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Kurzzusammenfassung

Ein grundlegendes Verstandnis der Adhdsion von Bakterien an abiotischen Substratoberflichen ist
von grolter Bedeutung fiir medizinische Belange. Kraftmessungen mit Rasterkraftmikroskopen und
Bakteriensonden stellen den modernsten Stand quantitativer Erforschung bakterieller Adhasion dar.
In dieser Arbeit wurde eine einfache und reproduzierbare Methode entwickelt, um Bakterienson-
den mit einzelnen Zellen herzustellen. Mit diesen Sonden wurden daraufhin Adhdsionsmechanismen
von Bakterien an abiotischen Substratoberflachen untersucht. Um die molekularen Mechanismen
der Bakterienadhision besser zu verstehen, wurden zudem Monte Carlo Simulationen durchgefiihrt.
Dadurch konnten grundlegende Haftungsmechanismen bestimmt werden: Die Adhision von Bakte-
rien beruht auf der Bindung von Zellwandpolymeren, wobei die Starke der Haftung eines Bakteriums
durch die Eigenschaften und die Anzahl der an eine Oberfliche bindenden Polymere bestimmt wird.
Zum Beispiel wird die Adhdsion von Bakterien auf hydrophoben Substraten durch thermisch fluktu-
ierende Zellwandproteine hervorgerufen, die in groler Zahl an die Oberfliche binden. Im Gegensatz
dazu ist die Adhdsion von Bakterien auf hydrophilen Substraten wesentlich schwéacher, aufgrund
einer geringeren Anzahl bindender Polymere. Die stark unterschiedliche Adhasionskraft von Bakte-
rien auf hydrophoben und hydrophilen Oberflachen war die Grundlage der Entwicklung einer neuen
Technik zur Messung der Kontaktflache zwischen Bakterien und Oberflachen.
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Abstract

A profound understanding of bacterial adhesion on abiotic substrates is of great importance for
health care concerns. Force measurements with an atomic force microscope (AFM) and bacterial
probes are the state-of-the art method in quantitative bacterial adhesion research. In this thesis, a
simple and reproducible method to produce single bacterial probes was developed and, subsequently,
used to investigate bacterial adhesion mechanisms on abiotic surfaces. To deepen the understanding
of the molecular mechanisms of bacterial adhesion, Monte Carlo simulations were paired with AFM
experiments. By using highly controlled substrates, fundamental mechanisms of bacterial adhesion
are revealed: Bacterial adhesion relies on the binding of bacterial surface polymers, and the nature
and the amount of bound polymers finally determine the strength of adhesion. On hydrophobic
substrates, for instance, bacterial adhesion relies on fast binding of a large number of thermally
fluctuating surface proteins. In contrast, on hydrophilic substrates, bacterial adhesion is weak
due to a small amount of attaching surface polymers. Thus, the individual adhesion properties
of a bacterial cell rely on the interplay of the surface polymers of a cell with a substrate in close
proximity. Furthermore, the difference of bacterial adhesion strength to hydrophilic and hydrophobic
substrates was utilized to develop a new technique to determine the contact area between a single
bacterial cell and surface.
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1 Introduction

The growth of bacterial biofilms is an important issue for health care, industrial and environ-
mental concerns [Cos1987,Cos1999,Shi2009a]. The adhesion of bacteria is a crucial step during
the formation of biofilms [Hal2004, Kat2004]. Therefore, a comprehensive understanding of the
bacterial adhesion process is of elementary importance. In general, the adhesion of bacteria is
a highly complex process [Bos1999,[Dun2002|. Hence, a simplified system is essential to study
the basic mechanisms and interactions governing bacterial adhesion. Considering the effort
that is necessary to decrease the complexity of bacterial cells, decreasing the complexity of the
corresponding surfaces is a reasonable step. In a bottom-up approach, the knowledge gained
in the simplified system may then be applied to more complex i.e. more realistic biological
adhesion scenarios.

In this thesis, the adhesion of a non-pathogenic and a pathogenic staphyloccocal species on
highly controlled surfaces is investigated using AFM force spectroscopy with bacterial probes.
In addition, a theoretical model of the bacterial adhesion process is analyzed using a Monte
Carlo algorithm. By combining the experimental and computational approach, fundamental
mechanisms governing bacterial adhesion are revealed.






2 Overview and Connectivity

This thesis enfolds four publications published in peer-reviewed journals and additional, yet
unpublished manuscripts. The common issue of the presented research is the study of the
bacterial adhesion process using bacterial probes in atomic force spectroscopy: Bacterial cell
force spectroscopy.

In the publication of [Thewes et al. in Fur. Phys. J. E 2015 (Addendum I)|the bacterial
cell force spectroscopy method as well as related problems are described. The study provides
the experimental know-how for the later publications by i) detailing the production of bacterial
probes, ii) teaching the realization of force spectroscopy experiments with bacterial probes and
iii) explaining the way to analyze force/distance curves.

The influence of van der Waals interactions and the hydrophobic interaction on bacterial ad-
hesion is studied in the publication of |[Loskill et al. in Langmuir 2012 (Addendum II)
and in the publication of [Thewes et al. in Beilstein J. Nanotechnol. 2014 (Addendum
using apathogenic Staphylococcus carnosus. For the first time, the study in the publica-
tion of [Thewes et al. in Beilstein J. Nanotechnol. 2014 (Addendum III)| describes a
long-ranging attraction between a bacterial cell and a hydrophobic substrate upon approach of
the bacterium to the substrate. This previously unknown, long-ranging attraction is studied in
detail in the publication of[Thewes et al. in Soft Matter 2015 (Addendum IV)| Besides the
experimental approach, simulated force/distance curves that base on a simple model describing
bacterial adhesion are introduced in this study.

The fundamental mechanisms that govern the adhesion process of Staphylococcus aureus on
hydrophilic and hydrophobic substrates are investigated as described in the manuscript
. Thereby, genetically modified bacterial cells as well as simulated force/distance
curves are applied. Finally, in the manuscript fln Addendum VI an AFM-based method is pre-
sented that enables for the measurement of the contact radius of cocci bacteria by performing
force/distance measurements on tailored substrates that feature a sharp transition between a
hydrophilic and a hydrophobic surface section.

