with a hexadecane oil film
(red) in between the protein layers with a) 6 or b) 3 hexadecane molecules per hydrophobin.
The oil film ruptures and the hexadecane molecules start to fill the cavities between the
proteins as seen in the lower panel (400 ns snapshots).

Detailed protocol of laterally compressed disordered bilayer setup

To generate a structural model of a densely packed HFBI bilayer the following simulation
protocol was run consisting of five steps, as outlined in the main text and described in detail

in the following:

Coarse grained layer setup and compression (i): A single HFBI protein was extracted
from the crystal structure (PDB database entry 2fz6'%), crystal water and zinc ions were
removed. The atomic structure was converted into coarse-grained (CG) representation with
the martinize.py script.'4'® The protein was stabilized with an elastic bond network between
the backbone beads and a set of manually defined distance constraints to prevent large side

chain rotations, which would otherwise disrupt the secondary structure after backmapping

10
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to atomistic resolution (Table S2). The force constants for these restraints were set to
500kJ/(mol-nm?). 50 monomers were placed in a plane at randomly selected z-y positions
with the hydrophobic patches all facing towards the same direction, consistent with the
orientation at an air-water interface. To rapidly compress the system, short simulations
at T = 3600K and p = 1200bar were carried out for 20ns. During those simulations
position restraints in z-direction with a force constant of 1000 kJ/(mol-nm?) were applied to
ensure that the monolayer does not fold or bend. The time step was set to 1.25fs to avoid
instabilities during the simulation. Here, the cut-off values for Lennard-Jones and Coulomb

interactions was set to 0.8 nm.

Annealing (ii): An annealing simulation was performed to relax the system and to al-
low the formation of tight and stable contacts between the monomers. To this end, the

temperature was linearly decreased down to 300 K over a range of 100 ns.

Bilayer setup and constant volume equilibration (iii): The final frame of two inde-
pendent compression simulations (steps i, ii) were equilibrated at constant volume for another
10ns at 300 K. Afterwards both monolayers were overlayed, such that the hydrophobic cores

are oriented inwards. The energy of the system was minimized, and the system was simulated

for another 10 ns.

Figure S8: Comparison between a backmapped HFBI structure (blue) with the original
crystal structure (green) before (a) and after the refinement of the secondary structure (b).
An example for a side chain flip (LYS 56) is highlighted in yellow in each structure.
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Backmapping to atomistic resolution (iv): Backmapping of the coarse grained sys-
tems followed the method by Wassenaar et al.'® which consists of the actual backmapping
process followed by a set of short MD simulations to relax the system. One potential is-
sue of the backmapping procedure to an atomistic model is a potential loss of secondary
structure. While certain deviations may be restored by running a long equilibration of the
protein, % a full recovery of the secondary structure was only achieved by taking additional
measures. Accordingly, we added (i) an additional elastic bond network between the C,
atoms and (ii) distance restraints between atoms to enforce the formation of the original
hydrogen bond network of the crystal structure, which defined the secondary structure. For
this purpose, the initial distances for the hydrogen bonds in the crystal structure were used.
By gradually turning on these hydrogen bond restraints, the original secondary structure
can be restored. First, a short pulling simulation was performed over 100 ps, with increasing
the force constants from 40 to 4000 kJ/(molnm?), followed by a pulling simulation at con-
stant force over 10 ns. Throughout the simulations, the elastic network force constants were
kept at 500kJ/(molnm?) as before. Visual inspection revealed excellent agreement of the
refined HFBI structures with the crystal structure conformations (Figure S8). In the initial
backmapped structure most of the characteristic beta barrel is lost, due to lost hydrogen
bonds after large side chain rearrangements (Figure S8a). After the pulling simulations, the
flipped side chain is in the correct orientation and the secondary structure of the backmapped

protein is fully restored (Figure S8b).

Solvation (v): The refined dense bilayer was solvated with TIP3P water. Na™ and Cl°
ions were added to a concentration of 0.1 mol/L followed by an energy minimization. The
solvent structure was equilibrated at constant pressure conditions over 2ns with position
restraints on the backbone atoms. Subsequently, all position restraints were removed and

the system was simulated for 100 ns at 300 K and 1 bar.
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Table S2: Additional distance restraints in the coarse-grained martini HFBI setup between
beads 7 and j indicated by bead type, residue name, and residue number. Abbreviations of
bead types: BB - backbone beads, SCk - k" side chain bead

Bead ¢ Bead j Distance [nm]
SC1 CYS 18 | SC1 LEU 55 0.4
SC1 GLN 21 | BB CYS 68 0.55
SC3 PHE 43 | BB LEU 55 0.4
SC3 PHE 12 | SC1 LEU 25 0.44
SC1 GLN 16 | BB ALA 62 0.5
BB CYS 56 | SC1 GLN 69 0.58
SC1 PRO 15 | SC2 PHE 43 0.57

Extended equilibration does not prevent water leakage

Given the large forces present during compression and backmapping, we furthermore tested
an extended equilibration protocol of the ‘dry’ compressed bilayer prior to solvation. To
this end, we first carried out a constant volume equilibration over 5ns of the backmapped
and refined structure followed by a constant pressure equilibration with pressure coupling
applied only in z-y direction over 400 ns. Next, we solvated the system as described above
and carried out short equilibration at constant pressure over 5ns with position restraints
applied on the protein backbone atoms using a force constant of 1000 kJ/molnm?. Finally,
a 200ns production simulation at 1bar and 300 K without position restraints was carried
out. In this setup, we again observed water penetration on the nanosecond time scale as

evident from water densities calculated at different time intervals (Figure S9).
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Figure S9: Water mass densities from simulations of the 'disordered’ bilayer after a more
extensive equilibration protocol which includes a prolonged ’dry’ equilibration without wa-
ter. Compared to the previous simulations (e.g. Fig. 5) water penetration is slower but
nevertheless reaches densities in the order of ~ 200 kg/m?.
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bio-adhesion. Moreover, the morphometric analysis can serve as a future gold standard
for characterizing a broad spectrum of material structures.
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same size range as the bacterial cell wall molecules. The surface
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similar features and quantitatively different extensions. We find
that as the size of the nanostructures increases, the adhesion
forces decrease in a way that can be quantified by the area of
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cules. In addition, we observe a bactericidal effect, which is more
pronounced on substrates with taller structures but does not
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Introduction

Bacterial biofilms can cause serious problems in many
medical, biological and industrial applications."™ Once
formed, they are chemically and mechanically robust and
therefore very difficult to remove.”” A promising approach in
biofilm prevention is to inhibit the first step of its formation,
which is the adhesion of bacterial cells to surfaces. An impor-
tant substrate property for the adhesion of bacterial cells is the
surface topography, which has therefore been addressed in
numerous studies,®® especially in the prevention of bio-
fouling, a subject of ongoing discussion.®™® However, in the
literature no universal approach to quantify bacterial adhesion
on nanostructured surfaces can be found since previous
studies mostly feature two main drawbacks: lack of (i) quanti-
tative adhesion force determination and (ii) detailed surface
characterization.

(i) Bacterial adhesion on structured surfaces has often been
examined in adsorption experiments by immersing the struc-
tured surfaces in bacterial suspensions."'™"* Although this
approach is intuitive and mimics the natural situation of bac-
terial colonization quite accurately, the results from different
labs are hard to compare since too many parameters are
involved that cannot be controlled accurately. For example, the
processes of obtaining the number of adhering cells may
differ: in some cases, the sample is first dried and then coated
with gold in order to count the bacteria later in electron
microscopy images'""? or by conductance microbiology."’ It is
also difficult to describe the rinsing of loosely bound cells and
the removal of adsorbed cells for plating or counting in all
parameters. These problems can be overcome by quantitative
measurements of actual bacterial adhesion forces (the force
required to detach the cell from the surface) under controlled
conditions. Hence, we used single-cell force spectroscopy
(SCFS), a well-established method for quantitative adhesion
force measurements of living bacterial cells."®®

(if) Many studies have used different types of topographi-
cally (regularly”’** or randomly""***3¢) structured surfaces

Nanoscale, 2019, 11, 19713-19722 | 19713
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without a detailed morphological characterization. There are a
number of parameters to describe surface morphologies:*’**
for example, the average roughness or the root mean square
(RMS) roughness are very descriptive parameters that are,
therefore, often used in bacterial adhesion studies. Other
measures, such as the skewness or the kurtosis of the surface,
are less intuitive, but give additional information about the
surface geometry.>>® However, all these parameters are local
shape descriptors that are insensitive to global features
because they do not distinguish between arbitrary permu-
tations of the positions of different heights. Therefore, these
parameters do not fully characterize the surface morphologies,
which makes it difficult to compare the results of different
studies. One way to overcome these problems in describing the
topography are the so-called Minkowski functionals that we
therefore used in our study.*”

Minkowski functionals are comprehensive and efficient
shape descriptors from integral geometry® that contain, put
simply, the complete additive - and hence robust - shape
information (according to Hadwiger’s theorem).*! Since they
are versatile geometric measures, they have already been
widely used in statistical physics and pattern analysis (see ref.
42-48 and references therein). There, an integral geometry-
based analysis using the Minkowski functionals has been
termed morphometry.*® With this method, height data of
nanostructured surfaces can be analysed using three-dimen-
sional Minkowski functionals or the level sets at different
heights using two-dimensional Minkowski functionals (for
explanatory figures, see the ESIT).

In 2D, the Minkowski functionals of a domain can be intui-
tively interpreted as its area, perimeter, and Euler character-
istic. The latter is a topological constant, which is given for a
compact body by its number of components minus its number
of holes.

In this study, we used Staphylococcus aureus (S. aureus), a
Gram-positive, biofilm-forming bacterium that is a frequent
cause of severe infections,*” and measured the adhesion forces
of single cells to nanostructured surfaces (see Fig. 1 for an
about-to-scale sketch) that are characterized by their
Minkowski functionals and show how the strength of bacterial

Fig. 1 Bacterial cell adhering to a partially smooth and nanostructured
surface (represented by real AFM data).

19714 | Nanoscale, 2019, 11, 19713-19722
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adhesion can be quantified with the help of these functionals.
We focus on nanostructures since the radius of the contact
area of bacteria like S. aureus to flat surfaces is only in the
range of some hundred nanometers.*®

Results and discussion
Surface morphometry

In order to create suitable substrates for the quantification of
the influence of surface nanostructures on bacterial adhesion,
we etched clean silicon wafers in a mixture of fluoric acid,
hydrogen peroxide and water for different periods of time
(90 s, 180 s, 360 s).>! Beforehand, the surfaces were covered with
small gold clusters as catalysts for the etching process. These
clusters were applied by physical vapor deposition®* and after-
wards removed by immersing the wafers in aqua regia. Then,
the wafers were rendered hydrophobic because strong bacterial
adhesion is governed by hydrophobic interaction.”*** This was
achieved by covering them with a self-assembling monolayer of
silanes according to a standard recipe® (the quality of the
silane monolayer was checked by contact angle measurements
and AFM experiments in quantitative
mapping; for details, see the ESIt). As shown in Fig. 2a, on the
formerly smooth surfaces, etching created characteristic nano-
structures, whose lateral and vertical dimensions increased with
increasing etching time. The structures feature sharp edges on
all surfaces and their shape seems similar in general.

To characterize the surface structures in a quantitative way,
the hydrophobized substrates were imaged by atomic force
microscopy (AFM) at different positions with high aspect ratio
tips. Before further analysis, the surface was reconstructed by
unfolding the recorded image and the tip geometry. As a
simple parameter - and for comparison to other studies - the
RMS roughness of each surface was determined (and was used
as label for the different surfaces). Its value increases with
increasing etching time: 7 + 1 nm for the 90 s etched surface,
24 + 1 nm for the 180 s etched surface, and 35 + 1 nm for the
360 s etched surface.

For a more detailed characterization, the Minkowski func-
tionals of all AFM images were calculated and averaged over
different positions on each surface®” (for a visual explanation
of the Minkowski functionals of level sets, see Fig. S2 in the
ESIT).*>"® Since the maximum height range of the samples
varies, the functionals were normalized to their respective
maximum height value. In Fig. 2b and c, the specific perimeter
and the Euler characteristic density are plotted in dependence
of this normalized threshold height (absolute values and data
of surface area are given in Fig. S3 in the ESIt). For all surfaces,
both functionals have similar shapes, with only their extents
varying: the specific perimeter features a very smooth shape
with a single maximum for all substrates. The position of the
maximum differs slightly between the different substrates (for
an explanation, see Fig. S6 in the ESI{). The Euler character-
istic density has, in every case, for low threshold heights, a
minimum with negative values and at larger heights, a

nanomechanical
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(a) Scanning electron microscopy (SEM, big) and atomic force microscopy (AFM, small) images of the surfaces before etching and after

etching for 90 s, 180 s and 360 s (from top left to bottom right). SEM images are tilted by 53°. The AFM images show a scan area of 1 x 1 pmz and
total z-scales of 55 nm, 130 nm and 180 nm, respectively. The RMS values have been determined by AFM. (b and c) Averaged specific perimeter (b)
and Euler characteristic density (c) of the nanostructured substrates as a function of the normalized threshold height (for clarity, only for every 20th

data point is an error bar shown).

maximum with positive values. Due to the different RMS
values, the peaks and dips, especially for the surface with an
RMS value of 35 nm occur at different values of normalized
threshold height. The Minkowski functionals thus characterize
quantitative differences between the surfaces. These differ-
ences pertain mainly to the absolute values of the specific per-
imeter and Euler characteristic density: both quantities have
the highest values for the surface with 7 nm RMS roughness,
lower values for the surface with 24 nm RMS roughness and
the lowest values for the surface with 35 nm RMS roughness.
This means that the lateral dimensions of the etched struc-
tures are smaller for the surfaces that were etched for shorter
times.

Overall, the Minkowski analysis confirms the morphological
similarity between the surfaces, allowing for a systematic inves-
tigation of the influence of differently sized nanostructures on
bacterial adhesion. Whether the differences are due to statisti-
cal fluctuations, pixelization errors, or physically relevant quali-
tative differences between the surfaces, is beyond the scope of
this study and not relevant for our further analysis.

Moreover, these analyses show that all etched surfaces
feature a sub-micron topography with dimensions in the same
range as the radius of the bacterial contact area, which is
about 150-300 nm.*>*

This journal is © The Royal Society of Chemistry 2019

Bacterial adhesion is known to be affected not only by
surface chemistry, but also by the subsurface of a material
through long-ranging van der Waals forces.”” Hence, to
exclude potential influences originating from differences in
surface and subsurface composition, XPS measurements of all
substrates were performed before silanization, showing that
the roughened surfaces oxidize immediately after etching.
Since this surface oxide layer has the same thickness as the
oxide layers of the unetched substrates (XPS spectra are given
in Fig. S1 in the ESIf), all surfaces used can be considered
chemically identical.

Effect of the nanostructure on bacterial adhesion

To quantify the impact of the nano-topography on the adhesive
strength of bacteria, we performed single-cell force spec-
troscopy measurements on each etched surface and on a
smooth surface as a reference. Thereto, a single viable
S. aureus cell was immobilized on a tipless cantilever and
force-distance curves were recorded in buffer at room
temperature.”>***® From these curves the so-called adhesion
force, i.e. the maximum force needed to detach the cell from
the surface, was calculated.

Fig. 3 shows the mean adhesion forces of all tested cells on
each type of surface. Of note, adhesion forces of S. aureus on

Nanoscale, 2019, 11, 19713-19722 | 19715
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Fig. 3

(a) Adhesion forces of in total 30 S. aureus cells determined on the three types of nanostructured surfaces. Data are normalized to their indi-

vidual adhesion force on the smooth silicon surface (marked in green). Error bars depict the standard deviation of the adhesion force distribution for
every individual cell and - in the case of the mean value — the error of the mean adhesion force determined from every cell (for reasons of clarity,
cells are sorted in order of decreasing reduction in adhesion force). (b) Measured adhesion forces of cells that were found to be viable/killed after
single-cell force spectroscopy: green spheres show the adhesion force on the smooth surface, colored symbols the adhesion force of the corres-
ponding cell on the nanostructured surfaces. Notably, killing of the cells only occurred after contact to the nanostructured surfaces (if no error bar
is shown, it is in fact smaller than the symbol size). (c) First and last force—distance curve recorded on each nanostructured surfaces with an exemp-

lary cell that was found to be killed afterwards.

hydrophobic surfaces are very cell-individual, ie. they can
differ markedly between different cells.*® Therefore, for each
cell, its mean adhesion force determined on the smooth
surface was normalized to 1.0 and its adhesion force on the
etched surface was adjusted accordingly (non-normalized
values are given in Fig. 3b and Fig. S5 in the ESIf). On the
surface with 7 nm RMS roughness (yellow triangles in Fig. 3a),
adhesion forces range from 80-130% of the forces recorded on
the smooth surface with a mean value matching the adhesion
force on the smooth surface. On the surface with 24 nm RMS
roughness (orange squares in Fig. 3a), cells feature adhesion
forces between 30% and 90% of the ones observed on the
smooth surface with a mean value of 56(6)%.§ Adhesion forces
on the roughest surface (red pentagons in Fig. 3a) vary

19716 | Nanoscale, 2019, 11, 19713-19722
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between 25% and 60% of the forces recorded on the smooth
surface. The mean value on the roughest surface is 38(4)% of
the value determined on the smooth surface.