The thesis is grouped in five chapters:

e The chapter Theoretical and Biological Background introduces the most important bio-
logical and theoretical aspects of the thesis.

e The chapter State of the Art is a review of previous bacterial adhesion studies with a
strong focus on the use of bacterial probes in AFM force spectroscopy.

e The Material and Methods chapter describes the substrates and basic techniques used
in the thesis at hand. The production of bacterial probes as well as the evaluation of
force/distance curves is presented as a shortcut of an attached publication.



2 Overview and Connectivity

e The Bacterial Adhesion to abiotic Surfaces chapter presents the results of the thesis as a
brief summary of the attached published and unpublished results.

e The chapter Summary and Outlook completes the thesis with a recapitulation of the
presented work and an illustration of its significance for ongoing and future research
projects.



3 Theoretical and Biological Background

3.1 Bacteria

This section introduces the biology of bacterial cells in short. Detailed information about
bacteria can be found in numerous text books, e.g. see [Mad1997].

Besides eukaryotes and archaea, bacteria form one out of three domains, the life on earth is
classified into. Bacteria are single-celled organisms that do not have a cell nucleus or any
other organelles. Their genome is located at a certain region in the cytoplasm, the nucleoid.
Throughout evolution, an impressive diversity of bacteria developed. The detailed classification
of different bacterial cells relies, nowadays, on molecular biological analysis [Woe1990, Wan2007,
Col2009]. However, classic phenotypic methods, like the Gram method, do still have significant
relevance |Gral884,Van1996,Bev2001]: The Gram method classifies bacteria into gram-positive
and gram-negative, according to their response to a specific way of staining (‘Gram staining’)
|Gral884]. The two different colors that appear by a Gram staining, are a result of the two
different cell wall structures that bacteria exhibit, see fig.

The cell wall of gram-negative bacteria consists of a thin layer of peptidoglycan (PG) followed
by an outer membrane. The outer membrane is a phospholipid double layer with embedded pro-
teins and augmented by lipopolysaccharides (LPS). The exact composition of the LPS is strain
specific [Mil2005], the fundamental structure, however, is always the same: The lipopolysac-
charides share their lipid-group, the lipid A, with the phospholipid double layer. The lipid A
is linked to the core-polysaccharide followed by the O-antigen (a second polysaccharide com-
plex). The LPS may be linked to proteins forming a complex outermost lipo-protein layer on
gram-negative bacteria.

In contrast, the cell wall of gram-positive bacteria does not have an outer membrane but ex-
hibits a much thicker PG layer as compared to gram-negative cells. Numerous proteinaceous
and non-proteinaceous macromolecules are linked covalently or non-covalently to the PG layer
of gram-positive bacteria, fulfilling various tasks, such as transport of nutrients or adhesion to
(cell) surfaces (adhesins) [Lin2011).

Additionally, gram-negative as well as gram-positive bacteria may express large, usually pro-
teinaceous, surface organelles (e.g. pili or fimbriae) that promote adhesion or provide the cell
the ability to move actively.

In this thesis, bacterial adhesion is investigated using two gram-positive bacterial species,
Staphylococcus carnosus and Staphylococcus aureus. While S. carnosus is a non-pathogenic
bacterium used in meat production [Sch1982|, S. aureus is an opportunistic pathogen associ-
ated with potentially lethal infections [Low1998|. A large number of surface adhesins linked
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Figure 3.1: Sketch illustrating the cell wall of (A) gram-positive and (B) gram-negative bacteria.

Adapted, with permission, from |Los2012a]

to the cell wall of S. aureus can be found in literature [Hei2011|. These macromolecules are
categorized into three major groups according to their properties [Hei2011|:

e The covalently-linked proteins belong to the MSCRAMM (microbial surface compo-
nents recognizing adhesive matrix molecules) protein family . At least 20 S.
aureus genes are known to encode covalently bound surface adhesins, for example the
Fibronectin-Binding Proteins A and B (FnBPA and FnBPB) that establish binding to
the human extracelluar matrix component fibronectin [Sig1989,J6n1991|.

e The Non-covalently-linked proteins are bound to the bacterial surface by ionic or
hydrophobic interactions (e.g. the autolysin Atl) [Cla2006,Hir2010| or get secreted into
the environment to bind back to the bacterium (e.g. the extracellular adherence protein

Eap) |Cha2005].

e Non-proteinaceous adhesins like the positively charged polysaccharide intercellular
adhesin (PIA) that is presumably associated with biofilm formation. As well as the
highly negatively charged teichoic acids that are covalently linked to the bacterial cell
membrane (lipoteichoic acids) or cell wall (wall teichoic acids) and cause the overall cell

charge |G6t2002].

The expression of surface macromolecules depends, in a nontrivial manner, on the growth
medium and the bacterial growth phase [P6h2000, Koh2005,Bec2009, Han2011|. In the case
of S. aureus, for instance, the MSCRAMM proteins are predominantly expressed in the expo-
nential growth phase, while the expression of secreted proteins increases in stationary phase
[Che2004,[Dre2011]. In this thesis, bacteria in stationary and exponential growth phase are
used for adhesion studies.




3.2 Relevant forces

Taken as a whole, the bacterial adhesion process is anything but well understood as the range of
functions of most bacterial surface adhesins is still largely unknown and as fundamental mech-
anisms of bacterial adhesion are subject to ongoing research [Lin2011,/Agu2015blDuf2015|.

3.2 Relevant forces

3.2.1 Surface forces

There are some standard references concerning the theory of surface forces that have slightly
differing thematic priorities |[Lec2001},[VanOss2006L[Isr2011]. This section provides a brief intro-
duction into the field of surface interactions. Thereby, considering the biological background
of this thesis, the focus is on the nature of forces in aqueous media.

Steric repulsion

Atoms consist of a core of protons and neutrons as well as an electron shell. Bringing two atoms
into close proximity, causes a strong repulsive force, called steric repulsion, due to overlapping
electron clouds. This repulsion is of quantum mechanical nature and no general equation
describing the distance dependency is established. Rather, different empirical equation exist,
that incorporate a massive rise in force upon very short distances. An often used potential is
the hard sphere potential (eq. featuring zero force for distances r above a certain threshold
o, reflecting the hard sphere diameter, and infinite repulsion below.

Oifr>o o\
wsteric(r) = ~ (*) with n — oo (31)
xifr<o

Another frequently used potential assumes a power-law behavior with an exponent n between
9 and 16 (see eq. [3.2). The power-law potential applies as the repulsive part of the common
Lennard-Jones pair potential wr,j(r), thereby o denotes the distance where wr,;(r) = 0.

Weterie(1) = (%)” with n € [9, 16] (3.2)

Another force, also called steric repulsion, arises between approaching, polymer covered, sur-
faces. This force is a consequence of the increasing confinement of the polymers and the
consequently decreasing available polymer configurations (see entropic forces in . The-
ories describing steric polymer repulsion are complicated and depend on different parame-
ters like the nature of the surrounding medium (solvent) |[Hes1971a,|Hes1971b,Vril976, De-
Genl987, Rut1997]. Some approaches present different regimes of exponentially increasing
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forces upon approach of two polymer covered surfaces |[Dol1974, DeGen1987,Li2007,[Isr2011].
Steric polymer interactions may play a role in bacterial adhesion processes, as the surfaces of
bacterial cells are covered by a variety of bio-polymers, see section [3.1]

Van der Waals forces

Van der Waals (vdW) forces sum up three related forces arising from the interaction between
i) two permanent dipoles (Keesom interaction), ii) a permanent dipole and an induced dipole
(Debye interaction) as well as iii) fluctuating dipoles (London or Dispersion interaction). For
point-like objects (atomes or molecules), all three forces decrease proportional to %6, with
distance r between the dipols (see eq. [3.3)). A generalized approach to vdW forces between
molecules, describing all three forces in one theory, was introduced by McLachlan [McL1963c,
McL1963a, McL1963b, McL.1964]:

C’vdW
r6

1
wvdW(T) = _(Ckeesom + Cdebye + Clondon) ) 7’76 = - (3.3)

Although vdW forces are weak and of short range on a molecular level, their ever-present
action generates strong, long-ranging forces on macroscopic scales. Two distinct approaches
calculating vdW forces between macroscopic bodies exist:

e The Hamaker approach assumes vdW forces to be additive [Ham1937|. Consequently,
vdW forces between two bodies calculate by simply summarizing the forces between all
atoms or molecules of the two bodies. The problem of this approach is that the assumption
of pairwise additivity is not correct [Isr2011].

e To overcome the shortcomings of the Hamaker ansatz, Lifshitz introduced a vdW force
theory that incorporates macroscopic properties of interacting bodies |Lif1956]. That is,
the dielectric functions and the refractive indices.

The medium that surrounds two bodies has major influence on their vdW interactions. This
is obvious by imaging that the omnipresent vdW forces act between two interacting bodies, as
well as between the bodies and the surrounding medium.

Finally, vdW forces between macroscopic bodies are characterized by equations that depend
on the geometries of the interacting bodies and the so called Hamaker constant. The Hamaker
constant incorporates the chemical and physical nature of the interacting bodies and the sur-
rounding medium. For example, the force between a sphere of material 1 and radius R and a
flat surface of material 2 in a medium 3 is given by eq.

Aiz2R

deW(T) = 6r2 (34)

where A139 is the Hamaker constant for material 1 interacting with material 2 through material



3.2 Relevant forces

3. Lifshitz and Hamaker approach result in the same equations for vdW forces between bodies,
the only difference is related to the calculation of the Hamaker constants [Isr2011].

Using a simplified approach based on the Lifshitz theory, the Hamaker constant Ajss can be
written as |Isr2011]:

3 €1 — €3 €9 — €3
A0 ==k T
132 4 b (61 +63> <€2+63>
3hv, (nf —n3)(n3 —n3)
8v/2 (n +n3)!/2(ng +ng)1/2[(n} +n3)'/2 + (n3 + n3)1/?]

With the respective dielectric permittivities € and refractive indices n, the absolute temperature
T, the Boltzmann constant k;. In addition to it, A is the planck constant and v, is the main
electronic adsorption frequency that is assumed to be equal for all three media. The first
summand incorporates the Keesom and Debye contributions, the second includes the dispersion
interaction.

Van der Waals forces do exhibit some remarkable properties, see eq. and [Isr2011):

e VAW forces in vacuum are always attractive (e3 = ng = 1).

e VAW forces between two chemically identical objects (Hamaker constant Aj3;) are always
attractive, independently of the surrounding medium (e = €2 and ny = na).

e There are combinations of materials and surrounding mediums that cause repulsive vdW
forces (Aise negative). Repulsion occurs if attraction between one body and the sur-
rounding medium is stronger than the attraction between two bodies.

e The distance dependency of vdW forces changes for large distances (above roughly 10 nm)
due to the finite propagation speed of electromagnetic fields. This effect of retardation
causes an increasing decay of vdW forces for large distances.

e Chemically heterogeneous bodies (e.g. biological objects) require the calculation of effec-
tive Hamaker constants. Different approaches exist, see [[sr1972, Par1973,|See2001]|.

In biological systems, vdW forces do influence, e.g. the adsorption process of proteins on
solid substrates as has be shown by ellipsometry [Bel2008| as well as the structure of adsorbed
protein films measured by X-ray reflectometry [Hah2012].

Electrostatic forces in liquids: The electrical double layer

Electrostatic interactions in liquid media behave much different compared to simple Coulomb
interactions. Surfaces immersed in liquids (e.g. water) exhibit charges due to ‘the ionization
or dissociation of surface groups’ and/or ‘the adsorption or binding of ions from solutions’
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[Isr2011]. Charged surfaces in liquids attract ions of the opposite charge. These charges are
more or less stationary on or close to the surface. The result is the electrical double layer with
a layer of (weakly) attached ions (Stern or Helmholtz layer) close to the surface, and a diffusive
layer of thermally moving ions further away from the surface. The potential above the Stern
layer is accessible in experiments and usually called Streaming or Zeta potential.