The results of the adhesion force measurements can be
interpreted in such a way that the contact between a cell and a
surface is mediated primarily by cell wall macromolecules
tethering to the substrate®*! and thus the adhesive strength
of a single cell is determined by the total number of such
tethering macromolecules. A recent study indicated that these
macromolecules in the S. aureus cell wall can extend by
approximately 50 nm due to thermal fluctuations, a length
hereinafter referred to as ‘tether length’.>* The value of 50 nm
for the tether length is confirmed by the snap-in separations
obtained from the force-displacement curves of our adhesion

This journal is © The Royal Society of Chemistry 2019
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experiments (for data, see Fig. S7 in the ESIt). Based on this, nanostructured substrate offers more surface area than a
Fig. 4 a sketches our proposed molecular picture of bacterial smooth wafer. These data are quantitatively shown in Fig. 4c:
adhesion to nanostructured surfaces: on the smooth silicon the accessible surface area of each nanostructured substrate is
surface, a high number or even all surface macromolecules plotted as a function of the depth from the top of the surface,
within a certain area, called the contact area,” tether to the whereby the data are normalized to the surface area of a
surface, and thus adhesion is strongest. Then, with increasing smooth wafer as explained in Fig. 4b.
roughness, more and more cell wall macromolecules can no These curves can be used to explain the adhesion forces on
longer reach the surface via thermal fluctuations resulting in a nanostructured substrates in a quantitative way: assuming that
smaller number of tethered molecules. This means that the the primary reason for reduced adhesion is the reduced acces-
rougher the surface, the lower the bacterial adhesion force. sible surface area, for each curve, this ratio of surface areas
In other words, on the nanostructured surfaces, in a certain  equals the ratio of reduced adhesion forces from Fig. 3 (vertical
depth d of the sample (measured from the highest point down- rectangles in Fig. 4c). Thus, the latter can be associated with a
wards), only a certain fraction of the total area of the smooth corresponding depth that is accessible from the typical top of
surface is accessible by tethering molecules as visualized in the surface, whose measurement is described in Fig. S8 in the
Fig. 4b: for some depth values, e.g. d;, the accessible surface ESIt (horizontal rectangles in Fig. 4c).
area (blue line in Fig. 4b) is smaller than the area of a smooth The plot shows that on the surface with 7 nm RMS rough-
wafer (green scan line in Fig. 4b). Then, at a certain depth (d,) ness, after about 30 nm from top, the accessible surface area is
the accessible surface area is approximately equal to the area already at 100% and all cell wall macromolecules (with an
of a smooth wafer, while for larger depth values, e.g. d;, the average tether length of 50 nm) responsible for adhesion can
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Fig. 4 (a) Sketch to illustrate the adhesion of S. aureus mediated by macromolecular tethering on different nanostructured surfaces: the bigger the
surface structures, the lower is the number of macromolecules that are able to reach the substrate. Notably, only few molecules are drawn on the
cell wall, whereas their density is in reality much higher, as symbolized by the blue shaded layer. All surfaces are represented by real AFM scan lines.
(b) Visual explanation of the data shown in part c: accessible surface area (blue lines) of a nanostructured substrate compared to the surface area of
a smooth substrate (green lines) for four exemplary depth values do—ds. (c) Depth d from top of the surface and corresponding fraction of accessible
surface area of all nanostructured substrates compared to the total surface area of a smooth substrate. The light-colored vertical rectangles show
the relative decrease of adhesion forces on the nanostructured surfaces (the center line of each rectangle indicates the mean value of adhesion
forces and the width corresponds to the error of the mean from Fig. 3). The horizontal rectangles indicate the corresponding depth in which this
fraction of surface area is accessible.
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reach the surface and, therefore, the adhesive strength is the
same as on the smooth wafer. Some cells even show a stronger
adhesion than on the smooth surface, which can be explained,
besides by statistical fluctuations, by the fact that the total
surface area on the nanostructured substrate is - for distances
from the top greater than 30 nm - larger than on the smooth
wafer. Hence, cell wall macromolecules with tether lengths of
50 nm can ‘find’ even more binding sites resulting in stronger
adhesion.>”®” For the surfaces with 24 nm and 35 nm RMS
roughness, the ratios of surface areas that correspond to the
reduced adhesion forces of 56(6)% and 38(4)% are both acces-
sible in a depth of 45-55 nm. This depth perfectly matches the
S. aureus tether length of 50 nm, a fact that strongly supports
our hypothesis that the reason for reduced adhesion forces is
primarily caused by the reduced accessible surface area.

The quantitative influence of surface roughness on the
adhesion of S. aureus cells can probably be transferred to other
(Gram-positive) bacteria (see Fig. S9 in the ESIf for experi-
ments with Staphylococcus carnosus). However, it should be
mentioned that the exact range of surface roughness that best
prevents adhesion depends on the average tether length of the
cell wall macromolecules and in part on the contact area. Both
quantities may vary for different species. In addition, care
should be taken when transferring our results to surfaces
where other effects, such as surface deformations due to
rather flexible structures (see Fig. S10 in the ESIt), may domi-
nate the adhesive behaviour of bacteria. The same might be
true for the bactericidal properties of our substrates which are
described below.

Since other studies have reported bactericidal effects of sur-
faces with structures similar to those of our substrates,®*®* it
was of particular interest for us to determine the impact of the
nano-topography on the viability of the cells used in our study.
Therefore, we performed live/dead staining for some of the
cells after adhesion measurements. In doing so, we also
checked if there is a correlation between the measured
adhesion of particular cells and their viability after the experi-
ment. It shows that the fraction of dead cells increases with
increasing size of surface structures: on the smooth silicon,
none of the tested cells were killed. On the surfaces with 7 nm
and 24 nm RMS roughness, one third of the tested cells were
killed and on the roughest surface, two thirds of the tested
cells were found dead after measurements. Interestingly, no
correlation between the adhesion force (or the change in
adhesion force) and the viability of the corresponding cell can
be observed in adhesion force measurements (Fig. 3b).
Accordingly, the characteristic shape of the force-distance
curves did not change in the course of several measurements
with cells that were found to be dead at the end of the experi-
ment (Fig. 3c). Hence, it seems that, surprisingly, the viability
of a cell does not influence its adhesive strength - at least not
for the time scales (approximately one hour) and the con-
ditions of our experiments and for the used surfaces.

In the literature, the bactericidal properties of structured
surfaces are usually attributed to the penetration or intrusion
and subsequent stretching of the bacterial cell wall by ‘spiky’
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features on the substrate.®’®* On the one hand, our experi-
ments suggest that the size of these features on the roughest
surface is generally most effective for killing because the frac-
tion of dead cells is the largest on this substrates. On the other
hand, cell death on a certain surface seems to depend on the
particular cell respectively its locally varying cell wall pro-
perties at the contact area.®® For some cells, the layer of cell
wall molecules may be (locally) very dense and/or thick and
therefore so ‘strong’ that it prevents the spiky structures from
deeply intruding the cell wall. Other cells, in contrast, may
have a less dense and/or thinner rather ‘weak’ macromolecular
layer and can, therefore, be penetrated by the spiky structures.
Interestingly, the adhesion force of an individual cell is not
correlated to its viability after adhesion force measurement
(see Fig. 3b). Therefore, we can conclude that a more ‘robust’
macromolecular layer is not necessarily a more ‘adhesive’
layer. Notably, we determined the viability only for a limited
number of cells. Hence, to give a general statement about the
bactericidal effect of our nanostructured surfaces, the number
of these measurements should be increased and additional
experiments (for example, in a flow chamber setup) should be
performed.

Conclusions

In summary, we have shown that surface morphometry is
quantitatively related to the strength of bacterial adhesion on
surfaces with a nano-scaled topography. Our single-cell force
spectroscopy measurements on etched silicon surfaces
revealed that the adhesion force of S. aureus cells to nano-
structured substrates decreases with increasing size of surface
structures. The most important outcome is that a detailed
characterization by Minkowski functionals allows a direct cor-
relation between surface nanostructures and bacterial
adhesion forces: since the adhesive strength is determined by
the number of cell wall macromolecules tethering to the
surface, the reduced accessible surface area on the nano-
structured substrates for cell wall molecules with average
tether lengths of 50 nm matches the reduced mean adhesion
forces on the nano-topographies remarkably well. Quantifying
the variances of tether lengths, surface areas and adhesion
forces and determining whether they are also related to each
other is an interesting question for future research.

In addition, we have shown that the nanostructure of our
substrates influences the viability of bacteria after contact:
similar to the adhesive strength, the percentage of viable cells
on the nanostructured surfaces decreases with increasing
surface roughness while the adhesive strength of individual
cells is not influenced by their viability.

Our results can be of importance in industry and medicine
since nanostructured surfaces are increasingly used in various
applications (for example, as materials for bioreactors or
prosthetics).>” For scenarios, in which bacterial adhesion is
unwanted, our results can provide suggestions regarding
surface topography: while molecularly smooth surfaces or

This journal is © The Royal Society of Chemistry 2019
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those with structures larger than the cells display a favorable
adhesion ground for bacteria, this property is markedly
reduced on surfaces that feature structures in the same size
range as the macromolecules of the bacterial cell wall. At the
same time, this size range also seems to be effective for killing
cells by contact with these structures. Furthermore, our study
shows the strong potential of surface characterization using
Minkowksi functionals since this method provides universal
morphological information allowing, for example, a precise
comparison of different surfaces.

Materials and methods
Silicon wafers

Silicon wafers in (100) orientation with a resistivity of
10-20 Q cm were purchased from Siltronic (Burghausen,
Germany). They feature a native silicon oxide layer with a thick-
ness of 1.7(2) nm as determined by ellipsometry.®® The wafers
are by default polished to an RMS roughness of 0.09(2) nm as
determined by AFM.®°

Preparation of the nanostructured surfaces

In a first step, silicon surfaces were covered with a gold layer of
a nominal film thickness of 2 nm which was determined with
a quartz crystal microbalance by physical vapor deposition. As
is known, this procedure does not result in a continuous gold
film, but in gold clusters of sub-micron size.> Subsequently,
following a recipe by Koynov et al,”* the gold-covered silicon
was etched by immersing the wafers in a mixture of fluoric
acid (HF, 40%), hydrogen peroxide (H,0,, 35%) and water for
90 s, 180 s and 360 s, respectively. Residues from the etching
solution were removed by extensively rinsing the etched wafers
in ultra-pure water. After etching, the gold clusters were
removed by immersing the wafers in aqua regia (1:3 mixture
of HNO; (65%) and HCI (37%)) for 25 min. Afterwards, the
wafers were rinsed again with ultra-pure water to remove poss-
ible leftovers of the acid. X-ray photoelectron spectroscopy
(XPS) confirmed that no gold was present on the surface after
this treatment (an XPS overview spectrum is given in
Fig. Slat). To render the wafers hydrophobic, they were
covered with a self-assembling monolayer of silanes according
to a standard recipe.”” Right before every set of experiments
with bacteria, all surfaces were cleaned in ultrasonic baths of
ethanol and acetone for 3 min each. After cleaning, the sur-
faces were dried under a stream of pure nitrogen.

Bacteria

For this study, cells of the S. aureus strain SA113 were used.
Bacteria from a deep-frozen stock solution were grown on a
blood agar plate for 2.5 days at 37 °C. Such a plate was used
for two weeks at the maximum. For the experiments, one
colony from the plate was transferred into 5 ml of sterile
tryptic soy broth (TSB) and cultured for 16 h at 37 °C under
agitation (150 rpm). From this culture, 40 pl were transferred
into 4 ml of fresh TSB and cultured once more for 2.5 h at

This journal is © The Royal Society of Chemistry 2019

View Article Online

Communication

37 °C and 150 rpm. Finally, 1 ml was taken from this culture
and washed three times by centrifuging for 3 min at 17 000g,
replacing the supernatant by 1 ml of fresh phosphate buffered
saline (PBS, pH 7.3) and thoroughly vortexing. This procedure
results in a bacterial suspension with an optical density at
600 nm (ODgqo) of 0.2-0.3.

Viability measurements

To check the viability of the cells, the BacLight assay pur-
chased from Molecular Probes, Eugene, USA was used. It con-
sists of Syto 9 and propidium iodide. After excitation, the Syto
9 stain emits green light when bound to nucleic acids in bac-
teria. In contrast, propidium iodide, which can only enter the
porous cell wall of dead bacterial cells, emits red light and
causes a reduction of the binding between the Syto 9 stain and
the bacterial nucleic acids. Hence, after staining a bacterial
solution with the BacLight mixture and illuminating it with
white light, viable cells glow green and dead cells red. After
adhesion measurements, we placed the used cantilever includ-
ing the immobilized cell in a drop (1 ml) of the staining assay.
To achieve best results, the stain was left to act on the cell for
10 min in the dark. Thereafter, its residues were removed by
carefully replacing the drop by fresh PBS for three times. Care
was taken that the cantilever with the cell never was completely
dry. Then, the cell on the cantilever was observed by fluo-
rescence microscopy.

Force-distance measurements

We recorded force-distance curves on a Bioscope Catalyst
(Bruker-Nano, Santa Barbara, USA) with single viable bacterial
cells immobilized on a tipless cantilever (MLCT-0, Bruker-
Nano) with nominal spring constants of 0.01 N m™ and
0.3 N m™". A detailed description of how the cells were
attached to the cantilevers can be found in the paper by
Thewes et al.,”’” in short: tipless cantilevers were cleaned in an
air-plasma and afterwards covered with a thin layer of dopa-
mine by immersing them in a solution of 4 mg ml™* dopamine
hydrochloride in TRIS/HCL-buffer for one hour. The cantile-
vers were then cleaned in ultrapure water and dried in a clean
room environment. The cantilevers’ spring constant and
deflection sensitivity were calibrated before each set of
measurements. To pick up a single cell, a very dilute bacterial
suspension was placed on a Petri dish that was observed with
an inverse optical microscope equipped with a micromanipu-
lator. The calibrated cantilever is then connected to the micro-
manipulator and approached from above to the sedimented
bacterial cells in the Petri dish. In a final step, the cantilever is
carefully lowered onto a single cell and gently pressed onto it
so that the cell adheres to the cantilever. This bacterial probe
is afterwards carefully inserted in the microscope without
drying out the cell.

For every force-distance curve, the approach and retraction
distance was 800 nm with a retraction velocity of 800 nm s™".
The force trigger, i.e. the force with which the cell is pressed
onto the surface, was set to 300 pN which does hardly deform
the cell or change its contact area®”®® (for a more detailed dis-
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cussion of the chosen force trigger, see the ESIT). Curves were
recorded with 0 s surface delay time which corresponds to a
‘real’ contact time below 0.5 s.>*® For each individual cell,
100 force-distance curves were recorded on the smooth as well
as on a nanostructured surface in a rectangular pattern with a
distance of 1 pm between each curve. To exclude that probing
the smooth/nanostructured surfaces might alter the adhesive
behaviour of the bacterial cell, the first 50 curves were recorded
on the smooth surface and the next 50 were recorded on the
nanostructured surface. Then, again, the smooth surface and
afterwards the nanostructured surface was probed by 50 curves
each. By comparing the adhesion of each set of curves on the
smooth/nanostructured surface, it was ensured that the
adhesion behavior was not changed during the recording of
several force-distance curves on the different surfaces (as it
was also seen before on smooth silicon®*°®).

AFM surface topography measurements

The surface topography was measured in tapping mode with
an Icon FastscanBio (Bruker-Nano, Santa Barbara, USA) in air
using high aspect ratio tips (HAR1-200-10, Bruker-Nano) with a
nominal spring constant of 42 N m™" in soft tapping mode
with an image resolution of 1024 x 1024 pixels. The scan area
was 1 pm x 1 pm for the 90 s and 180 s etched substrates. The
360 s etched surface fluctuates strongly and so do its geometri-
cal properties. To reduce the statistical error, we scanned a
larger observation window of 3 pm x 3 pm. Systematic effects
of the lower physical resolution on the total surface area
should be less than 3%, as estimated from the other surface
when we artificially reduced the resolution. The resolution in
z-direction was below 0.5 nm. From these images, the AFM tip
shape was determined and the real surface was reconstructed
by deconvoluting the recorded image and the tip geometry
using the software Gwyddion. For every type of surface, several
AFM images were recorded and analyzed, providing average
values and standard deviations for RMS roughnesses and
Minkowski functionals.

Minkowski analysis

The level sets of the AFM images and their three-dimensional
triangulations were analyzed using Minkowski functionals. In
the latter case, the triangulation was constructed using the
‘Advancing Front Surface Reconstruction’ from CGAL.>® Using
the 3D Minkowski software Karambola,” the surface area was
computed as a function of the height. More precisely, as a
function of the difference in height to the maximal peak
within the observation window, the surface area was computed
for all those triangles whose lowest vertex was above this
threshold. In the first case, the AFM images were converted
into pixelated gray scale maps and then into black-and-white
images via thresholding. A pixel whose height is above a
threshold % turns white, all others become black. The three
two-dimensional Minkowski functionals of the white domains
were then computed as a function of the threshold height &
using the software Papaya.*® To reduce the pixelization errors,
a standard marching square algorithm was applied.””> Edge
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effects from the observation window were avoided by using
minus-sampling boundary conditions (the outermost pixels
were used for the boundary conditions). To avoid dependen-
cies on lateral dimensions of the AFM scans so-called densities
of Minkowski functionals are used, ie. the functionals are
rescaled by the size of the observation window.

Electronmicroscopy measurements

For the scanning electron microscopy (SEM) measurements, a
FEI (Hilsboro, USA) Quanta 400 FEG SEM in high vacuum
mode was used. Secondary electron images were collected at
10 kv and 15 kV accelerating voltage under different tilting
angles.
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XPS Spectrum of a Nanostructured Silicon Surface
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Fig. S1 a) Survey spectrum of a nanostructured surface after cleaning with aqua regia: since there are no Au peaks detectable at energies of about
84eV and 88eV (see inset), the gold layer was completely removed by the acid. b) XPS Si-2p data (open circles) of a nanostructured surface (270's in
fluoric acid). The Si® line is shown in red (please note that the Si-2p spin orbit splitting is not resolved) and the Si** line is shown in blue. The ratio of
their intensities is used to calculate the oxide layer thickness .

Figure S1 shows the XPS data of the Si-2p core level of a (exemplary) nanostructured substrate with both peaks assigned
to Si’ contributions from the bulk and Si** contributions from the oxide layer. When comparing the intensities of both
contributions it is straightforward to estimate the thickness of the oxide layer to be 3.2-4.0 nm. However, it has to be noted
that these values have to be considered as an upper limit, since the Si** contribution is overestimated in the experiment
on a nanostructured surface. Due to the high surface sensitivity in XPS, only a thickness of about 1-2nm is probed
and the surface sensitivity increases with increasing the polar angle (i. e. the angle between the surface normal and the
direction of the emission of the photoelectrons). For a nanostructured surface, the surface normals of local surface areas
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are distributed over a wide range (if compared to a smooth Si wafer) and, therefore, a large part of the overall surface is
probed with enhanced surface sensitivity, causing an increased Si** contribution.

As a consequence, the thickness of the oxide layer of about 3.2-4.0 nm, as probed in experiments on a nanostructured
surface, does not really differ from the thickness of about 1.7nm?, as probed in experiments on a smooth Si wafer and it
is not expected that bacterial adhesion is much affected by the difference in the thickness of the oxide layer?.

Quality of the Silanization

Table S1 shows water contact angles and hysteresis on the silanized nanostructured surfaces. Compared to the smooth
samples (where we know from previous experiments that the silane monolayer is dense and homogeneous?), on all
nanostructured surfaces, the advancing contact angle as well as the contact angle hysteresis increases. This is in accordance
with the literature for structured hydrophobic surfaces34.

Table S1 Advancing water contact angle and hysteresis for all surfaces. The numbers in brackets give the error from three measurements each.

RMS roughness | 0.1nm | 7nm | 24nm | 35nm
Advancing CA | 111(1)° | 154(2)° | 153(3)° | 158(2)°
Hysteresis 4(2)° | 43(3)° | 32(1)° | 21(2)°

In addition, the nanostructured surfaces were scanned under water with a hydrophobized AFM tip (‘Scanasyst-fluid+’
by Bruker) in quantitative nanomechanical mapping (QNM) mode. Fig.S2 shows an overlay of the 3D structure of the
topography and the adhesion force between tip and surface for a silanized silicon surface with 7 nm RMS roughness and a
PDMS surface that was produced by mold casting the silicon substrate (see page 9 for more details). For both samples, the
images are very similar in absolute values of adhesion as well as in the distribution of larger and weaker adhesion sites:
significant adhesion (> 1nN) is visible on every point of the surfaces. Adhesion on both samples is the strongest in the
valleys of the surfaces for geometrical reasons, i.e. due to the enlarged interaction area between tip and valley®. Since
the PDMS substrate has a homogeneous surface chemistry, one would expect a patchy adhesion response of the silanized
sample (either around the valleys or around the tips or shoulders) if the silanization was not homogeneous. Hence, we
deduce from both experiments (contact angle and adhesion measurements) that the silanization is homogeneous.

0 nN 1.0 um

Fig. S2 Overlay of height data (geometry) and adhesion forces (color) between a hydrophobized tip and the surfaces of a silanized silicon and a PDMS
surface with 7nm RMS roughness. (Note, that the high aspect ratio tips needed to scan the rougher surfaces are not hydrophobic and, therefore, only
the surface with the lowest RMS value was scanned as an example.)
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Fig. S3 a) Top view of a deconvoluted (and rotated) AFM image of the nanostructured surface. b) Three dimensional view of the surface from (a) filled’
with water to a certain threshold height #,. c) Corresponding black-and-white representation of the image from (a) and threshold height ;.