Theoretical descriptions of electrostatic forces in liquids are complex and depend on the types
of surfaces and liquids. In general, electrostatical double layer interactions between two bodies
decay exponentially and the so-called Debye length sets the characteristic length scale.

For example, the electrostatical double layer force between a sphere of radius R and a flat
surface, both with similar and constant surface potentials, in electrolyte solution is given by

eq. 3.6

Fpr(r) = kRZ exp(—kr) , (3.6)

where the interaction constant Z (a constant similar to the Hamaker constant) depends in a
nontrivial manner on valency and dielectric properties of the solution as well as on the surface
potential. The Debye length ~~!, however, depends only on solution properties, i.e. number
and valency of ions as well as dielectric permittivity [Isr2011].

A widely used method to study the influence of electrical double layer forces on biophysical
processes relies on changing the Debye length by changing the ionic strength of a electrolyte
solution |Gral993,Rot1995|. Thereby, increasing the ionic strength results in a decreased Debye
length [Isr2011]. For instance, the adsorption of proteins on solid surfaces was shown to be
sensitive to electrical double layer forces [Rot1993, Rot1995].

The DLVO theory

Two bodies in liquid medium interact via van der Waals forces and electrostatical double layer
forces. Derjaguin and Landau as well as Verwey and Overbeek explained the stability of colloids
in solution on the basis of vdW and electrical double layer forces [Der1941b|,Ver1947, Ver1948|.
Because of that, the combined action of van der Waals and electrostatical double layer force is
described by the so-called DLVO theory.

For example, the force between a colloid and a surface in solution is given by the sum of eq. [3:4]
and eq. [3.6] However, vdW and electrical double layer forces feature fundamental differences:
Electrical double layer forces are sensitive to changes in electrolyte concentration (i.e. ionic
strength) and pH, yet van der Waals forces are not. Additionally, the different force/distance
behavior causes a domination of van der Waals forces at small distances. In the end, the exact
treatment of DLVO forces is nontrivial and depends very much on the exact combination of
interacting bodies and surrounding conditions [Isr2011].

10



3.2 Relevant forces

Hydrogen bonds

Hydrogen atoms that are covalently bound to electronegative atoms, like oxygen or nitrogen,
exhibit a high positive charge density because the electron is much closer associated with
the electronegative atom. Such hydrogen-containing molecules are able to interact via strong
directional coulomb interactions with other electronegative atoms. This type of bonding is
named hydrogen bond (H-bond). The strength of a single hydrogen bond is typically between
5 and 10k, T [Isr2011|. Liquids that are able to form hydrogen bonds, exhibit an ordering
of much larger range compared to non H-bond-forming liquids. This gives rise to additional
interactions that are discussed in the next section.

Hydrogen bonds do have major influence on the structure of biological objects, for instance
of DNA and proteins. Although, polar amino acids of proteins may form H-bonds on suitable
surfaces, the influence of H-bonds on protein adsorption was predicted to be low [Nor1996|.

Hydrophobic and hydrophilic interactions

Hydrophobic surfaces are surfaces that are unable to form H-bonds with water, to some extend.
As a consequence, the water H-bond network close to hydrophobic surfaces is disturbed and a
water depletion zone arises [Mez2006,Mez2010|. The tendency to decrease this zone, in order to
increase the energetically favorable water network, causes an attraction between hydrophobic
surfaces in water. This attraction is known as hydrophobic force |Fral975, VanOss20006).

The other way around, surfaces that extensively form H-bonds (hydrophilic surfaces), tend to
separate in water. This hydrophilic repulsion is a result of the energetically favorable state,
where hydrophilic surfaces are surrounded by water molecules [VanOss2006,/Isr2011].

The generalized theory of acid-base interactions describes H-bond associated forces. The
ability of a material to form H-bonds is expressed by two parameters v* and v~ that de-
scribe the tendency of atoms or surfaces to act as electron-acceptor respectively electron-donor
[VanOss1987,[VanOss2006|. Subsequently, different combinations of 4y and «~ parameters of
interacting surfaces and mediums result, in the case of water, in hydrophobic attraction or
hydrophilic repulsion. Varying degrees of hydrophobicity (hydrophilicity) give rise to attrac-
tive (repulsive) forces of different strength. The strength of acid-base interactions between two
chemically identical particles 1 in water W may be expressed by the free energy at contact,

[VanOss2006|:

wap =— W1 — Ao + A0 4w

——
Cohesion of 1 ~ Cohesion of water  Adhesion between 1 and water (37)

(Vo =) (Vo)

Obviously, attraction occurs if the cohesion of water respectively material 1 exceeds the ad-
hesion between both [VanOss2006|. Acid-base interactions in water decay exponentially with

11
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the correlation length of water as characteristic length scale, that is below one nanometer
[VanOss2006].

In biological systems, the hydrophobic interaction is of utmost importance. For instance,
proteins are able to interact with hydrophobic surfaces via hydrophobic side groups and different
studies ruled out a strong influence of the hydrophobic interaction on the adsorption of proteins
[Nor1986|,\Wah1991} Bel2008|, as well as on the structure of protein films on solid substrates
[Hah2012].

The extended-DLVO theory

Physical phenomena that were not properly explained by classic DLVO theory lead to the gener-
alized description of acid-base interactions [VanOss1986, VanOss1987, VanOss1988,|VanOss1990) .
The strength of acid-base interactions may exceed classic DLVO forces by orders of magnitude
[VanOss1989, Isr2011]. The theory including classic DLVO forces and acid-base interactions
is called extendend DLVO theory (xDLVO theory) [VanOss1990L VanOss2006]. For example,
the total interaction energy between two chemically identical flat plates 1 in a medium 3 can
be expressed by the sum of vdW, electrical double layer and acid-base interactions as well as
steric repulsion:

wg%tl (l) = wvdW(l) + le(l) + wAB(l) + wsteric(l)
—A131 K (3.8)

= Tomz T (271') Z exp(—+l) + wiz1 exp(—1/A) + wsteric(l) -

Thereby, [ is the distance between the two plates, A and Z are the interaction constants
described above. k™! is the Debye length and A the correlation length of molecules in the
respective medium. wj31 is a parameter describing the strength of the acid-base interactions
and evolves out of eq. by inserting the parameters of medium 3 instead of water and
taking into account the equilibrium distance between the two plates [VanOss2006]. For a
variety of systems, the interaction parameters are accessible experimentally, e.g. via contact
angle and streaming-potential measurements. For reasons of shortness, this introduction into
xDLVO theory is in simplified terms. For an in depth description of xDLVO theory and related
experimental procedures, the reader is referred to the textbooks by Israelachvili and Van Oss
[VanOss2006,|Isr2011].

In biological systems, theoretical descriptions are much more complicated due to the complex
and heterogeneous nature of the interacting objects. Hence, in most biological systems, simple
expressions like eq. [3.8] do not exist.

12



3.3 Ideal polymers

3.2.2 Entropic forces

A fundamental quantity of statistical physics is entropy. Entropy links the macroscopic state
of a system to its microstates. Given a closed system is in thermodynamic equilibrium, then
the probability to find the system in a specific microstate is equal for all microstates. As a
consequence, a system tends to be in the macrostate that is represented by most microstates.
A common example is the position of a fixed number of ideal gas particles in a box at a given
energy. The probability of a state with all particles in one corner and the probability of a
particular state where all particles are roughly equally distributed in the box, is the same.
However, because much more states with more or less equally distributed particles exist, the
state with all particles in one corner will virtually not occur.

Therefore, bringing a system into a macroscopic state that is represented by only few mi-
crostates will cause a force that drives the system into a more probable macrostate, i.e. a state
that exhibits more available mircostates. If all microstates of the system are equal in terms
of energy, this force is not caused by energy minimization. Rather, the force is linked to the
maximization of the system’s entropy and thus called entropic force.

The permanent switching between different microscopic states is caused by the thermal energy
of a system. Therefore, the persistent change of a system’s state is called thermal fluctuations.
Entropic forces are a common phenomenon in polymer physics. For an ideal linear polymer
chain (ideal means no correlations between faraway monomers, see section , the macro-
scopic state can be characterized by its end-to-end vector [Rub2003|. The microscopic state of
the chain is given by realizations of a random walk with a step size corresponding to the bond
length. Hence, the most probable macroscopic state of the polymer will be end-to-end vector
zero, because most realizations of the random walk (that may be identified as microstates)
result in end-to-end vector zero (note, that this does not mean that the most probable end-to-
end distance is zero). In contrast, it is obvious that a fully elongated macroscopic state has
only one realization respectively microstate, that is all monomers in parallel. In consequence,
an entropic force tears the polymer chain into coiled states.

For end-to-end vectors with a small but non-zero length, the entropic restoring force in a ideal
polymer chain is proportional to the elongation, see section and |[Rub2003|. Hence, the
chain behaves like an entropic spring. The respective spring constant decreases with number
and length of the monomers whereas it increases with temperature (in contrast to Hookean
springs, where the restoring force is of energetic origin and decreases with temperature). The
influence of the temperature on entropic forces can be understood in terms of thermal fluctu-
ations: At zero temperature, thermal fluctuations are absent and so are entropic forces.

This thesis investigates the adhesion of bacterial cells. Bacterial cells are covered by a variety
of polymers. Although these polymers are not ideal, entropic forces influence their conforma-
tion.

3.3 Ideal polymers

The theoretical treatment of polymers relies on ideal polymers. Ideal polymers assume the
absence of long-ranging correlations between monomers. This section provides a brief intro-
duction into the physics of ideal polymers. For in depth information on polymer physics the
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A ¢ B)

Figure 3.2: Sketch of the basic structure of a simple polymer chain. A sequence of monomers with a
distance r (bond length) and a bond angle # between two neighboring monomers A). The torsion
angle ¢ depicts the rotation of the bond vector between two monomers B). Sketch is motivated by
fig. 2.1 in the textbook of M. Rubinstein and R. H. Colby [Rub2003|.

reader is referred to specific literature such as the textbooks by M. Doi or M. Rubinstein
[Doi1988, Rub2003].

The structure of a simple polymer is defined by the bond length between two monomers, r, as
well as two angles, the bond angle  and the torsion angle ¢, see fig. The spatial expansion
of a polymer chain can be characterized by the square radius of gyration that is defined as the
sum over the square of all distance vectors between each two monomers |[Rub2003]:

n

Rg_;Zi(ﬁi—ﬁj)Q : (3.9)

=1 j=1

where R; denotes the position vector of monomer ¢ and n is the number of monomers in the
polymer chain.

The theory of ideal polymers describes basic properties of polymer chains irrespective of the
exact nature of a chain. A so-called equivalent freely jointed chain describes a real polymer
by an hypothetical simple chain of the same maximum length M (contour length) but with N
freely jointed bonds of an effective length b, called Kuhn length |Rub2003|. The square radius
of gyration of an ideal linear polymer chain is Nb?/6 [Rub2003].

Different ideal chain models, that base on the equivalent freely jointed chain nomenclature,
exist |Do11988,|Rub2003|. In the freely rotating chain model all torsion angles of a chain are
equally likely, i.e. the angle ¢ does not influence the potential energy of the polymer chain;
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bond length and bond angle have constant values. A special case of the freely rotating chain
is the worm-like chain (WLC) model that represents a good approximation for stiff polymers
with small bond angles 6.

An important task of ideal polymer chain models is the calculation of the force that a polymer
chain sets against stretching. For small extensions [, ideal polymers behave like elastic springs,
see equation However, contrary to Hookean springs, the restoring force is of entropic
origin (see section . Thus, ideal polymers at small extension are called entropic springs
[Rub2003].