Exemplary Visualization of the Minkowski Functionals

For the Minkowski analysis, the AFM images are converted to several different black-and-white images. This conversion
is illustrated in Fig. S3 for one exemplary threshold height: the three dimensional structure of the surface is ‘filled’ from
the bottom with water until a certain level (i.e. the threshold height) is reached. Then, each part of the surface above
the water level is converted to white and each part below the water level to black, which results in the image shown in
Fig.S3c.

The way in which the Minkwoski measures are obtained from the black-and-white images is shown in Fig.S4 for
three exemplary threshold heights: to obtain the Euler characteristic of a certain image, the number of white (black)
unconnected regions of the image is counted positively (negatively), represented by the small numbers in Fig. S4a. The
second and third Minkowski measure are the perimeter of the black and the area of the white regions, as indicated by
the red lines and green areas in Fig. S4b and c. Performing this analysis for all threshold heights and plotting the three
Minkowski measures in dependence of each threshold height, the graph shown in Fig. S4 d is obtained, which contains the
complete additive shape information of the surface.

This journal is © The Royal Society of Chemistry [year] Nanoscale, 2019 1-11 |3
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Fig. S4 Visualization of the Minkowski functionals for an AFM topography scan of an etched Si wafer (7nm RMS roughness) for three different threshold

heights (15nm, 30 nm, 45nm). (In the middle panel of the Euler characteristic, no numbers are given for reasons of clarity.)
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Not Normalized Minkowski Functionals of the Nanostructured Surfaces
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Fig. S5 Minkowski functionals in dependence of the threshold height for all surfaces (averaged over different surfaces of the same etching time). For
the surfaces with RMS values of 7 nm and 24 nm the scan size was 1 um? while it was 9 um? for the surface with an RMS value of 35nm.

Reason for the Force Trigger of 300 pN

The concept of this work is to study bacterial adhesion under conditions as close as possible to the natural situation where
they adsorb and attach ‘freely’ from a planktonic state. Hence, the ‘real energies’ that drive bacteria to a surface are in the
range of a few kT, i.e. it is our experimental setup to apply as low forces as possible by the AFM cantilever. 300 pN were
used as the maximum force with which the cells were ‘pressed’ onto the surfaces since lower forces were not applicable
in the used setup. The question arises at which applied force the bacterium deforms. In this case, the applied force must
overcome the turgor pressure of the cell. In another study, we were exactly probing this and found that changes in turgor
pressure of S. aureus (initiated by adding salt) were not detected using a maximum applied force of 1000 pN, yet were
observable at 5000 pN®7. To see changes of the contact area of the bacteria on smooth surfaces, one also must press
relatively hard: as we were able to show on S. aureus in another study®®, using up to 3 000 pN, the contact area remains
unchanged, and it needs at least 30 000 pN to see changes of the contact area radius of 10-20 %. In other words, to probe
the influence of higher applied forces, these forces must be orders of magnitude higher and are far away from the situation
‘as close as possible to nature’, that we want to study. Moreover, probing the penetration depth using higher forces, is risky
since the cell wall can rupture’ and is therefore beyond the scope of the present study.

This journal is © The Royal Society of Chemistry [year] Nanoscale, 2019 1-11 |5
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Not Normalized Adhesion Forces on Nanostructured Hydrophobic Silicon
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Fig. S6 Adhesion forces of 3x10 S. aureus cells to hydrophobic silicon of different roughness. With each cell, 200 force-distance curves were taken:
first 50 force-distance curves on the smoothest surface, then 50 on one of the nanostructured surfaces, then again 50 curves on the smooth surface,
and again 50 curve on the nanostructured surface. The forces on the smooth and nanostructured surfaces are shown as green and yellow/orange/red
bars, respectively.
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Tether Lengths of the Cells Used in Adhesion Experiments
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Fig. S7 Histogram (and Gaussian fit) of the snap-in separations determined from all force-distance curves of the adhesion measurements on the
smooth hydrophobic silicon surface. The mean tether length of the 30 used cells is 53(3) nm. (The value in brackets gives the standard error of the
mean.)

Correction of the ‘Depth’-axis

For the x-axis in Fig. S8 (and the corresponding axis in Fig. 4 ¢ in the main manuscript) the following must be considered:
for all three substrates, the curves of the real surface area feature a ‘flat’ part at their beginning. For the surface with 7 nm
RMS roughness, this part is very short (few nm) while it is rather long for the surface with 35 nm RMS roughness (several
tens of nm). The reason for these flat parts of the curves is the fact that the top of all surfaces consist of very steep ‘peaks’.
The size and number of these peaks vary greatly for the different surfaces (e. g., the top 30 nm of the surface with 35nm
RMS roughness consist of 3 peaks/um? while they consist of 57 peaks/um? for the surface with 24 nm RMS roughness).
Given the average radii of the contact area of S. aureus cells of about 150-300 nm8, and since these peaks are distributed
over the entire surface, an S. aureus cell approaching the substrate from above will not necessarily come in contact with
these high structures, but only reaches the surface at lower height values. We call the average value of these heights ‘mean
surface top height’ and have determined it numerically, as described in the next paragraph.

Thereto, we randomly positioned a large number of circles (here: 10,000) all with a radius of 250 nm (the average
contact area radius for S. aureus®) on the images of the nanostructured surfaces and determined the height at which these
circles first come into contact to the surface from above, i.e. the highest point inside each circle. The average of these
values for all circles and each set of surfaces give the ‘mean surface top height’ for all sample sets. The distances of these
heights from the absolute top heights are 34 nm, 6 nm and 2 nm for the surfaces with RMS roughnesses of 35 nm, 24 nm
and 7 nm, respectively. Thus, the x-axis for each curve in Fig. S8 a can be corrected by shifting it in positive direction by
the calculated distances. This way, we obtain the ‘typical distance from top’ for each surface (colored x-axes in Fig. S8).
Instead of shifting the axes, also each data set can be shifted in negative x-direction by the corresponding mean surface top
height (Fig. S8 b). Thereby, averaging the axis and shifting by the mean surface top height afterwards (as described above)
gave the same curves as the inverse order, i. e. that for every circle mentioned above a curve with the corresponding x-axis
was calculated and all these curves were averaged thereafter.

This journal is © The Royal Society of Chemistry [year] Nanoscale, 2019 1-11 |7
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In Fig. 4 ¢ in the main manuscript, the axes are switched for illustrative purposes.
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Adhesion of Staphylococcus carnosus to Nanostructured Silicon

Figure S9 shows the results of adhesion measurements of Staphylococcus carnosus (S. carnosus) on the nanostructured
silicon surfaces: since this species is not clinical-relevant and experiments on a single-cell level are very time intensive,
we did not reach the same large number of cells as for S. aureus that were used for the experiments in the manuscript,
therefore the error bars are somewhat larger. Nevertheless, we see for S. carnosus the very same trend: since this species
has a little shorter tether length of 43(2) nm (green rectangle in Fig. S9), also the mean adhesion forces are slightly smaller
than for S. aureus, but they also fit the fraction of accessible surface area in a depth of 43 nm (vertical rectangles in Fig. S9).
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Fig. S9 Depthd from top of the surface and corresponding fraction of accessible surface area of all nanostructured substrates compared to the total
surface area of a smooth substrate. The light-colored vertical rectangles show the relative decrease of adhesion forces on the nanostructured surfaces
(The middle line of each rectangle indicates the mean value of adhesion forces and the width corresponds to the error of the mean.) The green
horizontal rectangle indicates the mean tether length of the used S. carnosus cells which is 43(2) nm.

Adhesion of Staphylococcus aureus to Nanostructured PDMS

As a preliminary study of a different type of chemical homogenous surfaces, the hydrophobized silicon surfaces that were
used for the experiments in the manuscript were filled with (liquid) non-crosslinked PDMS. After crosslinking (at 70 °C for
18 hours), the PDMS was gently peeled off (called mold casting). As it can be seen in the AFM images in Fig. S10a, this
procedure results in nanostructured surfaces. They were characterized by Minkowski functionals (see Fig. S10b). Then,
the adhesion forces of S. aureus cells to the nanostructured PDMS surfaces were measured as described in the manuscript.
Results are shown in Fig. S10 ¢ and confirm our results on nanostructured silicon surfaces: for the surface with the lowest
and the medium RMS value, the average adhesion forces (having larger error bars) are again in good agreement with the
accessible surface area in a depth of 50 nm. For the surface with the highest RMS value, we find slightly stronger adhesion
than it would be expected by the total surface area. This cannot be studied in detail at this stage, but is very likely an
effect of the higher elasticity of PDMS compared to the silicon surfaces, which leads to an enhanced contact area between
cell and substrate>%19. Under this assumption, the direction of the shift in adhesion forces (forces higher than expected)
can be explained qualitatively: since the cell is pressed onto each surface with the same force, the pressure is higher where
the cell-surface contact is smaller, namely on the surface with the highest RMS value.

This journal is © The Royal Society of Chemistry [year] Nanoscale, 2019 1-11 |9

151



II Bacterial Adhesion on Nanostuctured Surfaces

156.8 nm

> RMS =10 nm
B RMS =24 nm|

® RMS =35 nm|

o
o

1401 > RMS = 10 nm|[' " " g
RMS =24 nm
RMS =35 nm

> RMS =10 nm
@ RMS =24 nm
® RMS =35nm

w
=1

m

v

cific perimeter /
N = NN
2 g o o

spe
()]

0

0.0

02 04 06 08
normalized threshold

depth d from top of surface

50

100

150

200

fraction accessible of surface area A(d)/A
0i4 0i6 0i8 . 1i0

'smooth

1 i
|
1 4
1
| -
|
: .
® RMS=10nm , i
| @ RMS =24nm : |
> RMS340nm| . ] L ] . ] . ] A
1 N 1 N 1 i I ': 1 i I ~ i I ' I
P>
| " | " | 1 1 1 1 1 " 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
fraction fo adhesion force F,/F ., cmoon
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bacterial adhesion forces compared to fraction of accessible surface area in a depth of 50 nm.
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Abstract — Bacterial adhesion to surfaces is a crucial step in initial biofilm formation. In
a combined experimental and computational approach, we studied the adhesion of the
pathogenic bacterium Staphylococcus aureus to hydrophilic and hydrophobic surfaces.
We used atomic force microscopy-based single-cell force spectroscopy and Monte Carlo
simulations to investigate the similarities and differences of adhesion to hydrophilic and
hydrophobic surfaces. Our results reveal that binding to both types of surfaces is mediated
by thermally fluctuating cell wall macromolecules that behave differently on each type
of substrate: on hydrophobic surfaces, many macromolecules are involved in adhesion,
yet only weakly tethered, leading to high variance between individual bacteria, but low
variance between repetitions with the same bacterium. On hydrophilic surfaces, however,
only few macromolecules tether strongly to the surface. Since during every repetition with
the same bacterium different macromolecules bind, we observe a comparable variance
between repetitions and different bacteria. We expect these findings to be of importance
for the understanding of the adhesion behaviour of many bacterial species as well as other
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microorganisms and even nanoparticles with soft, macromolecular coatings, used e.g. for
biological diagnostics.
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Bacterial adhesion to surfaces is a crucial step in initial biofilm formation. In a combined experimental and
computational approach, we studied the adhesion of the pathogenic bacterium Staphylococcus aureus to
hydrophilic and hydrophobic surfaces. We used atomic force microscopy-based single-cell force spec-
troscopy and Monte Carlo simulations to investigate the similarities and differences of adhesion to hydro-
philic and hydrophobic surfaces. Our results reveal that binding to both types of surfaces is mediated by
thermally fluctuating cell wall macromolecules that behave differently on each type of substrate: on
hydrophobic surfaces, many macromolecules are involved in adhesion, yet only weakly tethered, leading
to high variance between individual bacteria, but low variance between repetitions with the same bacter-
ium. On hydrophilic surfaces, however, only few macromolecules tether strongly to the surface. Since
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Staphylococcus aureus (S. aureus) is an opportunistic pathogen
associated with different community- and hospital-acquired
infections." One reason for its high pathogenicity is the cells’
ability to adhere strongly to various surfaces, including natural
and abiotic materials, such as implanted medical devices.>™*
Subsequent to adhesion, the cells may proliferate and form
mechanically and chemically robust biofilms.”® Because of the
latter, S. aureus is a major cause of implant-related infections
with severe consequences for the patients’ health.”™
Furthermore, since in biofilms the cells can be well-protected
against environmental influences and have the ability to
adhere to many different types of surfaces, they can spread
quickly to formerly non-inhabited space, for example in clini-
cal buildings."”” Hence, understanding and controlling the
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adhesive behaviour of S. aureus is of fundamental importance
for health care and engineering.'*"*

The state-of-the-art method in quantitative bacterial
adhesion research is atomic force microscopy (AFM)-based
force spectroscopy with single bacterial probes (single-cell
force spectroscopy, SCFS).>*>'® This method allows the inves-
tigation of many different mechanisms on a single-cell or even
molecular level. For instance, it can be performed on bare
abiotic surfaces, on conditioned surfaces or on natural or
natural-like surfaces (e.g. hydroxyapatite) as well as with pre-
treated cells."™* Using SCFS, a previous study demonstrated
that bacterial adhesion to hydrophobic surfaces is governed by
cell wall macromolecules tethering to the surface.” As a conse-
quence, the adhesive strength of a single cell is determined by
the number of contact-forming macromolecules and by the
strength of each individual binding site. The composition of
surface macromolecules, as well as important adhesion para-
meters, such as the bacterial contact area to solid surfaces, are
highly cell-individual properties.”* Thus, general statements
concerning the adhesion of certain cell types can only be
achieved with good statistics obtained from a sufficiently large
number of cells and well-characterized sample surfaces. In
addition, former studies have shown that the adhesive strength
of several bacterial species strongly depends on surface
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wettability.
SCFS studies

Quantitative data is especially available by
which demonstrated that adhesion of
Lactobacillus ~ plantarum,*®  Streptococcus — mutans®®  and
S. aureus'®** to hydrophobic surfaces is about one order of
magnitude stronger than to hydrophilic surfaces.

In this paper, we present a detailed characterization of the
adhesion of S. aureus cells to abiotic surfaces by evaluating
differences in adhesion behaviour to very hydrophilic (5° water
contact angle) and hydrophobic (111° water contact angle) Si
wafer-based substrates. We performed SCFS experiments with
S. aureus strain SA113 cells that are complemented by Monte
Carlo simulations. Our study reveals that on hydrophobic sur-
faces, many macromolecules tether to the surface, while on
hydrophilic surfaces, a potential barrier selects only a few
tethering macromolecules. Since our model is based on unspe-
cific binding of cell wall macromolecules, the results of this
study may also be of relevance to understand the adhesive
behaviour of many other bacteria and microorganisms, such
as fungi, eukaryotic cells, or nanoparticles covered with soft,
macromolecular coatings for applications like printable elec-
tronics,’® biological diagnostics, optoelectronic devices, or
energy’ harvesting systems.*® The colonisation of diverse and
new habitats usually occurs in the presence of a liquid
medium, making surface wettability a key parameter for under-
standing adhesion.

1. Materials and methods

1.1. Substrate preparation

Si wafers (Siltronic AG, Burghausen, Germany) are the basis
of the hydrophilic as well as of the hydrophobic substrates
used in this study. The Si substrates feature a native silicon
oxide layer of 1.7(2) nm (the number in parentheses denotes
the error of the last digit) and an RMS (root mean square)
surface roughness of 0.09(2) nm.** Thoroughly cleaning the
Si wafers results in a hydrophilic substrate with an advancing
water contact angle of 5(2)°, a surface energy of 64(1) mJ m™>
and a zeta-potential of —104.4(1) mV at pH of 7.3.>*> The
hydrophobic substrates are prepared by covering a Si wafer
with a self-assembled monolayer of octadecyltrichlorosilane
(OTS) according to a standard protocol.*® The result is a CHj-
terminated substrate with an advancing (receding) water
contact angle of 111(1)° (107(2)°), an RMS surface roughness
of 0.17(3) nm, a surface energy of 24(1) mJ m™> (ref. 33) and a
zeta-potential of —80.0(1) mV.**> The hydrophilic silicon
wafers were cleaned as follows: the substrates were immersed
for 30 min in fresh solution of H,SO, (conc.)/H,0, (30%)
(1:1), then in boiling deionized water for 90 min, during
which the water was changed at least four times. Afterwards,
the surfaces were dried in a stream of ultrapure nitrogen. The
hydrophobic surfaces were cleaned in an ultrasonic bath of
ethanol and acetone subsequently for 5 min each. When
changing the solvent and at the end of rinsing, the surfaces
were dried in a stream of ultrapure nitrogen. For force spec-
troscopy experiments, substrates were immersed into phos-
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phate-buffered saline (PBS, pH 7.3, ionic strength 0.1728
mol 17" at 20 °C).

1.2. Bacteria

Adhesion studies were performed with Staphylococcus aureus
strain SA113. This biofilm-positive laboratory strain is a
common platform to study cell wall macromolecules of
S. aureus.**” All bacterial cultures were prepared the same
way, starting the day before the force spectroscopy experi-
ments: an overnight culture was prepared in 5 ml tryptic soy
broth (TSB) medium and incubated at 37 °C and 150 rpm for
16 h. The next day, 40 pl of the overnight culture were trans-
ferred into 4 ml of fresh TSB medium and incubated for
another 2.5 h to obtain exponential phase cells. Subsequently,
0.5 ml of this culture were washed three times, using 1 ml PBS
each, to remove extracellular material.

1.3. Single-cell force spectroscopy

Single bacterial probes were prepared according to a standard
protocol:*® tipless cantilevers (MLCT-O, Bruker Nano GmbH,
Berlin, Germany) were covered with a thin layer of polydopa-
mine by polymerization of dopamine hydrochloride (99%,
Sigma-Aldrich, St Louis, USA) in TRIS buffer (pH 4.8).
Afterwards, single bacterial cells were attached to the polydo-
pamine coated cantilever using a micromanipulator; care was
taken to ensure that cells never dry out during probe prepa-
ration or force measurements. All cantilevers were calibrated
before each measurement. Force spectroscopy measurements
with single bacterial probes were conducted under ambient
conditions in phosphate buffered saline (PBS, pH 7.3) using a
Bioscope Catalyst (Bruker Nano GmbH, Berlin, Germany). We
performed force-distance measurements with single bacterial
cells of S. aureus SA113 on either a hydrophobic or a hydro-
philic substrate. From force-distance curves, we cannot
discern if bacteria are dead or alive. However, a previous study
demonstrated that intentionally killed bacteria showed identi-
cal curves to bacteria that are alive and able to divide.*” For the
parameters of the curves, values that correspond to similar
studies were chosen:'®**™*> the ramp size was 800 nm, the
force trigger (denoting the maximal force with which the cell
is pressed onto the substrate) was 300 pN and retraction speed
was 800 nm s .