3T, 3kT
= Srl= gl (3.10)

f{0)

where kp is the Boltzmann constant, T the absolute temperature and M respectively b the
mechanical properties of the ideal chain. More complex expressions describe the force/extension
behavior of ideal chains at large stretches. For worm-like chains, the force/extension function
cannot be derived analytically. However, Marko and Siggia derived an approximation that
is asymptotically exact in the limit of small (kabT < 1) and large (,j;—bT > 1) forces, see eq.
[Mar1995]. Between the two limits, the approximation differs less than 10% from the

numerically derived, exact solution of the WLC model [Mar1995].

2
(1) = # . <§; 405 (MM_Z> - 0.5) | (3.11)

Force measurement instruments of high sensitivity such as optical tweezers or atomic force mi-
croscopes, enable the validation of ideal polymer models against experimental data [Mar1995|
Des2002,|Neu2008|. Equation is widely used to model force/extension data of DNA and
proteins [Mar1995| Rie1997b,|0es2000} Low2001), E1K2014].

In this thesis, Hook’s law and the worm-like chain model (eq. and were incorporated
in numerical simulations to model bacterial surface polymer mechanics during bacterial adhe-
sion, see the publication of [Thewes et al. in Soft Matter 2015 (Addendum IV) and the
manuscript [in Addendum V}

3.4 Monte Carlo simulation

This section provides a brief introduction into the numerical computer simulation method called
Monte Carlo [Met1949]. In depth information can be found in various textbooks [New1999,
Fre2001,|Lan2014]. The section presupposes the knowledge of some fundamental concepts of
statistical mechanics.

Computer simulations in physics are basically related to problems of statistical physics and

here usually of statistical mechanics. Statistical mechanics aims to investigate macroscopic
properties of many-particle systems based on a view of the microscopic states. Many particle
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systems are usually not analytically accessible due to the high number of degrees of freedom,
for example, solving the 10?3 equations of motion for one mole of gas particles is not possible.
Statistical mechanics circumvents this problem by accessing the system statistically, i.e. by
investigating the probability of a system to be in a certain microstate. Given the statistical
properties of a system are known, average values of important quantities may be calculated.
These average values correspond to macroscopic properties of the system that might be mea-
sured in an experiment.

The function A(x) shall describe the value of a quantity A in the case that a system is in state
x (x is a vector whose dimension corresponds to the system’s degree of freedom), then the
average of the quantity is given by:

(A) = /dxp(x)A(X) . (3.12)

Where p(x) is the probability density of the system’s states and the integration runs over the
whole phase space.

The aim of statistical mechanics is to gain the function p(x) and, given a system with N
particles is in a volume V at temperature T, the probability distribution is in principle known.
In such systems, the probability for a certain state to occur is linked to its energy and can be
expressed in terms of the Boltzmann factor:

p(x) o exp(—H (x)/kpT") = exp(—-fH(x)) , (3.13)

where H(x) is the system’s Hamiltonian, ky, the Boltzmann constant, T' the temperature and
B = 1/kyT. Hence, the average of A is:

(4) = Jdx A(x) exp(-fH(x)) _ [ dx A(x) exp(—BH (%))
[ dx exp(—BH(x)) zZ ’

(3.14)

with the partition function Z summing up the Boltzmann factors over the whole phase space.
By splitting the Hamiltonian into kinetic and potential energy, equation [3.14] can be further
simplified. The kinetic energy is of quadratic order in terms of the respective coordinate (the
momentum) and, hence, the kinetic energy part of the Hamiltonian is usually solvable analyti-
cally, see Mazwell-Boltzmann distribution. By dropping the kinetic energy term, equation
remains:

[ dr AGr) exp(—BU)
(A4 = [ dr exp(—p8U(r))

(3.15)

where r is a vector describing only the coordinates of the system and U(r) is the potential
energy of the system in state r. To access all needed averages, it is ‘simply’ necessary to solve
the integrals in equation [3.15]
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At this point, the Monte Carlo method enters the stage, by providing a possibility to solve
integrals numerically. In the most simple Monte Carlo approach the integral is evaluated
by calculating the integrand on randomly chosen points of the phase space where each point
appears with the same probability [Met1949|. That means, generating a random state r’ of the
system, calculating the value A(r’) as well as the energy U(r’) and finally exp(—gU (1)) to give
the configuration r’ a statistical weight [Met1953]. The problem of this brute force method
is that for a lot of systems, randomly chosen points will most of the time have a tiny weight.
The consequence is an enormous amount of time to reach a reasonable approximation of the
integral.

An alternative is, instead of choosing points randomly with equal probability and weighting
them afterwards, to generate points directly with a probability according to their statistical
weight exp(—BU(r)) [Met1953|. This approach is called importance sampling.

In 1953, Metropolis et al. introduced an importance sampling algorithm that produces states
according to the Boltzmann distribution |[Met1953|. The algorithm starts by generating a
system in state ro with energy U(rg). Next, one particle of the system is chosen randomly and
moved by a small randomly chosen vector dr. The move results in new configuration of the
system rp. Subsequently, the difference in energy AU between old and new state is calculated,
AU = U(r1) — U(rg). Now, the move from state rg to r; is allowed with the probability

P(rp — r1) = min(1, exp(—SAU)) . (3.16)

Given the move was accepted, a new move to state ro will be ruled out according to the
presented rules. Otherwise, the next move starts again at rg. Finally, the quantity of interest
A is simply calculated by |[Met1953|:

(4) = % > oAy, (3.17)

where A; is the value of the quantity A after the j—th move.