In total, we analysed 64 cells on hydrophobic surfaces and
52 cells on hydrophilic surfaces. On the tested hydrophobic
surfaces, the surface delay time, ie. the time between
approach and retraction in which the cell is in contact to the
substrate and the cantilever is not moved, had no big influence
on the adhesive strength. Therefore all force-distance curves
on hydrophobic surfaces were taken with a nominal surface
delay of 0 s which corresponds to a ‘real’ contact time below
0.5 5."**° On hydrophilic surfaces, however, the surface delay
time is an important parameter whose influence should be
checked, as follows. In general, values of a few seconds are a
common choice to study the influence of surface delay time on
bacterial adhesion processes.'®***"*3 Therefore, on the hydro-
philic surface, 52 cells were probed with a surface delay time
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of 5 s, and 19 cells were probed without additional surface
delay time. For curves with surface delay time, the approach
speed was set to 100 nm s~ while it was 800 nm s~ when no
surface delay was applied. For all cells and delay times, 30
repeated force-distance curves have been analysed the follow-
ing way: the retraction part of each force-distance curve was
evaluated to characterise the strength of adhesion. Hence, the
maximum force needed to detach an individual cell from the
surface (‘adhesion force’) as well as the separation at which
bacterium and surface lose contact (‘rupture length’) were
determined. For the latter, the Matlab function findchangepts
was used: the largest separation where the root mean square of
the signal changed the first time significantly from the back-
ground noise was defined as the rupture length.

During approach, bacterial cells can be attracted to the
surface at rather large separations due to individually tethering
long macromolecules (‘snap-in event’). We evaluated this
mechanism on both surfaces with respect to its maximum
attractive force (‘snap-in force’) and the separation at which
the attraction starts (‘snap-in separation’). To compute the
latter, we used the same method as for computing the rupture
length. While on hydrophobic surfaces, reliable approach
curves could be measured, on hydrophilic surfaces, due to the
use of a soft cantilever to record the expected lower adhesion
forces, fewer reliable curves could be observed. The character-
istics of retraction as well as approach curves were quantified
by computing histograms and mean curves. The characteristics
for the histograms where computed from the individual force
separation curves and subsequently binned. The error bars in
the histograms and the standard error of the mean are com-
puted in the usual manner by dividing the estimated standard
deviation by the square root of the number of curves.

Since the extracted adhesion forces for repeated measure-
ments of the same cell on hydrophobic surfaces are strongly
correlated, we estimated those errors not in the usual manner:
since the number of independent events is given by the
number of cells, we divided by the square root of the number
of cells. For the computation of the mean curves, all individual
curves where interpolated along a given grid of separation
values, and subsequently the corresponding mean and stan-
dard deviation were computed point-wise.

1.4. Monte Carlo simulation

To simulate SCFS experiments, we modify a stochastic model
introduced by Thewes et al.” The bacterium is considered to be
a hard sphere decorated with soft macromolecules. The length
fluctuations, as well as mechanical response to stretching of
these macromolecules is modelled as worm-like chain (WLC)
polymer, where the properties of each macromolecule are
sampled from a given distribution. The interaction with the
surface is mediated by a simple square potential with a given
potential depth V and interaction range. However, before any
macromolecule is able to bind to the surface, it needs to over-
come a potential barrier of height H. This barrier is overcome
with probability e, This binding allows the molecules to pull
on the bacterium. The pulling forces on the bacterium are

This journal is © The Royal Society of Chemistry 2020
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balanced by the bending of the cantilever (modelled as the
extension of a spring), and the bacterium is moved to equili-
brium position between each step of the cantilever. For more
information about the simulation procedure, used parameters
and model details, see the ESL{

2. Results and discussion

2.1. Experimental data

Adhesion to hydrophilic surfaces. When performing force-
distance measurements on hydrophilic surfaces with 0 s
surface delay time, in many individual curves, no significant
adhesion of the cells to the surface can be observed. However,
other studies showed that adhesion of microbial cells can
change with the cell-surface contact time.** Therefore, in a
first step, the influence of the surface delay time on the
adhesion to hydrophilic surfaces was investigated. Fig. 1a,
shows the mean retraction curves for all tested cells for 0 s
(purple) and 5 s (blue) surface delay time as coloured lines
(with standard deviations indicated by shaded areas).§ For
both delay times, the recorded force of the retraction curve
first decreases as the separation increases, then reaches a
minimum and thereafter relaxes back to zero. For the longer
delay time, the minimum is at higher negative forces and the
relaxation ends at larger separation values. In addition, the
standard deviation increases markedly with longer surface
delay time.

Quantifying the retraction curves further, we computed the
rupture length (indicating the point where the last macro-
molecule of the bacterium looses contact to the surface) and
the adhesion force (maximal force between bacterium and
surface) for every curve and computed corresponding histo-
grams (see Fig. 1b and c). The adhesion forces for 0 s surface
delay time have mostly values close to 0 pN, but reach values
up to hundreds of pN.{ For 5 s delay time, the adhesion forces
have maximum occurrence at about 700 pN but reach values
up to several nN. The rupture lengths vary in both cases from
several tens of nm to a few hundred nm, whereby for longer
surface delay time, larger values are observed more regularly.

Since adhesion is only rarely observed on hydrophilic sur-
faces without additional delay time and, if it is the case, the
forces are rather small, we focus in the following on retraction
curves with 5 s delay time. To gain deeper insight in the retrac-
tion characteristics of individual bacteria, we show in Fig. 2
mean retraction curves for some cells and mean rupture

§Note that most of the positive parts of the shaded area (representing the stan-
dard deviation) are a consequence of the symmetrical display of the standard
deviation. The measured values are - except for the positive part of the baseline
noise - never positive and, therefore, not symmetrical around the mean value.

Y Notably, depth and position of the minima of the mean curves do not match
the corresponding mean values in the histograms because the force-separation
curves are highly non-monotonic (see Fig. 5b). As a consequence, the minimum
of the mean curve is in general not the same as the mean of the minima of each
individual curve. In other words, the mean of the minima does not take into
account the position of the minimum while the mean curve does.
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Fig.1 (a) Mean SCFS retraction curves (calculated as described in

section 1.3) with surface delay times of 0 s (purple, 19 cells) and 5 s
(blue, 52 cells) on hydrophilic surface (shaded area is standard devi-
ation). (b, c) Probability density histograms of rupture lengths and
adhesion force extracted from single SCFS retraction curves with to (a)
corresponding colours.
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Fig. 2 (a) Mean SCFS retraction curves (calculated as described in

section 1.3) of 7 exemplary individual bacteria on the hydrophilic surface
for a surface delay time of 5 s (shaded area is standard deviation). The
inset depicts two exemplary force—distance curves of cell no. 23, whose
mean curve is shown in blue in the main diagram. (b, c) Mean adhesion
forces and rupture lengths extracted from single SCFS retraction curves
of 52 cells (error bars are standard deviation).

length and adhesion force for all cells. For every cell, the mean
curve is different but their standard deviation markedly
overlap (Fig. 2a). The reason for this can be seen in the inset,
which shows two exemplary force-separation curves from two
successive measurements with the same cell. Although, both
curves have similar ‘spiky’ features, they are obviously very
different from each other. This fact is also reflected in the
mean adhesion forces and rupture lengths: the adhesion
forces are all located in a range of about 0.1 to 1.7 nN with
error bars (depicting the standard deviation) between 0.5 and
1 nN (Fig. 2b), while the rupture lengths vary around 150 nm
and have error bars of more than 100 nm (Fig. 2c).

An in depth discussion follows in the next section in direct
comparison to the results on hydrophobic surfaces.
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Adhesion to hydrophobic surfaces. We analysed the
adhesion of S. aureus to hydrophobic surfaces in the same
manner as on hydrophilic substrates. In the case of hydro-
phobic surfaces, a surface delay time of 0 s is sufficient to
observe strong adhesion for all tested cells (Fig. 3). Additional
5 s of surface delay time were tested for 6 of 64 cells, and it
showed that the adhesion force was not strongly enhanced and
the characteristics of the retraction curves did not markedly
change (for data, see the ESIf). Therefore, force-distance
curves on hydrophobic surfaces discussed in the following
were recorded with 0 s surface delay time.

To analyse the adhesion on hydrophobic surfaces in detail,
Fig. 3a depicts - analogously to the data on hydrophilic sur-
faces - the mean retraction curves of several single cells. Here,
every single cell features ‘cup-shaped’ retraction curves with a
well-defined minimum and only a very small standard devi-
ation (note the different scale of the adhesion force in com-
parison to the hydrophilic case). The low variability for
different curves from one and the same cell is explicitly shown
in the inset, where two repetitive curves with almost identical
shapes are depicted. Hence, the variability on hydrophobic
surfaces is mainly given from cell to cell, while on hydrophilic
surfaces, the cell-to-cell variance is comparable to the varia-
bility between repetitive curves. Further, the mean adhesion
forces on hydrophobic surfaces (see Fig. 3b) range from 5 to 70
nN with most error bars in the order of a few nN. Therefore,
the adhesion force on hydrophobic surfaces seems highly cell
specific, while it is highly stochastic on hydrophilic surfaces.
The rupture lengths, however, vary on hydrophobic surfaces
from repetition to repetition with the same cell (see Fig. 3c)
and show very similar performance in magnitude and varia-
bility to the behaviour on hydrophilic surfaces. This will be
discussed later.

In order to compare the adhesion properties of a typical
population of bacteria on hydrophilic and hydrophobic sur-

hydrophobic
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Fig. 3 (a) Mean SCFS retraction curves (calculated as described in
section 1.3) of 7 exemplary bacteria on the hydrophobic surface for 0 s
surface delay time (shaded area is standard deviation and very small).
The inset depicts two exemplary force—distance curves of cell no. 29,
whose mean curve is shown in red in the main diagram. (b, c) Mean
adhesion forces and rupture lengths extracted from single SCFS retrac-
tion curves of 64 cells (error bars are standard deviation). Note the
different scales in this figure and Fig. 2 for the adhesion forces, but iden-
tical scale for the rupture lengths.

This journal is © The Royal Society of Chemistry 2020



Thisarticleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

Open Access Article. Published on 16 September 2020. Downloaded on 5/10/2023 4:32:23 PM.

(e}

Nanoscale
a 0,006 b
)
. 0.004 z 0Z
° o St =
g 805} 50 - 0 8
0.002 5 - - hydrophilic S
. 1-30 %=
- - hydrophobic
1 40
200 400 0 200 400 600
rupture length [nm] d separation [nm]
c o8 0.04
003
Boo2
001
1 2 3 4 5 o 20 40 60

adhesion force [nN]

adhesion force [nN]

Fig. 4 (a, c, d) Probability density histograms of rupture lengths and
adhesion force of each tested cell on hydrophilic (blue) and hydrophobic
(red) surfaces (where histograms overlap, a mixed colour is displayed).
(b) Corresponding mean retraction curve (shaded area is standard devi-
ation) calculated from all tested cells calculated as described in section
1.3. (Note the different scales of the y-axes!)

faces, we computed mean retraction curves and relevant histo-
grams of all cells measured (see Fig. 4). Interestingly, for both
surfaces, the mean retraction curves look very similar but
feature completely different force scales (see Fig. 4b).|| This
also manifests in the adhesion force histograms: on hydro-
philic surfaces, typical adhesion forces are hundreds of pN up
to several nN (see Fig. 4c and d) while on hydrophobic sur-
faces, they are several tens of nN. Their mean values differ by a
factor of 25 (1.1(0) nN vs. 28(2) nN).

As already mentioned before, the rupture lengths differ
much less than the adhesion forces: although, in the rupture
length histograms (Fig. 4a), a clear shift to higher rupture
lengths on hydrophobic surfaces is observed, the mean
rupture lengths differ only by a factor of about 1.5 (from 160(2)
nm on hydrophilic surfaces, to 242(2) nm on hydrophobic sur-
faces). Especially, the tails in both histograms extend to
remarkably high rupture lengths. Such high rupture lengths,
with values even bigger than 400 nm, are quite notable for sur-
faces that are unconditioned with biological material. On such
surfaces, cell wall macromolecules can just tether non-specifi-
cally to the surface. If we consider for proteins 0.36 nm length
contribution per amino acid as usually done in single mole-
cule force spectroscopy experiments,**® these rupture lengths
are comparable to the fully unfolded length of different
S. aureus surface proteins, like Serine-aspartate repeat-contain-
ing protein C (SdrC, 360 nm*’), clumping factor A (CIfA,
285 nm*®), and S. aureus surface protein G (SasG, 505 nm™”).**
Forces to unfold proteins are typically 0.1-0.4 nN,**"° but are
specific to the structure and the pulling speed. In the literature
only values are provided for SasG whose E and G5 domains
have unfolding forces of 0.25 nN and 0.42 nN, respectively,>

|| That the standard deviation on hydrophilic surfaces seems to extend to higher
separations as on the hydrophobic surfaces is just an optic effect of the strongly
different force scales.

**Note that the fully unfolded length of the protein structure does not necess-
arily correspond to the rupture length; for details, see the ESL{
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Fig. 5 Force-separation curves of two repeated SCFS experiments with
one bacterium (per surface) on a hydrophobic (a) and a hydrophilic
surface (b) to illustrate similarities and differences.

but may depend on the Zn*>* concentration.”® However, the

large rupture lengths might also result from the tethering of
other cell surface macromolecules like glycolipids (teichoic
acids) or extracellular polysaccharides, such as poly-N-acetyl-p-
glucosamine (PNAG). This could by analysed in future studies
with specific knock-out mutants of S. aureus SA113.

When directly comparing typical retraction curves on hydro-
philic and hydrophobic surfaces (Fig. 5a and b), it seems
reasonable that single molecule tethering is involved on both
types of abiotic surfaces. These show - besides the already
mentioned fundamental differences in the curve shapes - also
similar features. On hydrophilic surfaces, the retraction curves
show several peaks, which resemble partial force stretch curves
of worm-like chain polymers (‘WLC-like peaks’), of varying
magnitude (Fig. 5a and b). Such WLC behaviour is commonly
observed in single force spectroscopy measurements for
various proteins.**>° However, our experiments show most
likely the stretching of several macromolecules at the same
time, generating more complicated retraction curves. On
hydrophobic surfaces, we also often observe single peaks at
separations close to the rupture length. These show similar
signatures as the retraction curves on hydrophilic surfaces
resembling WLC behaviour (inset in Fig. 5a). This marks the
adhesion process as a stochastic tethering of individual macro-
molecules to both surfaces.

Approach curves. In addition to the retraction curves, also
the approach parts of force-distance curves can provide
insights into the adhesion process. Therefore, all recorded
approach curves were analysed in terms of the presence and
characteristics of the so-called snap-in event, ie. a sudden
attraction of the cantilever towards the surface." While this
event is present in nearly all experiments on the hydrophobic
surfaces, it is only rarely observed in curves on hydrophilic sur-
faces. For a quantitative analysis, only those curves that show a
reliable snap-in were pooled and - analogously to the retrac-
tion curves - the ensemble properties were calculated (Fig. 6).
Thereby, strong differences between curves on hydrophilic and
hydrophobic surfaces are observed: the mean snap-in separ-
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Fig. 6 (a, ¢, d) Probability density histograms of snap-in separation and

snap-in force of each tested cell on hydrophilic (blue) and hydrophobic
(red) surfaces (where histograms overlap, a mixed colour is displayed).
(b) Corresponding mean approach curve (shaded area is standard devi-
ation) calculated from all tested cells calculated as described in section
13.

ation (separation were the snap-in starts) on hydrophilic sur-
faces is 13.5(4) nm and thus approximately four times lower
than on hydrophobic surfaces (51.9(4) nm). The mean snap-in
force on hydrophilic surfaces is almost one order of magnitude
weaker than it is on hydrophobic surfaces (0.06(1) nN vs. 4.2(1)
nN). In order to display a snap-in event, rather fast binding of
macromolecules is necessary. Therefore, the observation of a
much weaker pronounced snap-in on hydrophilic surfaces
nicely corroborates the strong surface delay time dependence
that we observe on these substrates.

In summary, our experimental curves hint to stochastic
binding of a rather low number of macromolecules on hydro-
philic surfaces, leading to a strong surface delay time depen-
dence and a high variance between individual curves that is
comparable to the cell-to-cell variance. A low number of indi-
vidual macromolecules exert forces in the low nN range and
detach at separations varying from tens of nm to remarkably
hundreds of nm. On hydrophobic surfaces in contrast, the
retractions curves show very low variance between individual
curves, adhesion forces of several tens of nN, and rupture
lengths in the order of several 100 nm.

In a first step to validate whether these results can be gener-
alized and do not only hold true for the tested strain of
S. aureus SA113, we probed two more clinically relevant
S. aureus strains, the USA300 CA-MRSA derivative JE2 and the
HA-MRSA strain N315, with a smaller number of individuals.
The results are given in the ESIf and support our conclusions
stated above.

2.2. Monte Carlo simulations

To substantiate the conclusions and hypotheses drawn from
the experiments, we performed Monte Carlo (MC) simulations
of the bacterial adhesion process, in which the bacterium is
modelled as a sphere decorated with thermally fluctuating
macromolecules. These molecules bind individually to the
surface after overcoming a potential barrier. Once bound to
the surface, the potential depth quantifies their bonding
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strength. Further details and parameter discussion is provided
in section 1.4 and the ESIf.

As can be seen in Fig. 7, our simulations are able to repro-
duce the experimental mean SCFS retraction curves on hydro-
philic as well as on hydrophobic surfaces with biological
reasonable parameters. For both surfaces, the parameters for
the cell wall macromolecules were kept the same (see ESIT)
and only the potential depth and barrier height were changed.
The simulated mean retraction curve (black line) in Fig. 7
features the correct force scale as well as the right rupture
lengths. In addition, the strong surface delay time dependence
on hydrophilic surfaces can be reproduced (Fig. 7a and b).
However, especially on hydrophobic surfaces, the standard
deviation in the simulation is much lower than in the experi-
ments meaning that the variability between individual cells is
not represented in the simulations (Fig. 7c). This lack of diver-
sity is the result of a fixed high number of macromolecules on
the cell surface, that use the same simple force stretch model
with identical binding energy. In order to increase the quanti-
tative agreement, a more complete characterisation of the
involved surface macromolecules would be necessary. This is,
however, beyond the scope of this paper. In addition, the intro-
duction of nano domains of proteins on the cell surface (that
are for example suggested for Serine-aspartate repeat-contain-
ing protein G (SdrG) on S. epidermis and Collagen adhesin
(Cna) protein on S. aureus) would increase the cell to cell varia-
bility in our model.****

Since the bacteria used are grown under the same con-
ditions, cell-individual surface properties should be mainly
responsible for the different adhesion characteristics. To this
end we analysed the influence of the potential depth and
barrier on individual and mean retraction curves of specific
bacteria (Fig. 8). First we observe, for low potential barriers
and sufficiently high potential depths, always cup-shaped
retraction curves. All the repetitions with the same cell (blue,
red, green line) show the same signature and, as expected,
bigger potential depths increase the adhesion force. Second, if
we increase the potential barrier, we observe a decrease in

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Simulation results: single (coloured) and mean retraction curves (black) for different potential depth V and potential barriers H and fixed bac-

teria. Surface delay time is 5 s.

adhesion force and individual ‘WLC-like peaks’ which vary
from repetition to repetition. The lack of variability in rep-
etitions, for low potential barriers, matches the experimental
behaviour on hydrophobic surfaces. The drop in adhesion
force, the partial WLC behaviour and the strong increase in
variability of repetitions matches the observed behaviour on
hydrophilic surfaces.

To gain a deeper understanding in the change of adhesion
behaviour with varying potential depth and barrier height, we
counted the number of macromolecules that in fact bind to
the surface and investigated how surface delay time affects this
binding (Fig. 9). For low potential barriers, additional surface
delay time does not lead to an considerable increase in bound
macromolecules. Yet, for high barriers, a substantial increase
is observed. This increase in attached molecules leads to an
increase in adhesion force (for the corresponding mean retrac-
tion curves, see ESIt) which matches the experimental behav-
iour on hydrophilic surfaces. Furthermore, for low potential
barriers, a substantial amount of available macromolecules
binds without any delay time, rendering additional binding

with more delay time negligible. This leads to only a weak
dependence of the adhesion force on surface delay time, like
we have observed in the experiments on hydrophobic surfaces.
For higher barriers, only few macromolecules bind to the
surface, corroborating the notion that indeed on hydrophilic
surfaces few, and on hydrophobic surfaces many macro-
molecules are responsible for adhesion.

In summary, the simulations provide evidence that a large
number of macromolecules bind to hydrophobic surfaces,
while only a few macromolecules are stochastically selected to
bind to hydrophilic surfaces. This leads to almost identical
shapes of consecutive curves on hydrophobic surfaces and a
high variability of consecutive curves on hydrophilic surfaces.
Our model suggest that the reason for the different number of
tethering molecules is that on hydrophobic surfaces, many
weakly binding macromolecules can attach quickly without
hindrances, while on hydrophilic surfaces, a potential barrier
selects only few but strongly binding macromolecules.

Although the origin of the potential barrier is unclear, we
propose that it stems from conformational changes of the
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macromolecules and/or disturbances of the hydrogen bond
network close to the surface. The latter seems reasonable
because hydrophobic interactions are non-directional and fast
while hydrogen-bonds are directional and need time to form.
This depends, however, on the structure of the involved macro-
molecules and water network.

3. Conclusions

In conclusion, we have analysed the adhesion characteristics of
a high number of force-distance curves of single S. aureus cells
to hydrophilic and hydrophobic surfaces. The experimental data
could be quantitatively reproduced by MC simulations of the
adhesion process using reasonable parameters for the surface
potential as well as for the involved macromolecules.

Together, our results can explain bacterial adhesion to
abiotic surfaces: S. aureus cells adhere to hydrophobic surfaces
by many weakly binding macromolecules, while they adhere to
hydrophilic surfaces via few, but strongly binding macro-
molecules. Tethering of many macromolecules on hydro-
phobic surfaces leads to high adhesion forces and low varia-
bility repetitive SCFS retraction experiments with the same
cell. In contrast, a potential barrier on hydrophilic surfaces
selects only a few strongly binding macromolecules which
leads to high variability between repetitive measurements. The
origin of this barrier is an interesting subject for future
research.

We expect that our results hold true also for other types
of bacteria, especially Gram-positive bacteria where no
additional diffusion dynamics of macromolecules in the
membrane play a role. Therefore, they can have important
implications for applications where bacterial adhesion is
unwanted: the remarkable difference of binding strength for
hydrophilic and hydrophobic surfaces could be used in order
to reduce considerably the binding affinity of bacteria to sur-
faces. Moreover, our results can also help to predict the
adhesive strength of bacteria to different types of smooth sub-
strates of which only the surface energies are known. Vice
versa, with the help of our results, single adhesion curves on
chemically unknown (conditioned) surfaces may be sufficient
to derive statements about the substrates’ surface energies
and/or involved interactions.
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2 Adhesion of S. aureus strains JE2 and
N315 to hydrophilic and hydrophobic sur-
faces

Figure S2 shows the mean force-distance curves and the mean val-
ues of the adheion force and rupture lengths for 6 tested individ-
uals each of the clinically relevant S. aurues strains, the USA300
CA-MRSA derivative JE2 and the HA-MRSA strain N315, on hy-
drophilic and hydrophobic surfaces, respectively. As described in
the main text for strain SA113, for both strains here, the mean
curves on hydrophilic surfaces reach lower forces and have a
much larger standard deviation as the curves on hydrophobic sur-
faces. Although the number of tested individuals is not as large as
for strain SA113, the probed cells nicely corroborate our finding
discussed in the main text of the manuscript.

3 Model details

Our model extends the work of Thewes et al. 1 who described the
bacterium as hard sphere decorated with macromolecules that is
attached to a moving cantilever to simulate SCFS experiments.
For computational purposes only the bottom part up to a certain
height is covered by a fixed number of randomly distributed
macromolecules. The length fluctuations, as well as mechanical
responses to stretching of these macromolecules is modelled
by Hooke’s law where the stiffness of each macromolecule is
drawn random from a distribution. The binding of individual
molecules to the surface is modelled by a simple square potential
with a given potential depth V and interaction range r. This
binding allows the molecules to pull on the bacterium. The
pulling forces on the bacterium are balanced by the bending of
the cantilever (modelled as the extension of a spring), and the
bacterium is moved to equilibrium position, between each step
of the cantilever.

We modify this model by using worm-like chain (WLC) poly-
mers with probabilistic parameters. The contour length L is
drawn from a Weibull distribution while the Kuhn length B is
sampled from a uniform distribution. To compute the response
to stretching efficiently we use the well known approximation of
the WLC model by Marko and Siggia2. For simplicity, we use

Journal Name, [year], [vel], 1-4 |1
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the same energy for stretching and length fluctuations. To ac-
count for compression of the macromolecules, we introduce a rest
length [y = \/g below that the response is modelled as Hookean
spring. Hence the energy E and force f of a macromolecule with
stretch / are determined by

1
£ =nar g (1) P s
2B\ L 3 0<1<l
VEE-IR R o<1
fy=-S (i)
2B | g 0<I<]
L WS-

Since the force model is non linear, we have to calculate the
equilibrium position of the bacterium numerically, by simple
bisectioning. Additional to changing the force response, we do
not allow binding to the surface by mere proximity to the surface.
If the macromolecule is in the range of the surface, it can bind
with probability e—#, where H represents a potential barrier. If
the molecule is attached, it decreases it’s energy by a binding
energy V, and is able to pull on the bacterium.

The model parameters used, if not stated differently, are given
in table S1. An overview of the simulation steps is given in Al-
gorithm 1 SCFS-Simulation. In order to avoid artefacts from in-
stantaneous cantilever steps, we subdivided each experimental
cantilever step in hundred sub steps inside the simulation.

2| Journal Name, [year], [vol.],1—4

4 Parameter discussion

Kuhn lengths of proteins are typically in the range of 0.1 — 1

m35 . As already mentioned in the main text, forces to unfold
binding proteins are typically 0.1 — 0.4 nN>~7, and are structure
and pulling speed-specific. The experimental estimation for the
relevant protein length is difficult: While usually 0.36 nm per
amino acid are used to estimate the length of a fully unfolded
protein, some proteins detach before fully unfolding. We found
that for relevant surface proteins of Staphylococcus aureus both
behaviours are observed. CIfA for instance has a folded length of
25 nm and unfolds fully to a length of 285 nm before detaching®
while Cna or SdrC do not unfold fully before detaching®10.
SasG is a well studied example which forms fibrils of 53 nm
length while it is composed of several domains which, depending
on the loading rate, can unfold independently to give a fully
unfolded length of 505 nm7-11:12, In addition, the proteins are
initially anchored in height of the membrane, but it’s not clear
if they stay or change their height within the membrane due
to synthesis of new peptidoglycan. Therefore, it is not possible
to deduce how far surface proteins protrude from the cell wall.
Hence, rupture lengths do not need to correspond to the lengths
of folded or even unfolded proteins.
reminding that not just proteins might contribute to the adhesion
but also teichionic acids or capsular polycarbonates. For these
reasons, we will briefly discuss the influence of different length
of macromolecules.

However, it is worth
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To vary the length of the involved macromolecules, we changed
the scale parameter of the Weibull distribution (see Fig. S3, S4).
Note that this does not only change the mean, but also the vari-
ance of the distribution. Interestingly, an increase in the scale
parameter did not lead to a significant change in the initial part
of the retraction curves. However, with increasing scale param-
eter, the minima of the retraction curves shift to higher separa-
tions while reaching bigger adhesion forces. Additionally, the rup-
ture lengths increase substantially with increasing scale parame-
ter. That behaviour is observed for all barrier heights, but for high
barriers, is overshadowed by the stochastic response. The num-
ber of attached macromolecules (see Fig. S4) varies accordingly.
This means that with a higher scale parameter more attached
molecules are observed. However, for high barriers, the vari-
ance increases substantially, leading to overlapping curves. The
increase of attached macromolecules with increasing scale param-
eter has its origin in the short interaction range of the surface.
Just when macromolecules are long enough to get into the range
of the surface potential, they are able to bind. If the cells have
longer macromolecules, more of them can come into the range of
the surface potential and can tether. If now more molecules of
different lengths are bound to the surface, one would naively ex-
pect a change in the initial part of the retraction curve. However,
as already mentioned, this is not observed, because the macro-
molecules show a non-linear WLC behaviour when stretched, and
only contribute to the force when they are significantly extended
in relation to their length. This lack of strong forces at small
extensions is the reason why the initial part of the retraction
curves shows no sensitivity to the changing scale parameter al-
though more macromolecules bind to the surface. Because the
macromolecules only contribute substantially to the force when
they are strongly stretched, and because more and longer macro-
molecules bind, the adhesion force increases and shifts to higher
distances. To conclude, if we compare two cells with longer and
short macromolecules, the adhesion force of the cell with longer
macromolecules increases and shifts to higher distances.
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Fig. S3 Mean retraction curves for different potential depth V and bar-
riers H, extracted from the first 10 retractions of 20 simulated cells with
surface delay time of 5s. Shaded area is standard deviation. Different
colors correspond to scale parameters as indicated in the first panel.

5 Mean Retraction Plot with Delay Time De-
pendence

We discuss now the mean retraction curves for 5 s (blue) and 0
s (black) surface delay time belonging to figure 9 (see Fig. S5).
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indicated in the first panel.

The adhesion force, increases with increasing potential depth and
drops for higher barriers. For low potential barriers, additional
surface delay time increases the adhesion force only marginally.
Yet, for high barriers, a substantial increase in adhesion force and
stochasticity was observed. This conforms to the change in the
number of involved macromolecules as discussed in the main text.
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Abstract — The adhesion of Staphylococcus aureus to abiotic surfaces is crucial for
establishing devicerelated infections. With a high number of single-cell force spectroscopy
measurements with genetically modified S. aureus cells, this study provides insights into
the adhesion process of the pathogen to abiotic surfaces of different wettability. Our results
show that S. aureus utilizes different cell wall molecules and interaction mechanisms when
binding to hydrophobic and hydrophilic surfaces. We found that covalently bound cell
wall proteins strongly interact with hydrophobic substrates, while their contribution to
the overall adhesion force is smaller on hydrophilic substrates. Teichoic acids promote
adhesion to hydrophobic surfaces as well as to hydrophilic surfaces. This, however, is to
a lesser extent. An interplay of electrostatic effects of charges and protein composition
on bacterial surfaces is predominant on hydrophilic surfaces, while it is overshadowed on
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hydrophobic surfaces by the influence of the high number of binding proteins. Our results
can help to design new models of bacterial adhesion and may be used to interpret the
adhesion of other microorganisms with similar surface properties.

172



International Journal of
Molecular Sciences

Article

Using Knock-Out Mutants to Investigate the Adhesion of
Staphylococcus aureus to Abiotic Surfaces

Christian Spengler 1*©, Friederike Nolle *®, Nicolas Thewes !, Ben Wieland 2®, Philipp Jung 20,

Markus Bischoff 2

check for

updates
Citation: Spengler, C.; Nolle, F;
Thewes, N.; Wieland, B.; Jung, P;
Bischoff, M.; Jacobs, K. Using
Knock-Out Mutants to Investigate the
Adhesion of Staphylococcus aureus to
Abiotic Surfaces. Int. ]. Mol. Sci. 2021,
22,11952. https://doi.org/10.3390/
ijms222111952

Academic Editors: Licia Chaves

Simdes and Manuel Simoes

Received: 2 October 2021
Accepted: 30 October 2021
Published: 4 November 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Karin Jacobs

1,3

Experimental Physics and Center for Biophysics, Saarland University, 66123 Saarbriicken, Germany;
c.spengler@physik.uni-saarland.de (C.S.); f.nolle@physik.uni-saarland.de (FN.);
nicolas.thewes@web.de (N.T.)

Institute of Medical Microbiology and Hygiene and Center for Biophysics, Saarland University,
66421 Homburg, Germany; ben.wieland@uks.eu (B.W.); philipp jung@uks.eu (P].);
markus.bischoff@uks.eu (M.B.)

3 Max Planck School Matter to Life, Jahnstrafe 29, 69120 Heidelberg, Germany

*  Correspondence: k.jacobs@physik.uni-saarland.de; Tel.: +49-(0)681-302-71777

1t These authors contributed equally to this work.

Abstract: The adhesion of Staphylococcus aureus to abiotic surfaces is crucial for establishing device-
related infections. With a high number of single-cell force spectroscopy measurements with geneti-
cally modified S. aureus cells, this study provides insights into the adhesion process of the pathogen
to abiotic surfaces of different wettability. Our results show that S. aureus utilizes different cell wall
molecules and interaction mechanisms when binding to hydrophobic and hydrophilic surfaces. We
found that covalently bound cell wall proteins strongly interact with hydrophobic substrates, while
their contribution to the overall adhesion force is smaller on hydrophilic substrates. Teichoic acids
promote adhesion to hydrophobic surfaces as well as to hydrophilic surfaces. This, however, is to a
lesser extent. An interplay of electrostatic effects of charges and protein composition on bacterial
surfaces is predominant on hydrophilic surfaces, while it is overshadowed on hydrophobic surfaces
by the influence of the high number of binding proteins. Our results can help to design new models
of bacterial adhesion and may be used to interpret the adhesion of other microorganisms with similar
surface properties.

Keywords: bacterial adhesion; single-cell force spectroscopy; Staphylococcus aureus; Staphylococcus
aureus knock-out mutants; surface charge; hydrophobicity

1. Introduction

Staphylococcus aureus is an opportunistic pathogen associated with different commu-
nity and hospital acquired infections [1]. One reason for its high infectivity is that the cells
can attach to various surfaces to form multicellular aggregates embedded in an extracellular
matrix, called biofilms, in which the cells are protected against many therapeutics and
the human immune system [2—6]. Therefore, the adhesion of cells and biofilm formation
can take place on biotic surfaces as well as on abiotic surfaces, such as implanted medical
devices. Due to the latter, the organism is a major cause of implant-related infections with
severe consequences for the patient’s health [7-12]. Hence, understanding and control-
ling the adhesive behavior of S. aureus is of fundamental importance for health care and
engineering [13,14].

The state-of-the-art method in quantitative bacterial adhesion research is AFM-based
force spectroscopy with single bacterial probes (‘single-cell force spectroscopy’, SCFS) [15-20].
This method allows for the investigation of many different mechanisms on a single-cell or
even molecular level. For instance, it can be performed on bare or conditioned surfaces, biotic
or abiotic, as well as with pretreated cells [21-25].

Int. J. Mol. Sci. 2021, 22, 11952. https:/ /doi.org/10.3390/ijms222111952
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As demonstrated by SCFS, bacterial adhesion to hydrophobic surfaces is governed by
cell wall macromolecules that tether to the surface [6,26-28]. As a consequence, the adhesive
strength of a single cell is determined by the number of contact-forming macromolecules
and by the strength of each individual binding site, whereby one macromolecule could
also have more than one of these binding sites. In other words, the adhesive energy
is the integral of the negative part of a force—distance curve upon retraction. Of note,
important adhesion parameters, such as the bacterial contact area to solid surfaces, highly
depend on the individual cell [29] as well as on the position at the cell wall [30]. Thus,
bacterial adhesion and its strength is—to a large extent—cell-individual and, therefore,
general statements concerning the adhesion of certain cell types can only be derived with
good statistics.

Macromolecules play a crucial role in adhesion to the natural environment and are
important adhesion factors [31-33]. For instance, it was found that S. aureus cells lacking
cell wall teichoic acids adhere more weakly to human endothelial [31] and epithelial
cells [32] than wild-type bacteria and that surface anchored proteins are important for
nasal colonization [33]. Other work demonstrated that individual adhesion factors such
as fibronectin-binding protein A and clumping factor B are important for the ability of
S.aureus to adhere to endothelial cells and to human-desquamated nasal epithelial cells,
respectively [34,35].

Nevertheless, apart from the studies showing reduced adhesion of S. aureus cells lack-
ing cell wall teichoic acids or the D-alanylation of lipoteichoic acids to polystyrene [36,37],
no quantitative analysis of the impact of bacterial macromolecules on adhesion to abiotic
surfaces has yet been performed at the single cell level. Therefore, it is still unclear which
macromolecules of the bacterial cell wall are mainly responsible for adhesion to abiotic
surfaces with highly different surface energies.

In this paper, we characterize the role of different types of surface macromolecules
in the adhesion process of S. aureus cells to abiotic surfaces (i. e., substrates without any
surface conditioning layer). Our research is based on SCFS of S.aureus SA113 knock-
out mutant strains that exhibit changes in cell wall macromolecular properties. Their
adhesion properties were investigated on hydrophilic and hydrophobic Si wafer-based
substrates and compared with the corresponding data of the wild-type that was recently
published [28].

Considering that the investigated groups of surface molecules are quite common
in the microbial world and have several general properties (e. g., hydrophobic domains
on proteins and sugar-containing backbone in teichoic acids), the outcome of this study
may also be of relevance to understanding the adhesive behavior of many other bacterial
species. Even for other microorganisms, such as fungi or unicellular parasites, our results
may help elucidate the process of adhesion to abiotic surfaces and the role of the surface
hydrophobicity of various substrates.

2. Results and Discussion
2.1. Comparing the Adhesion of Knock-Out Mutants to Hydrophobic and Hydrophilic Surfaces

To provoke highly different adhesion scenarios [28], we use two types of very smooth
abiotic surfaces that we have characterized in detail: bare (hydrophilic) and silane-coated
(hydrophobic) Si wafers. Adhesion studies were performed with the knock-out mutants
of Staphylococcus aureus strain SA113. This biofilm-positive laboratory strain is a common
platform to study cell wall macromolecules of S. aureus [31,38-40]. For an in-depth analy-
sis of the cell wall macromolecular contribution to the staphylococcal adhesion process,
mutants exhibiting the following changes in cell wall properties were used:

*  SAI113 AsrtA: deficient in covalently bound cell wall proteins due to a deletion of
the gene srtA encoding the enzyme sortase A that catalyzes the covalent linkage of
proteins into the cell wall [33,41].
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*  SA113 AtagO: lacking the gene tagO encoding a glycosyltransferase that catalyzes the
first committed step of wall teichoic acid (WTA) synthesis (but having lipoteichoic
acids) [31].

e SA113 AdItA: lacking the gene dItA encoding the D-alanine-D-alanyl carrier protein
ligase catalyzing the first step in the D-alanylation of lipoteichoic acids (LTAs). As a
consequence, the wall and lipoteichoic acids of this mutant lack D-alanine, leading to
an increased negative surface charge of the cell wall [39].