The essential idea of the Metropolis algorithm gets obvious by the following consideration:
Equation [3.15] can be written as:

(4) = / dr A(r)eXp(_ZﬂU(r)) | (3.18)

The probability distribution of states r in an ensemble of systems is P(r) = M. Un-

fortunately, for large systems the partition function Z cannot be calculated and so can’t P(r).
However, the relative probability of two states rg and r; to occur in an ensemble can be
calculated:
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P(ro) _ exp(=BU(ro))
P(r;)  exp(—pU(ry))

= exp(—f(U(r1) — U(rp))) = exp(—pAU) . (3.19)

That way, the metropolis algorithm generates states with a probability that fits their statistical
weight by moving between two states according to the respective relative probability in the
Boltzmann distribution, see equation [3.16] Finally, because the different states occur with the
right statistical weight, the unweighted average of all generated states (eq. gives the
solution of the integral in equation
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4.1 Introduction

Bacteria adhere to virtually every surface, which may be a welcome (e.g. in a sewage plant)
or a dangerous phenomenon (e.g. in hospitals). Therefore, the mechanisms that constitute the
bacterial adhesion properties are in the scope of scientific research for decades, e.g. [Meal971
Wil1972,/Gib1975, Bus1987|. A variety of experimental setups were applied to disclose the
bacterial adhesion process, e.g. reviewed by Bos et al. [Bos1999]. A widely used device is the
parallel plate flow chamber, that enables to investigate adsorption and desorption of bacterial
cells on various substrates [Mei1992,|[Pal1995, Bus2006].

However, quantifying the bacterial adhesion process in terms of force and distance was not
possible until the invention of the atomic force microscope (AFM) in 1986 |Bin1986| and its
later application in bacterial adhesion research [Duf2003}|Gab2007,|Dor2010]. A review of the
publications using AFM to study bacterial adhesion (AFM bacterial force spectroscopy) is
presented in the following.

Different approaches have been used to study bacterial adhesion by AFM. The most fundamen-
tal and easiest method is to measure the force between the AFM tip and an immobilized bac-
terial cell [Fan2000L|Cam2000|. Early studies using AFM in bacterial adhesion research applied
this method |[Fan2000,/Cam2000,|Con2001, Cam2002}|Abu2002,|Vel2002, Abu2003c, Abu2003al,
Vad2003|. However, although this method is a straightforward application of the AFM force
spectroscopy mode, it is restricted to the adhesion between bacteria and silicon or silicon ni-
tride.

The second and more complex technique relies on bacterial probes. Thereby, bacterial cells
are immobilized directly on an AFM cantilever to measure the force acting between bacteria
and surfaces, see section and |Raz1998, Low2001,|Kan2009|. Although this approach has
been used by different researchers from the beginning of AFM bacterial force spectroscopy
on, it was often limited by two shortcomings besides the complex preparation, i) the number
of adhering bacteria was uncontrolled, therefore limiting the results to qualitative statements
[Ong1999/Low2000L|Agu2015b|, and, even more important, ii) the intactness of the immobilized
bacterial cell(s) was not guaranteed |[Raz1998,|Vadgue2004, Kan2009|. The second point is a
general problem when performing AFM with bacterial cells [Vadgue2004, Mey2010].

Both approaches improved in the course of time: AFM tips were decorated with special macro-
molecules to investigate the binding mechanisms and distribution of specific adhesion macro-
molecules on the bacterial cell [Duf2008, Bea2014c|. This method is called chemical force spec-
troscopy and can be a form of single molecule force spectroscopy (SMFS) |Rie1997al,Cla2000,
Tri2013]. Studies using chemical force spectroscopy will not be detailed here since it is beyond
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Protocols for single viable
bacterial probes based
on colloidal probes and

tipless cantilevers,
Beaussart et al. 2014,
Multiple bacterial Zeng et al. 2014,
pro%es osing 1-2 cells attached Thewes et al. 2014,

to a cantilever using
glutaraldehyde, using an amino-silane, Thewes et al. 2015

Razatos et al. 1998 Cail and Hochella 2005 /
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1998 2005 / 2014

one single living cell FluidFM: single living

Multiple bacterial probes attached to a cantilever bacterial cell attached via
with living cells using polydopamine, negative pressure
based on colloidal probes Kang and Elimelech 2009 Po?thoff e‘t)al 2015’
Lower et al. 1998 :

Figure 4.1: Sketch of the most important steps during the development of single bacterial probes.

the scope of this review.

In this work, emphasis lies on bacterial probes in particular on single bacterial probes with
one living bacterial cell attached to an AFM cantilever. For details of the preparation of
bacterial probes as well as technical aspects of force spectroscopy with bacterial probes, the
reader is referred to section and the publication of [Thewes et al. in Fur. Phys. J|
|[E 2015 (Addendum I)| Figure illustrates the crucial steps towards the establishment of
single bacterial probes. Razatos et al. were the first to attach bacterial cells directly to AFM
cantilevers, yet, as they used glutaraldehyde (which changes the nature of bacterial cell wall
proteins) to immobilize the cells, the translation of their results to in vivo situations is uncer-
tain |[Raz1998|Vadgue2004]. Preserving the viability of bacterial cells was a key feature of the
colloidal probe based bacterial probes developed by Lower et al., however, the uncontrolled
number of interacting bacterial cells caused problems concerning the measurement of absolute
force values |Low2000]. Cail and Hochella used amino-silane coated cantilevers to attach one
or two bacterial cells to an AFM cantilever [Cai2005|. Finally, in 2009, Kang and Elimelech
presented the first bacterial probe with a single living cell attached [Kan2009]. They used
polydopamine to immobilize the cells on AFM cantilevers and proofed the viability of the cells
by live/dead staining after immobilization. In subsequent years, different protocols that teach
the reliable production of single bacterial probes emerged [Bea2014b,/Zen2014|, including our
own protocol [The2014, The2015a]. The latest development in the field of bacterial probes is a
method to immobilize cells without bio-chemical glues [Pot2015|. Rather, single bacterial cells
are fixed by negative pressure using a tool called FluidFM |Gui2014].

20



4.2 Forces in bacterial adhesion

4.2 Forces in bacterial adhesion

A fundamental question of bacterial adhesion research concerned the forces driving the at-
tachment of bacterial cells [Bus1987,Bos1999,|Hor2010]. In principle, the answer is clear,
as the interaction between two bodies is dominated by well-known forces: van der Waals
forces, electrostatic forces, hydrogen-bonding, hydrophobic interaction and steric repulsion
[Bus1987, Bos1999, Lec2001, |[VanOss2006]. These forces condense into the extended DLVO
(xDLVO) theory |Der1941a, Ver1948| VanOss1986, VanOss2006.