In order to analyze differences in the adhesion of SA113 knock-out mutants to hy-
drophobic compared with hydrophilic surfaces, exemplary force-distance curves and box
plots of the mean adhesion forces as shown in Figure 1 were calculated: for the SA113 AsrtA
cells, the retraction curves on hydrophobic surfaces are cup-shaped with a rather homoge-
neous, small standard deviation. In contrast, on the hydrophilic surface, the curves feature
several minima and have rather broad standard deviation. While the curves overlap less on
the hydrophobic surface and have distinctly different minima, they show a large overlap
with minima at rather similar values on the hydrophilic surface. This observation are
confirmed by the box plots of the mean adhesion forces in Figure 1 b): in the hydrophobic
case, they differ between OnN and 8nN, while they are in the range between 0nN and
2nN in the hydrophilic case. The distributions of the adhesion forces on the hydrophilic
and hydrophobic surfaces therefore also display a high level of significance.
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mean curves on adhesion force / nN of mean curves on
hydrophobic surfaces SA113 / / | AdItA hydrophilic surface
Tk Fkk n.s
@ 10 \ o N /
g i 8-0.5 |\
g 1 : % g
{s, 1.0
0.1
Z 100 dkk *I** *kk z
c ! E
-~ I
3 o] == 8
L 1 ! %I L
I
I
0.1
0 kkk
100} — "
Z5 |
-~ 1
810 10 @ !
815 1 % %
-20 SA113 AdItA 01 ' -1.5 SA113 AdItA

separation / nm separation / nm

Figure 1. Adhesive strength of SA113 knock-out mutants to hydrophobic and hydrophilic surfaces. (a,c) For five individual
mutant cells of each type, represented by five different colours, mean retraction parts of over 50 measured force—distance
curves (with standard error as the shaded area) on both surfaces are shown. (b) In addition, box and whisker plots
(min-to-max) of the adhesion force on hydrophobic and hydrophilic surfaces are shown for all tested mutant cells compared
with the SA113 wild-type (WT) cells [28] (gray) in a logarithmic scale. Comparison between data sets was performed
by ordinary one-way ANOVA and Dunnett’s test for multiple comparison as well as an unpaired t-test for the pairwise
comparison between the adhesion of the mutants to hydrophobic and hydrophilic surfaces: n.s., p > 0.05; ***, p < 0.001.
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For SA113 AtagO cells, the situation is very different: The differences in curves shapes
between hydrophobic and hydrophilic surfaces are much smaller, and the force scale differs
by only a factor of two. Consequently, the differences in the distribution of the adhesion
forces are quite small, though still significantly different.

This is contrasted by the adhesion of SA113 AditA cells: Here, the curve shapes strongly
differ between hydrophobic and hydrophilic surfaces and the force scale differs by more
than one order of magnitude. The curves are cup-shaped on the hydrophobic surface with a
very small, constant standard deviation, while the cells of the dItA deletion mutant display
mostly irregular curve shapes with rather large standard deviations on the hydrophilic
surfaces. However, the mean adhesion forces on the hydrophobic surface vary greatly
between cells and are located between 1 nN and 22 nN, while all values on the hydrophilic
surface are in the range of 0nN to 3nN. The difference between the distribution of adhesion
on hydrophobic and hydrophilic surfaces is therefore also significant for this mutant strain.

Compared with the wild-type, all mutant strains show significantly lower adhesion
forces on hydrophobic surfaces. In contrast, this is not the case on hydrophilic surfaces.
Due to the generally low adhesion, no significant difference can be seen between the
SA113WT cells and the SA113 AsrtA and SA113 AdItA cells. Only the SA113 AtagO cells
show significantly higher adhesion forces on hydrophilic surfaces compared with the
wild-type.

At this stage, several properties of the adhesion process can already be deduced: obvi-
ously, D-alanine residues of SA113 AdItA have a completely different influence on hydropho-
bic compared with hydrophilic surfaces. For cells without wall teichoic acids (SA113 AtagO),
which type of substrate they adhere to is relatively unimportant. SA113 AsrtA cells are
somewhere between the other types. From the box and whisker plots, it can be stated
that, for SA113 AsrtA and SA113 AdItA cells, the number of adhesive molecules on the
hydrophobic surface is much larger than on the hydrophilic surface. For SA113 AtagO cells,
this difference seems quite small [28].

To analyze the adhesion behavior in more detail, several measures of the adhesion pro-
cess of all mutant cells are compared with the measures of the wild-type from Reference [28].
The retraction part of each force-distance curve was evaluated in order to characterize the
strength of adhesion. Hence, the maximum force between a surface and an individual cell
(‘adhesion force’) was calculated. In addition, the ‘rupture length’ depicting the distance
at which bacterium and surface lose contact was measured. Especially on hydrophobic
surfaces, bacterial cells are also subject to a distinct attraction before reaching the surface,
which is mediated by surface macromolecules (‘snap-in event’) [6]. We evaluated this
mechanism with respect to the distance at which attraction started (‘snap-in separation’),
as detailed in the next sections. Moreover, all bacterial strains used were analyzed for their
surface charge to enable a more precise interpretation of the adhesion data.

2.2. Comparing the Surface Charge of Knock-Out Mutants to the Parental Strain

For a better understanding of how the charge of the cell surface affects bacterial
adhesion, all of the bacterial strains used in this work were examined for their surface
charge (see Figure?2). It is immediately apparent that all of the bacterial strains used
here have a positive binding affinity to cytochrome ¢ and thus possess a negative surface
charge. However, there are large differences in the percentage of binding affinity: while the
SA113 AsrtA cells have a similar surface charge to the parental strain, the two teichoic acid
mutants show an increased binding affinity to cytochrome c. SA113 AsrtA cells lack most
of the cell-wall-anchored proteins of this species, so they most likely have a lower total
protein density in their cell wall, although this does not seem to change the surface charge
from that of the wild-type. On the contrary, teichoic acids are considered a major factor in
the formation of the overall surface charge of bacterial cells [42]. Therefore, SA113 AdItA
cells lacking the positively charged D-alanine groups linked to teichoic acids carry a higher
negative surface charge than wild-type cells. However, it is unknown yet whether a lack
of teichoic acids directly leads to a cell surface of lower negative charge or if this lack
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provokes other charge-compensating effects. Notably, SA113 AtagO cells lacking the cell
wall teichoic acids [31] also captured larger amounts of the cationic protein cytochrome ¢ on
their cell surface than SA113 wild-type (WT) cells, suggesting an increased negative surface
charge, although a rather large inter-repeat variation was noticed with this mutant. This
large variation in SA113 AtagO cells may also only be explained by the absence of teichoic
acids, which account for up to 40% of the cell wall biomass. The lack of wall teichoic acids
could leave space for additional proteins to bind to the peptidoglycan and/or adhere to the
cell wall at sites usually occupied by teichoic acids, leading to greater variation in protein
composition at the bacterial cell surface.
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Figure 2. Surface charge of SA113 and its knock-out mutants. Binding capacities of the cationic
protein cytochrome ¢ by SA113 and its knock-out mutants. Data are presented as box and whisker
plot (min-to-max) obtained from six to eight independent experiments. Comparison between data
sets was conducted by ordinary one-way ANOVA and Dunnett’s test for multiple comparison:
**, p <0.01; ***, p < 0.001.

2.3. Statistical Analysis of Mutants Adhesion to Hydrophobic Substrates

In line with our recent observations indicating a major impact of cell wall proteins
on the adhesion force of S.aureus (wild-type, see gray bars in Figure 3) to hydrophobic
surfaces [6,28], we observed markedly reduced adhesion forces of the SA113 AsrtA mutant
(see Figure 3a), which lacks the majority of covalently bound proteins on the bacterial cell
wall. Interestingly, the adhesion strength of SA113 cells to the hydrophobic surface is also
markedly affected, when the teichoic acid composition of the bacterial cell wall is altered.
Therefore, both teichoic acid mutants (SA113 AtagO and SA113 AdItA) show slightly higher
adhesion forces than the SA113 AsrtA mutant with values around 10nN.
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Figure 3. Histograms of all measured values of adhesion force (a), rupture length (b), and snap-in separation (c) of
18 single SA113 AsrtA, 16 single SA113 AtagO, and 17 single SA113 AdItA cells on hydrophobic surfaces. Additionally, the
corresponding values of the SA113 WT population are shown in gray [28].
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Moreover, similar to the SA113 wild type, the histograms of the rupture lengths of all
mutant cells show an extended rupture length range (see Figure 3b). For the SA113 AsrtA
and SA113 AdItA cells, most of the values are in the range of 100-200nm and are thus
smaller than the ones seen with SA113 WT cells (200-300 nm). In contrast, the majority
of values for the SA113 AtagO cells are at slightly higher values of almost 300nm. Re-
garding the maximum range of the measured distribution of rupture lengths, the highest
values measured for SA113 AsrtA (400-500nm) and SA113 AdItA cells (approx. 400 nm)
are smaller than for the wild type (approx. 650nm). The SA113 AtagO cells exhibit the
highest values here again, with another maximum at a rupture length of 750 nm. This
means that the rupture lengths of SA113 AsrtA and SA113 AditA are slightly reduced com-
pared with SA113 WT cells while SA113 AtagO cells display on average slightly increased
rupture lengths.

Of note, all mutant cells show a distinct snap-in event in the approach part of their
force—distance curves so that a snap-in separation was determined (see Figure 3c). For
SA113 AsrtA cells, the snap-in separations are in the range of 10-60nm and are thus
considerably smaller than the ones seen with SA113 WT cells. For SA113 AtagO cells, a
distribution of snap-in separation very similar to that seen for cells of the parental strain
can be observed. The histogram of snap-in separations of SA113 AdItA cells features several
maxima: The first at around 25 nm and the second at around 50 nm are the most prominent,
but even values as high as 110 nm, which is even higher than the values seen with SA113 WT
cells, can be observed. The changed shape of the histogram indicates a strong effect due to
the inactivation of dItA.

The most striking observation on the hydrophobic surface is the markedly reduced
adhesive strength of all mutants compared with the wild-type cells. This suggests that
covalently bound cell wall proteins as well as wall teichoic acids and the properties of
D-alanine groups in teichoic acids, have a strong—direct or indirect—influence on the
strength of adhesion to this type of surface.

Considering relevant forces, we can again state that electrostatic interactions seem to
play a minor—or rather indirect—role in adhesion to hydrophobic surfaces that feature a
negative surface potential [43]. This observation becomes particularly evident when ana-
lyzing the surface charge (see Figure 2) in comparison with the adhesion force of SA113 WT
cells and the mutants. Although SA113 AsrtA cells have a surface charge comparable with
the wild-type, the adhesion is strongly reduced. Thus, charge effects cannot be responsible
for the reduced adhesion on hydrophobic surfaces and the answer is rather found in the
absence of most cell-wall-anchored proteins. Assuming that a lower protein density in the
bacterial cell wall directly leads to a lower number of tethering macromolecules during
the adhesion process, the lower adhesion strength of SA113 AsrtA cells fits well with our
hypothesis that proteins are a major factor affecting bacterial adhesion to hydrophobic
surfaces [6,28].

However, looking at the two teichoic acid mutants, a putative role of bacterial cell
surface charge in adhesion to hydrophobic surfaces becomes apparent.

The higher negative surface charge of SA113 AdltA and SA113 AtagO cells might
account for the strongly reduced adhesion on hydrophobic surfaces [39]. However,
SA113 AtagO cells do not show a large variation in adhesion strength, as is seen for the
charge (see Figure 2), which would be anticipated if its adhesion were mainly influenced
by surface charge. When compared, the two teichoic acid mutants also show no major
differences in adhesion forces, but there are clear differences in cytochrome ¢ binding
affinity. This implies that electrostatic interaction does not dominate bacterial adhesion to
hydrophobic surfaces but may play a role to some extent.

Very interestingly, no matter what type of surface macromolecules is knocked out, the
adhesion capability is reduced to a quite large extent: the SA113 AsrtA cells exhibit only
one seventh to one eighth of the adhesion force of the SA113 WT cells, while both teichoic
acid mutants exhibit only one third of the force of the wild-type cells (see Figure Al). A
likely explanation for this observation is that the absence of a class of macromolecules
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leave an altered environment for the remaining macromolecules (e.g., steric hindrance).
Nevertheless, covalently bound surface proteins seem to have the biggest influence on
adhesive strength [44—-46].

It also cannot be excluded that the lack of cell wall teichoic acids or even of the alanine-
groups of teichoic acids may change the protein composition of the cell wall and therefore
alter the adhesion process. The translocation of proteins from their site of synthesis to the
cell wall is a highly complex process involving many mechanisms and requires a specific
interplay of charges, enzymes, and ions [47,48]. For example, cations, charge, and gradients
in pH value inside the cell envelope influence protein folding, structure, and function [49].
Furthermore, the microenvironment of the cell wall is strongly influenced by the presence
(or absence) of teichoic acids and, e. g., their D-alanine groups [42,50]. Moreover, it has
been shown that D-alanylation directly influences protein expression [51-53].

After having elucidated the rather complex interplay of surface macromolecules defin-
ing adhesive strength on hydrophobic surfaces, we can now speculate about their influence
on snap-in separations and rupture lengths. Most notably, the snap-in event is still observ-
able for all mutants, whereas it it is no longer observed in SA113 WT cells in which the
surface proteins have been degraded by proteases or cross-linked by glutaraldehyde [6].
Therefore, for all investigated cells, the number of surface factors can still be considered suf-
ficient to induce this process. Additionally, the very reproducible and rather smooth shapes
of the retraction curves for each individual cell (see Figure 1) supports the assumption of a
rather high number of surface macromolecules participating in adhesion to hydrophobic
surfaces [28].

The results of the SA113 AsrtA cells show that sortase A-mediated covalently bound
cell wall proteins have a stronger influence on the snap-in event, the first contact with
the surface, than on the rupture length, denoting the last contact to the surface. This
observation might be explained by the pure reduction in the density of surface proteins:
The snap-in event occurs as soon as enough thermally fluctuating surface molecules reach
the surface and bind to it. If the overall density is reduced—as it can be safely assumed
for SA113 AsrtA cells—this number is reached ‘later’, meaning at shorter distances to the
surface, resulting in a decreased snap-in separation. The exact same reasoning holds true
for the decreased rupture length: The cells lose contact at a distance where not enough
proteins bind to the substrate anymore, which is probably earlier when the protein density
on the bacterial cell surface is reduced than when, for fewer proteins, the force on each
protein is increased, which can lead to an earlier (at smaller distance) detachment from
the surface. However, the influence of covalently bound surface proteins on the rupture
length is rather small. In other words, the strength of adhesion and snap-in separation on
hydrophobic surfaces is largely determined by the presence of cell-wall-anchored proteins
(CWAPs), but these are not necessarily the molecules that maintain final contact with the
surface and thus determine the rupture length.

The slightly increased rupture lengths for SA113 AtagO cells may, without further
experiments, only be explained by indirect secondary effects: For example, it is possible
that at least some of the surface areas of the bacterial cell wall that are occupied by WTAs
in wild-type cells are filled by more rather long CWAPs, resulting in some force—distance
curves with an increased rupture length. This difference in protein composition may not
have an influence on the snap-in separation because, in this case, a great number of surface
proteins tether to the surface.

One bacterium out of the 17 SA113 AdItA cells shows significantly higher snap-in
separation than the SA113 WT cells, with values around 110 nm. This outlier is suprising
since electrostatic interactions between this mutant and the surface should generally be
more repulsive than for the wild-type cells and should not lead to increased snap-in
separations. However, if this outlier is to be explained, given that a SA113 AdltA mutant
displays reduced activity of autolysins [54], which are known to smoothen the bacterial
cell surface [55], it is conceivable that the higher roughness of the cell surface, coupled
with some flexibility, could lead to more pronounced snap-in separations. Alternatively,
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SA113 AdItA mutants may accumulate varying amounts of extracellular milieu-localized
proteins on the cell surface, such as the extracellular adherence protein Eap, which is
known to bind preferentially to (poly-) anionic molecules [56].

2.4. Statistical Analysis of Mutants Adhesion to Hydrophilic Substrates

The principal shape of the adhesion force histograms (see Figure 4a) of SA113 AsrtA
and SA113 AdItA cells are similar to each other and to the histograms of the wild-type cells:
Most values are located at forces near 0nN and a smooth decay of the distribution towards
higher forces can be observed. Therefore, the values of SA113 AsrtA cells (about 40% of
the values are close to 0 nN and the distribution ends at around 4 nN) are almost the same
as the values of the SA113 WT cells (about 25%, 4nN). SA113 AditA cells adhere slightly
less strongly to the substrate: more values (about 60%) are located close to 0nN and the
decay of the distribution is steeper than for the wild-type. In contrast, SA113 AtagO cells
adhere more strongly than SA113 WT cells and the adhesion forces display a very different
distribution: They have a high number of values around 3nN and maximal values going
up to 12nN (see Figure A2).
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Figure 4. Histograms of all measured values of adhesion force (a) and rupture length (b) of 11 single SA113 AsrtA, 15 single
SA113 AtagO, and 18 single SA113 AdItA cells on hydrophilic surfaces. The corresponding values of an SA113 WT population
are shown in gray [28].

As for the rupture lengths, the SA113 AtagO cells show slightly larger values (up to
600nm) than the SA113 WT cells. However, the SA113 AdItA cells follow almost the same
shape of distribution as the SA113 WT cells but tend to have smaller values with more
than twice as many values at very low rupture lengths. The SA113 AsrtA cells exhibit a
distribution with a maximum below 50 nm, with occasionally higher maximal rupture
lengths of about 400 nm but mainly up to 200 nm (see Figure 4b).

Adhesion forces are almost not affected by the absence of covalently bound surface
proteins, whereas rupture lengths are markedly decreased. The latter implies that cell-
wall-anchored proteins bind to hydrophilic surfaces and are on average longer or can be
unfolded to a larger extent than other tethering macromolecules. The more minor effect
of lacking covalently bound cell wall proteins on the adhesive strength to hydrophilic
surfaces may be interpreted in the following way: either the covalently bound proteins
have only a few hydrophilic residues (per protein or in total) able to interact with this type
of surface (most likely through hydrogen bonds [28]), or there are—even without covalently
bound proteins—so many surface molecules/proteins that they already occupy all possible
binding sites in which the number may be limited due to interaction between different
surface macromolecules. The mutant cells lacking wall teichoic acids (SA113 AtagO) show
evidence for wall teichoic acids not contributing directly to the adhesion of S.aureus
to abiotic hydrophilic substrates or at least their contribution is small compared with
the adhesive strength exerted by other surface molecules. However, since we attribute
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bacterial adhesion solely to the binding of cell wall macromolecules [16,28,57,58], the rising
adhesive strength seen with SA113 AtagO cells may also be explained by a change in
protein composition due to the absence of teichoic acids. Additional proteins important
for adhesion to hydrophilic surfaces on the cell surface or a higher binding affinity of
the remaining cell wall macromolecules could lead to this increased adhesion force. Both
hypotheses are in line with the observation that S. aureus tagO mutants show a higher degree
of cell aggregation [36], which might be caused by unusual protein—protein interactions
that are in wild-type cells precluded by WTAs. On the other hand, for SA113 AdItA cells
lacking D-alanine but not the total wall and lipoteichoic acids, a reduction in adhesion
is observed compared with the wild-type. This is consistent with the results made with
the SA113 AdItA cells on glass [37]. This could either indicate that teichoic acids play a
minor role and that this was only overshadowed by the altered cell wall macromolecule
composition in the SA113 AtagO cells. However, an equally likely reason could be a
charge effect. The SA113 AdItA cells are distinctly more negatively charged compared
with the wild-type as well as other mutants (see Figure 2). The reason for this could be
that the formation of hydrogen bonds in particular, which seem to dominate adhesion
to hydrophilic substrates [28], is influenced by altered electrostatic interactions on the
bacterial cell surface induced by the dltA mutation. The dependence of the adhesion on the
charge will be investigated in future measurements.

In contrast with SA113 AsrtA cells, the rupture lengths of SA113 AtagO and SA113 AdItA
cells were only slightly reduced, if at all. This suggests that most likely—as described
above—the on average rather long covalently bound surface proteins contribute to the
adhesion of teichoic acid mutants to hydrophilic substrates and seem to make the last
contact to the surface. If teichoic acids themselves bind to the surface, they usually do not
contribute markedly to the rupture lengths. This might be due to the natures of both macro-
molecules. Teichoic acids, being composed of glycerol phosphate or ribitol phosphate, and
carbohydrates linked via phosphodiester bonds most likely do not form a complex tertiary
structure that is usually seen with proteins. As a consequence, teichoic acids most likely
exhibit only small stretching capabilities. Proteinaceous adhesion molecules, in contrast,
are usually folded to yield a complex tertiary structure important to their functionality.

In summary, for all tested knock-out mutants of S. aureus, we found that the adhesive
strength is reduced to a large extent (about an order of magnitude) on hydrophobic surfaces,
no matter which specific type this might be (see Figure 3). The adhesion of S.aureus—at
least on hydrophobic surfaces—is thus based on a very efficient interaction of the different
types of surface macromolecules investigated. This result indicates that, for theoretical
modelling, the description of a protein—protein interaction of the cell wall molecules is an
important task, parallel to characterizing the tethering and the detaching phases.

All experimental results obtained from mutant cells can be explained by the hypothe-
sis that the adhesion to hydrophobic surfaces is meditated by the hydrophobic interaction
between the substrate and hydrophobic residues of a large number of surface macro-
molecules. On hydrophilic surfaces, however, we hypothesize that a quite small number of
macromolecules tether to the surface, probably by formation of directional hydrogen bonds.
Hence, bond formation is slower, as can be seen by the drastically enhanced adhesive
strength when applying an additional surface contact time [28]. Due to the hypothetically
small number of binding macromolecules, they exhibit, in total, rather low adhesion forces.
This may also explain why electrostatic interactions seem to play a role in adhesion to
hydrophilic surfaces, while this effect is not present or is suppressed by the high number
of tethering proteins on non-wettable surfaces due to the hydrophobic interactions.

The experimental results of SA113 AsrtA cells indicate that the presence of covalently
bound cell wall proteins is more important for adhesion to hydrophobic surfaces than to
hydrophilic surfaces, yet they are of great relevance to the final contact (rupture length)
with both surfaces. Teichoic acids and their D-alanine residues seem to influence adhesion
on hydrophilic surfaces rather indirectly. The results of these mutants tend to indicate the
importance of the number of binding macromolecules as well as the charge of the bacterium
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when adhering to hydrophilic surfaces. This effect may be caused by enhancing or reducing
the probability of hydrogen bond formation. On hydrophobic surfaces, however, teichoic
acids may contribute more directly through the tethering of hydrophobic D-alanine residues
presented by teichoic acid regions that protrude from the cell wall.

Concerning adhesion-relevant surface proteins, we cannot state which proteins exactly
contribute to which extent. Of note, different studies identified over 400 different proteins
in or attached to the cell wall of S. aureus [59-64]. With the use of SA113 AsrtA cells, we
can at least state that LPXTG-anchored covalently bound proteins, although representing
only a minor part of the cell wall proteome of this pathogen, have a major influence.
However, other cell wall associated proteins (e. g., SERAMs, secretable expanded repertoire
adhesive molecules), which might be quite high in number, likely contribute to the adhesion
properties of S. aureus as well. Conversely, on hydrophilic surfaces, the absence of wall
teichoic acids actually significantly increases adhesion, so that they probably do not play a
major role in binding. This effect should be further investigated in future work. These are
all crucial first steps towards understanding S. aureus adhesion at the macromolecule level.

3. Materials and Methods
3.1. Substrate Preparation

Si wafers (Siltronic AG, Burghausen, Germany) are the basis of the hydrophilic as well
as the hydrophobic substrates used in this study. The Si substrates feature a native silicon
oxide layer of 1.7(2) nm (the number in parentheses denotes the error of the last digit) and
an RMS (root mean square) surface roughness of 0.09(2) nm [43]. Cleaning the Si wafers
thoroughly results in a hydrophilic substrate with an advancing water contact angle of 5(2)°,
a surface energy of 64(1) mJ/m?, and a zeta-potential of —104.4(1) mV at pH 7.3 [43]. The
hydrophobic substrate is prepared by covering a Si wafer with a self-assembled monolayer
of octadecyltrichlorosilane (OTS) according to a standard protocol [65]. The result is a
CHjs-terminated substrate with an advancing (receding) water contact angle of 111(1)°
(107(2)°), a surface energy of 24(1)mJ/ m? [65], and a zeta-potential of —80.0(1) mV [43].
For force spectroscopy experiments, the substrates were immersed into phosphate-buffered
saline (PBS, pH 7.3, ionic strength 0.1728 mol/L at 20 °C).

3.2. Bacterial Strains and Growth Conditions

All bacterial cultures used were prepared in the same way, starting the day before
the force spectroscopy experiments: One colony from a blood agar plate was placed into a
5mL tryptic soy broth (TSB) medium and incubated at 37 °C and 150 rpm for 16 h. On the
next day, 40 pL of the overnight culture were transferred into 4 mL of fresh TSB medium
and incubated for another 2.5 h to obtain exponential phase cells. Subsequently, 0.5 mL of
this culture was washed three times, using 1 mL PBS each, to remove extracellular material.

3.3. Cytochrome ¢ Binding Assay

In order to characterize the surface charge of SA113 and its knock-outs, cytochrome
¢ binding assays [66] were carried out. Bacterial cells were cultured to the exponential
growth phase as outlined above. For the cytochrome ¢ binding assays, bacterial cells from
exponential growth phase cultures were collected by centrifugation, washed twice with
morpholinepropanesulfonic acid (MOPS) buffer (20 mM, pH?7.0), and resuspended in the
same buffer to an optical density at 600nm (ODgqg) of 7. The resulting cell suspension
were incubated for 10 min at RT with 0.25 mg/mL cytochrome c (Merck, Darmstadt,
Germany), the bacterial cells were subsequently removed by centrifugation, and the amount
of cytochrome ¢ that remained in the supernatant was quantitated photometrically at
530 nm using a standard curve as the reference.

3.4. Single-Cell Force Spectroscopy

Single bacterial probes were prepared according to a standard protocol [20]: Tipless
cantilevers (MLCT-O, Bruker-Nano, Santa Barbara, USA) were covered with a thin layer
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of polydopamine by polymerization of dopamine hydrochloride (99%, Sigma-Aldrich, St.
Louis, MI, USA) in TRIS buffer (pH 8.4). Afterwards, single bacterial cells were attached to
the polydopamine-coated cantilever using a micromanipulator; care was taken so that the
cells never dry out during probe preparation or force measurements. The cantilevers were
calibrated before each measurement.

Force spectroscopy measurements with single bacterial probes were conducted under
ambient conditions in phosphate buffered saline (PBS, pH7.3) using a Bioscope Catalyst
and a Nanowizard 4 (Bruker Nano GmbH, Berlin, Germany). Force-distance curves were
performed using parameter values that correspond to similar studies [16,67-69]: The ramp
size was 800 nm, the force trigger (denoting the maximal force with which the cell is pressed
onto the substrate) was 300 pN, and retraction speed was 800nm/s. The approach speed
was 800 nm/s for force-distance measurements without surface delay and 100nm/s when a
surface delay of 5s was applied. Surface delay times of a few seconds are a common choice
to study the influence of the contact time on bacterial adhesion processes [19,58,68-70].
Measurements without surface delay yield a contact time below 0.5s [16,67].

Force-distance measurements with single, viable bacterial cells were performed on ei-
ther a hydrophobic or a hydrophilic substrate. Thus, for each bacterial probe and parameter
set, at least 50 force—distance curves were recorded.

4. Conclusions

We investigated the adhesion process of S. aureus to abiotic substrata by combining
AFM-based single cell force spectroscopy with a set of isogenic knock-out mutants. As
substrates, we used a smooth silicon wafer in its natural hydrophilic oxidized state as well
as covered with a self-assembling monolayer of hydrophobic silanes. On both surfaces,
bacterial adhesion can be described by the binding of thermally fluctuating bacterial cell
wall macromolecules.

The experiments revealed that (i) the influence of bacterial cell wall macromolecules
mediating adhesion differs depending on the substrate’s hydrophobicity; (ii) on hydropho-
bic substrates, all tested knock-out mutants of S. aureus adhere about an order of magnitude
less than the wild-type; (iii) covalently bound cell wall proteins largely contribute to the
adhesion force on hydrophobic substrates but less on hydrophilic ones; (iv) on hydrophilic
substrates, adhesion forces are influenced by the number of tethering molecules and by
the cell surface charge; (v) teichoic acids seem to play a minor role for the adhesion on
hydrophilic substrates; and (vi) on the hydrophobic substrates, wall teichoic acids seem to
contribute directly and/or indirectly to the adhesion because of their hydrophobic residues.

In particular, the impact of electrostatic interactions through surface charges on hy-
drophilic substrates may be an important topic for material engineering and is of interest to
future studies. With the experiments presented, it is not possible to determine which spe-
cific proteins are relevant for adhesion to abiotic surfaces and how numerous they are. This
could be the subject of future studies using more sophisticated mutant cells, in which, for
example, only one specific cell-wall-anchored /associated protein is knocked out, combined
with qualitative simulations of the bacterial cell wall in different surface potentials.

Finally, the fundamental mechanisms of S. aureus adhesion to abiotic surfaces revealed
in this study may be transferred to other bacterial species as microbial adhesion might
generally rely on the binding of surface macromolecules. The challenge here is to design
theoretical models and simulations that include the description of a protein—protein in-
teraction of the different cell wall molecules. In addition to the characterization of the
attachment and detachment phases, this is an important step towards a comprehensive
biophysical understanding of biofilm formation.
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Appendix A. Comparison of All Cells
Appendix A.1. Comparison of All Cells Measured on Hydrophobic Surfaces

For better comparability of the S. aureus mutants among each other, all adhesion forces
of the mutant cells measured on OTS were plotted in one histogram. In addition, they were
also compared with the measurements of the wild-type from Reference [28].
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Figure Al. Overview histogram of all adhesion forces on OTS of 18 single SA113 AsrtA, 16 single
SA113 AtagO, and 17 single SA113 AdlItA cells. Additionally, the corresponding values of the SA113
wild-type population are shown in gray [28].

Appendix A.2. Comparison of All Cells Measured on Hydrophilic Surfaces

For better comparability of the S. aureus mutants among each other, all adhesion forces
of the mutant cells measured on native Si were plotted in one histogram. In addition, they
were also compared with the measurements of the wild-type from Reference [28].
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Figure A2. Overview histogram of all measured values of adhesion force of 11 single SA113 AsrtA,
15 single SA113 AtagO, and 18 single SA113 AdItA cells on hydrophilic surfaces. The corresponding
values of an SA113 wild-type population are shown in gray [28].
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Abstract — Staphylococcus aureus (S. aureus) is one of the bacterial species that most
frequently forms multilayered biofilms on implants. Such biofilms usually make a removal
of the implant necessary in order to avoid sepsis or, in the worst case, even the death
of the patient. To address the problem of unwanted biofilm formation, its first step,
i.e. bacterial adhesion, must be understood and prevented. Thus, the development of
adhesion-reducing surface coatings for implant materials is of utmost importance. In
this work, we used single-cell force spectroscopy (SCFS) to analyze the adhesion of the
biofilm-forming S. aureus strain SA113 on naive and protein-coated silicon surfaces (SiO2).
In addition to the SA113 wild type, we used the SA113 AditA knock-out mutant to
further investigate the effect of D-alanylation of lipoteichoic acids of the cell wall. In order
to examine how the surface charge affects adhesion, we coated silanized SiOs surfaces
with amphiphilic class II hydrophobins. The naturally occurring hydrophobin HFBI
was used, as well as the HFBI variant D40Q/D43N, which is less negatively charged at
physiological pH due to the exchange of two acidic aspartate residues. These two types of
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hydrophobin-coated surfaces resemble each other in roughness and wettability but differ
only in charge. By variation of the surfaces used, we show that the adhesion of S. aureus
can be influenced by the charge of this type of surfaces. Therefore, in addition to hydrogen
bonding, electrostatic interactions between the cell and the hydrophilic surface govern the
adhesion on hydrophilic surfaces. However, the patchiness of macromolecules on the cell
wall surface is crucial for the cell to form these interactions with the surface. In addition,
we found that for both HFBI coatings the adhesion strength of S. aureus is reduced by
nearly a factor of 30 compared to silanized SiO2 surfaces. Therefore, hydrophobin coatings
are of great interest for further use in the field of biomedical surface coating.
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Abstract

Staphylococcus aureus (S. aureus) is one of the bacterial species that most frequently forms
multilayered biofilms on implants. Such biofilms usually make a removal of the implant neces-
sary in order to avoid sepsis or, in the worst case, even the death of the patient. To address
the problem of unwanted biofilm formation, its first step, i.e. bacterial adhesion, must be
understood and prevented. Thus, the development of adhesion-reducing surface coatings for
implant materials is of utmost importance. In this work, we used single-cell force spectroscopy
(SCFS) to analyze the adhesion of the biofilm-forming S. aureus strain SA113 on naive and
protein-coated silicon surfaces (SiO2). In addition to the SA113 wild type, we used the SA113
AdItA knock-out mutant to further investigate the effect of D-alanylation of lipoteichoic acids
of the cell wall. In order to examine how the surface charge affects adhesion, we coated silanized
SiOg surfaces with amphiphilic class II hydrophobins. The naturally occurring hydrophobin
HFBI was used, as well as the HFBI variant D40Q/D43N, which is less negatively charged
at physiological pH due to the exchange of two acidic aspartate residues. These two types of
hydrophobin-coated surfaces resemble each other in roughness and wettability but differ only
in charge. By variation of the surfaces used, we show that the adhesion of S. aureus can be
influenced by the charge of this type of surfaces. Therefore, in addition to hydrogen bonding,
electrostatic interactions between the cell and the hydrophilic surface govern the adhesion on
hydrophilic surfaces. However, the patchiness of macromolecules on the cell wall surface is
crucial for the cell to form these interactions with the surface. In addition, we found that
for both HFBI coatings the adhesion strength of S. aureus is reduced by nearly a factor of 30
compared to silanized SiOg surfaces. Therefore, hydrophobin coatings are of great interest for
further use in the field of biomedical surface coating.

Keywords
HFBI; hydrophobins; surface coating; bacterial adhesion; single-cell force spectroscopy; Staphylo-

coccus aureus; surface charge; hydrophobicity
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Introduction

The ability of Staphylococcus aureus (S. aureus)
to form biofilms on medical devices or to in-
fect post-surgery wounds is well described ™.
S. aureus-related catheter and bloodstream in-
fections can dramatically increase patient mor-
bidity® 8, mortality®!?, and healthcare costs'!.
To address this burden, we must understand
the crucial first steps of biofilm formation'2,
including the initial adhesion. The state-
of-the-art quantitative bacterial adhesion re-
search method is based on atomic force mi-
croscopy (AFM), called single-cell force spec-
troscopy (SCFS). SCFS allows quantifying ad-
hesion forces, adhesion energies, and rupture
lengths of single bacterial cells with the sub-
strate 320,

Besides studying the adhesion forces on abiotic
and biotic surfaces, modifying or changing the
surface is an excellent method to display an-
timicrobial properties?!. Antimicrobial effects
of naturally occurring surfaces have been de-
scribed previously??; however, in medical ap-
plications, it is not always possible to change
the material of these devices, such as cathet-
ers, because they need to keep a certain flex-
ibility while inserted into the patient to not
harm them during movement. To achieve an-
timicrobial effects on such surfaces, chemical
coating or mechanical structuring is possible.
Changing the surface roughness at nanoscopic
scale step by step has proven to lower the ad-
hesion'® while, at the same time, creating rifts
in the size of bacterial cells increases the adhe-
sion?»?4, Protein coatings are an alternative to
structuring the surface for antimicrobial effects
while keeping catheters biocompatible!®. The
coating process with proteins reduces the adhe-
sion, while simultaneously changing the surface
charge or energy? 2. Both characteristics are
essential in S. aureus adhesion %30,

In this paper, we investigate the effect of
surface charge on the adhesion of S.aureus
SA113 and the general impact of coating sil-
icon with amphiphilic HFBI proteins produced
by Trichoderma reesei®'. HFBI is a class 1I
hydrophobin, creating stable interfacial protein

monolayers3233 which can be used for surface
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coatings®»?. Beside the HFBI wild type, we
use an HFBI mutant, in which two aspartic acid
amino acids are changed to glutamine and as-
paragine, to change the surface charge®. In
addition to changing the charge of the coated
surface, we were also interested in the role of
the charge of the bacterial cell wall. To study
the influence of cell surface charge, we used the
S. aureus AdltA mutant lacking D-alanylation
of lipoteichoic acids of the cell wall. This bac-
terial mutant allowed us to understand the role
of charge in cell wall-associated adhesion factors
during adhesion.

Methods

Hydrophobin surface coating Class II hy-
drophobins, HFBI and HFBI D40Q/D43N,
from the fungus Trichoderma reesei were
prepared and purified at VI'T (Espoo, Fin-
land)3”.  The charge-based HFBI mutant
HFBI D40Q/D43N was first reported by
Lienemann et al.?®. Silane-coated (octadecyl-
trichlorosilane, OTS)3® Si wafers (Siltronic AG,
Burghausen, Germany) were used as hydro-
phobic surfaces and served as the basis for the
hydrophobin coatings. The coating was done
by adding a 60pL drop of a 10mM sodium
acetate solution containing hydrophobins at a
concentration of 4 uM to one OTS surface and
placing a second OTS surface on top. The
setup was left for at least 30 min to allow the
proteins to adsorb on the OTS surface. The
entire setup was next placed in deionized water
to remove non-adsorbed proteins. The surfaces
were then dipped several times into deionized
water to remove any protein aggregates on
top of the monolayer film. Protein films were
imaged using an atomic force microscope (Fast-
Scan Icon, Bruker, Santa Barbara, CA, USA)
to verify complete protein coverage. Only the
fully covered surfaces were afterwards used for
bacterial adhesion measurements. An optical
contact angle meter (OCA25, DataPhysics In-
struments GmbH, Filderstadt, Germany) with
a direct dosing system (ESr-M) was used to de-
termine the water contact angle (WCA). Eval-
uation was performed with SCA20 dataphysics



software.

Bacterial strains and growth conditions
To study bacterial adhesion, the biofilm-
positive  Staphylococcus aureus laboratory
strain SA113 was utilized alongside the SA113
AdltA mutant® | which was already used in a
previous study!. Both strains were obtained
from A. Peschel (University of Tiibingen, Ger-
many) 3940,

The strains were grown on tryptic soy agar
(TSA) plates with 5% sheep blood (Becton
Dickinson [BD], Heidelberg, Germany) and
subsequently cultured in Tryptic Soy Broth
(TSB, BD) in Erlenmeyer flasks at 37°C and
shaken at 150rpm using a culture to flask
volume of 1:10. The liquid cultures were in-
oculated the day before the experiment and
incubated for 16 h. The next day, the overnight
culture was diluted a hundredfold to inoculate
a new liquid culture, which was then grown for
2.5h at 37°C and 150rpm to obtain exponen-
tial growth phase cells. 1ml of these cells was
centrifuged for 3 min at 17,000xg and were
washed twice with phosphate-buffered saline
(PBS, pH7.4) to remove debris and extracellu-
lar material. Bacteria were then diluted 1:10
in PBS to prepare for single-cell force spectro-
scopy (SCFS).

Bacteria used for protein extraction were taken
from the overnight culture and the bacterial
cell number of the solution was adjusted to
an optical density of 0.05 at 600 nm and sub-
sequently multiplied again for 2.5h at 37°C
while shaken at 225 RPM to obtain exponential
growth phase cells.

Bacterial probes Tipless cantilevers
(MLCT-010-D, Bruker-Nano, Santa Barbara,
USA) were covered with a thin layer of polydo-
pamine by polymerization of dopamine hydro-
chloride (99 %, Sigma-Aldrich, St. Louis, MI,
USA) in Tris buffer (pH8.4). The cantilevers
were dipped into the polydopamine solution for
one hour before washed three times with water
and dried under a flow bench. Next, a single
bacterium was attached to a polydopamine-
coated tipless AFM cantilever via a microma-
nipulator (Narishige Group, Tokyo, Japan).

The preparation of the cantilevers and the im-
mobilization of single bacterial cells were pre-
viously described by Thewes et al.'?. Care
was taken to ensure that the cells never dried
out during probe preparation or force measure-
ments. The cantilevers were calibrated before
each measurement using the Sader method*!.

Single-cell force spectroscopy (SCFS)
All force spectroscopy measurements with
single bacterial probes were conducted under
ambient conditions in PBS using a Nanowiz-
ard 4 (Bruker Nano GmbH, Berlin, Germany).
Force—distance curves were performed using
parameter values similar to a previous study
by Spengler et al.'®. The ramp size was set to
800nm, the force trigger (denoting the max-
imal force with which the cell is pressed onto
the substrate) was 300 pN, and the retraction
speed was 800nm/s with a surface delay of
5s. This time delay was chosen, considering
prior studies showing a correlation between
cell adhesion strength and cell-surface contact
time30:42-46

Force—distance measurements with single, vi-
able bacterial cells were performed on either an
HFBI- or an HFBI-D40Q/D43N-coated sub-
strate. Thus, 64 force-distance curves were re-
corded for each bacterial probe and substrate in
a 10pm by 10pm grid. Force-distance curves
were analyzed by JPKSPM Data Processing
software, Version 7.0.128. An adhesion curve
was defined as a nonadhesion event at adhe-
sion forces below 40pN, as this could not be
distinguished from the noise of the baseline.

Extraction of S. aureus proteins S. aureus
SA113 and SA113 AdItA cells were grown as
described above. After 2.5h, the cells were
harvested, and approximately 10ml was cent-
rifuged for 1 min at 10000 xg. The supernatant
was discarded, and the pellet was resuspended
in 160 pl PBS. 4 pg of lysostaphin, DNAse, and
RNAse was added to the sample, respectively
and incubated at 37°C while lightly shaking
until the solution was clear. The sample was
centrifuged for 20 min at 10000xg to separate
the cytosolic and the cell wall fragment frac-
tions. The supernatant was collected in a new
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reaction tube, and the pellet was resuspended
in 200 ul of PBS.

The bicinchoninic acid protein assay was used
to determine the protein concentration of the
cytosolic fraction. For the SDS-PAGE, 10 ng of
cytosolic fraction or the corresponding volume
for the cell wall fraction was loaded and seper-
ated for about 3h at 25mA and 80V in a 5%
stacking and 10 % separation polyacrylamide
gel. Seperated protein bands were visualized
by coomassie staining.

Results and Discussion

Characterization of HFBI wild
type and HFBI D40Q/D43N coat-
ings

To investigate the effect of surface charge
on S. aureus adhesion, OTS-covered SiOy sur-
faces were used, which in turn were coated
with wild-type HFBI and HFBI D40Q/D43N.
Due to the coating, the wettability of the
HFBI (WCA: 3446°) and HFBI D40Q/D43N
(WCA: 39£4°) surfaces are greatly reduced
compared to the OTS surface (WCA: 111+2°),
yet have a higher water contact angle than
the uncoated SiOy (WCA: 5+2°) surface (see
Table 1, WCA). A slightly increased rough-
ness is measured on the HFBI- and HFBI-
D40Q/D43N-coated surfaces (0.3-0.4 nm), nev-
ertheless the samples have a root-mean-square
roughness (RMSR) well below 1nm (see Table
1, RMSR). The OTS is homogeneously covered
by the hydrophobin coating and shows no struc-
tural differences between the HFBI and HFBI
D40Q/D43N coatings in the range of bacterial
size (see Fig. 1), so no major impact on bac-
terial adhesion due to the roughness is expec-
ted!®. However, as published in Lienemann
et al.?, HFBI and HFBI D40Q/D43N have a
crucial difference: The isoelectric point (IEP)
is shifted (see Table 1, IEP). While the iso-
electric point of HFBI is at pH 6.1, the iso-
electric point of HFBI D40Q/D43N is at pH
7.0. Therefore, coating OTS with HFBI and
HFBI D40Q/D43N, provides surfaces with sim-
ilar wettability, roughness and chemistry, but

194

differences in charge.

a) e fBL D)

Figure 1: Images were captured using the off-
resonance tapping mode PeakForce Tapping®)
(Bruker). AFM images (1pm?2, 512x512 pixel)
of HFBI (a) and HFBI D40Q/D43N (b) coat-

ings.

Comparing the adhesion on bare
Si0O, to OTS- and HFBI-coated
surfaces

It has already been reported that the adhesion
of S.aureus to implant material is influenced
by protein surface coatings!'®4%50. First meas-
urements of bacteria on hydrophobin-coated
surfaces have shown reduced bacterial adhe-
sion®12 effects on the adsorption of a second
layer of proteins on the hydrophobin coating
have also been reported®$:5354, It has been sug-
gested that electrostatic interactions may play
a key role in this adsorption®. To evaluate the
detailed effect of HFBI coatings on S. aureus
adhesion, adhesion was compared on silicon, on
silane-coated silicon (OTS) and on hydrophobin
HFBI-coated OTS surfaces. Adhesion measure-
ments on SiO, and OTS have already been de-
scribed in detail in Maikranz et al.3°.

On hydrophobic OTS surfaces, S. aureus cells
exhibited by far the highest adhesion with a
median adhesion force of 224+13nN. In con-
trast, the adhesion force on hydrophilic SiO,
and HFBI surfaces was in the pN to lower nN
range (Fig. 2). By comparing the median ad-
hesion forces on these two hydrophilic surfaces,
however, a clear difference became apparent.
While the median adhesion force on SiOy sur-
faces was still in the nN range (1.0£0.3nN), the



Table 1: Surface properties (water contact angle, root-mean-square roughness) of HFBI coatings

on OTS in comparison to bare SiO; and OTS-covered SiQy384748,

The isoelectric points (IEP)

for HFBI and HFBI D40Q/D43N proteins in solution are taken from Lienemann et al.3%, with the
experimentally measured value and the theoretically determined value given in brackets.

Upper layer WCA /° | RMSR / nm IEP
Bare SiO, 524 | 0.14+0.02% < 2%
OTS 1114+2% | 0.17+£0.02% | =~ 3.0%7
HFBI 3446 0.334+0.04 | 6.1 (5.7)%
HFBI D40Q/D43N 39+4 0.38+0.07 | 7.0 (8.2)3°
median adhesion force on HFBI surfaces was 100 ]
strongly reduced to 80440 pN.
The increased adhesion on the OTS surfaces =
can be explained by the wettability of the sur- £ 10} 3
face (see Table 1, WCA). The shift in adhesion 3
force of S. aureus on OTS (WCA: 11142°) and e _
SiOy (WCA: 542°) surfaces was described in &
previous studies'®3%% and could be explained § o
by the number and strength of tethering mac- g
romolecules to the surface®. While many mac-
romolecules can adhere weakly to the hydro- 0.01F
phobic surfaces, only a few strong binding mac- oTS I Siloz | T

romolecules can attach to the hydrophilic sur-
faces. Therefore, the difference between ad-
hesion on the OTS- and HFBI-coated surfaces
(WCA: 34£6°) can also be described by the ef-
fect of surface wettability. However, when com-
paring the adhesion on HFBIl-coated surfaces
with the adhesion on SiO, surfaces, it becomes
clear that the wettability of the surfaces cannot
explain the differences, as the measured water
contact angle is higher on HFBl-coated surfaces
(see Table 1, WCA). A possible explanation
for the reduced adhesion on HFBIl-coated sur-
faces compared to SiOj is the diminished sur-
face area for the formation of hydrogen bonds.
Coating the surface with HFBI protein creates
a more chemically heterogeneous surface that
may reduce the binding ability of bacterial mac-
romolecules.

Figure 2: Min-to-max box plots of the adhe-
sion force of S.aureus on OTS, Si0,%° and
HFBI surfaces. Displaying the median ad-
hesion force on these three different surfaces
(OTS: 22£13nN, SiOy: 1.0£0.3nN and HFBI:
80+£40pN). The border color of the box plots
describes the hydrophobicity of the surface (red:
hydrophobic, blue: hydrophilic).

Influence of the surface charge on
the adhesion of S. aureus

To study the effect of the electrostatic inter-
actions on the adhesion of S.aureus, SCFS
measurements with immobilized cells on HFBI-
coated surfaces were performed. In addition
to HFBI, the HFBI variant D40Q/D43N with
altered surface charge was employed (Table 1,
IEP)%. Additional to S. aureus SA113, SA113
AdltA was used. The AdltA mutant lacks the
gene dltA encoding the D-alanine-D-alanyl car-
rier protein ligase. This gene catalyzes the first
step in the D-alanylation of lipoteichoic acids
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(LTAs). Consequently, this mutant’s wall- and
lipoteichoic acids lack D-alanine, resulting in
an increased negative surface charge of the cell
wall 1656,

SCFS data recorded with SA113 cells on a
HFBI-D40Q)/D43N-coated surface were ana-
lysed by normalising to the force of the same
cell determined on a HFBI-coated surface (Fig.
3a). An increase in the mean adhesion force
of SA113 on the HFBI D40Q/D43N surfaces
is evident when compared to the more negat-
ively charged HFBI surfaces (lower IEP). On
average, there is a doubling of the adhesion
force per bacterium on the HFBI D40Q/D43N
surface, with the adhesion force of individual
cells ranging from 50 to 330%. Notably, in
this series of experiments, 7 out of 9 SA113
cells tested displayed an increased adhesion to
the HFBI D40Q/D43N surface. By displaying
all measured adhesion values in a single histo-
gram an increased probability for non-adhesion
events on the HFBI surface becomes apparent.
While the probability for non-adhesion on the
HFBI D40Q/D43N surface is still about 10 %,
it increases to about 40% on the HFBI sur-
face. After removing these non-adhesion events
from the relative occurrence of the histogram, a
slight shift in the adhesion force to higher values
for the adhesion on HFBI D40Q/D43N com-
pared to adhesion on HFBI is also evident.

Performing the same series of measurements
with SA113 AditA cells on HFBI and HFB
D40Q/D43N led to an overall decrease in adhe-
sion compared to SA113 (Fig. 3d), as already
observed on SiO, surfaces in an earlier study 6.
Also unlike SA113, the majority of cells of
the AdltA mutant displayed reduced adhesion
forces on the HFBI-D40Q)/D43N-covered sur-
face (5 out of 9) when compared to HFBI-
covered surfaces (Fig. 3c). However, the
normalization of the adhesion forces did not
show a clear trend between the adhesion force
on HFBI and HFBI D40Q/D43N, with a nor-
malized mean for the adhesion force on HFBI
D40Q/D43N of 1.1 compared to the adhesion
force on HFBI (Fig. 3c). The histogram of
all adhesion forces measured with the SA113
mutant AdltA supports the statement of low
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impact of the surface to the adhesion of SA113
AdItA. Non-adhesion measurements are in the
same order of magnitude (30-35%) on both
HFBI surfaces. A minimal shift of the measur-
able adhesion forces to higher values was seen
on the HFBI D40Q/D43N surfaces, but mar-
ginal (Fig. 3d). The adhesion of all SA113
AdItA cells measured showed no significant dif-
ference in adhesion forces between the two sur-
faces tested (p = 0.66, unpaired t-test).

The measurements with SA113 clearly showed
that electrostatic interactions play a role in the
adhesion of S. aureus to hydrophilic surfaces.
Thus, the charge of the surface can change the
bacterial adhesion strength. Also, adhesion on
HFBI surfaces is generally low and it is the
high frequency of non-adhesion events that is
of greater interest.

In contrast, the adhesion results of SA113
AdItA are not as easy to interpret. The
decreased adhesion strength compared to the
SA113 confirms the statement that the adhe-
sion of this mutant is decisively influenced. The
assumption that this is due to the higher sur-
face charge of the bacterial cell cannot be con-
firmed unambiguously, since an increased effect
of the charge of the adherent surface was ab-
sent. However, it could be possible that no
effect on the adhesion is visible because of a
already minimized adhesion. To understand the
exact effects of such knock-out mutants, more
detailed investigations of the indirect changes
of the macromolecules in the cell wall are indis-
pensable.

Protein extraction

Given the impact of DItA on autolysin activ-
ity®”, and the recent observations that D-
alanylation of teichoic acids is important for
the distribution of protein A on the cell sur-
face of S. aureus®®, we wondered whether and
how deletion of ditA might alter the cell wall
composition. To get a first idea about this, we
next determined the cell wall protein content
by SDS-PAGE and coomassie staining. Figure
S1 shows the coomassi stained SDS-PAGE gel
of a single protein extraction experiment as an
example. The extraction was performed three
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Figure 3: Adhesion forces of 9 S. aureus SA113 (a,b) and SA113 AdltA (c,d) cells on hydrophobin
surfaces with different IEPs. (a,c) Mean adhesion forces of single S. aureus cells normalized to
the adhesion value of each cell on the HFBI surfaces (HFBI: green line, HFBI D40Q)/D43N: orange
measurement points). Error bars depict the standard error of the mean. For better visualization, the
measurements are sorted after increasing normalized adhesion force of the cell on HFBI D40Q/D43N
surfaces. (b,d) Histograms of all adhesion force values measured for S. aureus cells. Display also
the non-adhesion events (adhesion force < 40pN) excluded from the main histogram.
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times on different days to ensure authentic bio-
logical replica.

All the extractions have shown three prominent
differences between SA113 and SA113 AdItA,
as seen in Figure 4. One band of about 70kDa
is found in higher quantities in the cell wall
extracts of SA113 cells. In contrast, SA113
AdItA has a more prominent band at 40kDa
and 34 kDa, respectively.

A screening of available literature suggested
that the protein with a mass around 40kDa
could be either the iron-regulated surface de-
terminant protein A (IsdA, aka. FrpA, Seg7,
StbA)®, the extracellular matrix and plasma
binding protein Emp, or the cell wall hydro-
lyase LytN. All three proteins are found in
the secretome of S. aureus®, display theoret-
ical IEP values >10% and are associated with
the cell envelope. The 70 kDa protein band
identified in larger quantities in SA113 cell wall
extracts might be IsdB, which displays an elec-
tronegative surface in the concave dumb-bell
structure formed by its NEAT1-NEAT2 do-
mains®. Lastly, the protein more expressed in
the AdltA mutant at 34 kDa could be autolysin
Slel, a putative N-acetylmuramoyl-L-alanine
amidase with a theoretical TEP of 9.9. It is
important to note that the identifications made
are purely speculative and based on a literat-
ure search. To ensure accurate identification of
these proteins, further experimental work such
as mass-spectrometry analysis must be conduc-
ted. Still nonetheless, all alterations in the com-
position of cell wall proteins displayed by the
AdItA mutant have been highly reproducible.
Previous work has shown that the lack of DItA
leads to a lower autolysin activity%% because
the highly charged teichoic acids are involved
in the control of Atl activity. Atl is a ma-
jor cell wall hydrolase in S. aureus and there-
fore an autolysin®. This reduced autolysin
activity results in a different composition of
the cell wall>™%% and most likely influences the
patchiness of the distribution of the cell wall-
associated proteins®”. These patches of adhes-
ins are vital for strong adhesion, as shown by
Spengler et al. using an SCFS approach com-
bined with simulations'”. It is feasable that
the absence of LTA D-alanylation leads to a
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reduction in cell wall adhesins that are, how-
ever, more evenly distributed on the bacterial
cell surface, which would be in line with our
observations that the AditA mutant displayed
lower adhesion forces on the probed substrates
(due to the reduced number of adhesins) and
at the same time a smaller diversity in the ad-
hesion forces recorded for each individual cell
(due to a more even distribution of adhesins).
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Figure 4: Comparison of all cell wall fractions of
SA113 and SA113 AdIitA. The same amount of
protein was loaded for each lane using the cor-
responding volumes of the cytosolic fractions.
Around 70kDa, 40kDa, and 34kDa a differ-
ence between SA113 and SA113 AdItA can be
seen.

Conclusions

Our first SCFS measurements of bacterial adhe-
sion on HFBI-coated surfaces show a significant
reduction compared to naive silicon surfaces.
The coating of hydrophobic surfaces with HFBI
therefore provides a good alternative to already
known protein coatings to reduce bacterial ad-
hesion. Adhesion is greatly reduced even com-
pared to hydrophilic surfaces, allowing a dis-
cussion of the forces involved. Thus, the adhe-
sion to surfaces is determined by their wettab-
ility, their ability to form hydrogen bonds, and



their electrostatic interactions with the macro-
molecules of the bacterial cell wall. For the
adhesion of S. aureus on hydrophilic HFBI sur-
faces, the electrostatic interactions are the dom-
inant part. However, the composition of the
cell wall macromolecules and their arrangement
on the bacterial cell wall can shift the order of
relevant binding forces. Therefore, the influ-
ence of HFBI surface charge on the adhesion
of the S.aureus AdlItA mutant is greatly re-
duced and the AdItA mutant exhibits gener-
ally decreased adhesion. The lowered autolysin
actvity in AdltA cells and the resulting change
in adhesion molecules distribution of the cell
wall might explain this behaviour. Therefore
the distribution of adhesins in patches seems to
be advantageous enabling the cell to adhere ef-
fectively to a surface.

In continuing research, it would be of great bio-
medical interest to further develop the hydro-
phobin coatings into antibacterial coatings. Hy-
drophobin fusion proteins, which are designed
to have an antibacterial effect, could not only
prevent adhesion but also kill the adherent bac-
terial cells. Hydrophobin fusion proteins could
already be produced with enzymatic activity
and surfaces could be coated® .  Also, a
deeper understanding of the patchiness of bac-
terial cell wall macromolecules and the influ-
ence of this patchiness on the relevant adhe-
sion forces is important for the understanding
of bacterial adhesion.
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Supporting Information

The protein content of the cell wall and cytosol of SA113 and SA113 AdltA cells was extracted as
described in " Eztraction of S.aureus proteins". The protein concentration of the cytosolic fraction
was determined using the bicinchoninic acid protein assay. A single SDS-PAGE experiment is
shown in Fig. S1, where 10 pg of cytosolic fraction or the corresponding volume for the cell wall
fraction was loaded and separated for about 3h at 25 mA and 80 Vin a 5 % stacking and 10 %
separation polyacrylamide gel.

SA113 SA113 AdItA SA113 SA113 AditA
kDa Ruler cell wall cell wall cytosol cytosol
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Figure S1: SDS-PAGE of the cell wall and cytosloic fraction of S. aureus SA113 and SA113 AdItA.
10 g of each cytosolic fraction was loaded onto the gel, and the corresponding volume for the
cell wall fraction was used to load proportional amounts of proteins. Around 70kDa, 40 kDa and
34 kDa, a difference between the cell wall of the wild type and the mutant can be seen.
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