A brief introduction into the nature of xDLVO forces is given in section However, bacte-
rial adhesion is more complex due to the presence of various macromolecules on the bacterial
cell surface. The macromolecular contribution to bacterial adhesion forces lead to the classi-
fication of non-specific and specific forces. According to a definition by Busscher, non-specific
forces account for the interactions between a surface and the bacterial cell body (described
by xDLVO theory), whereas specific forces denote the binding of bacterial macromolecules
[Bus1987,Bos1999|. In a slightly different definition specific interactions account only for the
binding of two macromolecules i.e. between a receptor and a ligand, whereas other sources of
macromolecular binding, e.g. protein binding on hydrophobic surfaces, are called non-specific
[Dup2010].

Finally, the complexity of the bacterial adhesion process hampers theoretical predictions
[Hor2010|. Therefore, the origin of bacterial adhesion forces with regard to xDLVO forces
and the contribution of surface macromolecules was studied extensively using AFM. The next
paragraphs review the studies concerning the influence of xDLVO forces. The role of surface
macromolecules in bacterial adhesion will be reviewed in section (4.4l

4.2.1 Van der Waals forces

The theory of van der Waals forces was introduced in section and it was indicated, that
several studies revealed an influence of van der Waals forces on protein adsorption. Further-
more, the force between colloids and interfaces was shown to be well predicted by DLVO-theory
[Duc1992|.

In a naive first approach, a bacterium may be modeled as a sphere covered with a variety of
proteins and hence, it seems reasonable, that van der Waals forces influence bacterial adhesion.
Loskill et al. used multiple bacterial probes (of Staphylococcus carnosus) and tailored, silicon-
based, substrates to evidence a direct influence of van der Waals forces on bacterial adhesion.
The outcome of the study is illustrated in more detail in section [6]

4.2.2 Electrical double layer forces

Electrical double layer forces were introduced in section Bacterial cells in aqueous solu-
tions exhibit charges due to ionization of amino groups (NH;r < NHy + HT), carboxyl groups
(COOH < COO~ + H*) and phosphate groups (HPOy < PO, + H™) [P002002]. Hence, the
charging of bacterial cells is pH depended in a non-trivial manner, as the distribution of the
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respective surface groups may be specific to strains or individual cells [Poo2002|. Nevertheless,
studying the influence of electrical double layer forces on bacterial adhesion relies on i) changing
the pH of the surrounding medium to change surface charging or, ii) as has been indicated in
section for the example of protein adsorption, on changing the ionic strength (IS) of the
surrounding medium to change the Debey length.

The exact effects of changing IS and pH are complex and usually not predictable quantitatively.
However, in general, increasing IS decreases the range of electrical double layer interactions by
decreasing the Debye length |Lec2001}Isr2011|. Electrophoretic mobility measurements with
four different bacterial species (E. coli, S. epidermidis, S. mitis, L. acidophilus) indicated that
increasing the pH results in a decreased streaming potential of bacterial cells [Bas1999]. A lot
of force spectroscopy studies investigated the influence of electrical double layer forces on bacte-
rial adhesion by changing IS and pH |Raz1998||[Low2000,Vel2002, Han2003|, A bu2003al|Cai2005,
She2007,/She2008, Kan2009,/Cha2010, Das2011b| and the outcome of some of these studies will
be detailed in the following:

Lower and co-workers used bacteria-coated beads attached to an AFM cantilever to explore
the adhesion of living E. coli cells on three mineral surfaces with different isoelectric points
[Low2000]. Differences in the approach parts of the measured force/distance curves were ex-
plained, qualitatively, by different electrostatic interactions. Decreasing ranges of repulsive
forces for increasing IS supported these findings. Upon retraction of the bacterial probes from
the mineral surfaces, the authors found attractive forces on positively charged surfaces, in ac-
cordance with electrostatics. The attractive forces decreased with increasing IS. Thereby, the
retraction curves always exhibited extended rupture events indicating the involvement of sur-
face polymers. On a negatively charged surface, repulsion was measured for low ionic strength,
whereas strong attraction was measured for high ionic strength. While surface electrostatics are
not able to explain this attraction, Lower et al. concluded that surface macromolecules tethered
to the surface via hydrogen bonds or locally attractive electrostatic interactions |[Low2000)].
Cail and Hochella Jr. investigated the adhesion of Enterococcus faecalis to glass at different pH
and IS |Cai2005|. Adhesion forces showed negative correlation to pH and positive correlation
to IS, which is in qualitative agreement with DLVO predictions. However, DLVO theory was
not able to describe neither the strength of the measured forces nor the length scales [Cai2005].
Chandraprabha et al. measured force/distance profiles between a silicon nitride AFM tip and
immobilized Acidithiobacillus ferroozidans cells [Cha2010|. The influence of changing IS (de-
creasing repulsion for increasing IS) as well as pH (increasing repulsion for increasing pH) on
the approach curves was modeled using a steric model for grafted polymers and compared to
DLVO predictions. Whereas the polymer model agreed well with the experimental data, DLVO
theory could only explain the qualitative behavior but failed again in explaining strength and
length scales of the measured forces. Removing the LPS layer (see section by chemical
treatment decreased repulsive forces upon approach of an AFM tip to a bacterial cell. The
authors concluded that the approach is dominated by steric repulsion of bacterial surface poly-
mers. Upon retraction, theoretical prediction derived from DLVO theory agreed qualitatively
with experimental force/distance curves concerning changes of IS and pH. Removal of the LPS
layer decreased adhesion forces significantly. Taking these findings together, the authors con-
cluded that the adhesion force is governed by the binding of specific adhesins and this binding
might be influenced by electrostatic forces [Cha2010].

Sheng and co-workers investigated the combined effect of different electrostatics and surface
hydrophobicity using four different metal surfaces and bacterial probes of two different bacterial
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species (Desulfovibrio desulfuricans and a Pseudomonas species) [She2007]. The measurements
showed increasing adhesion for increasing surface hydrophobicity as well as for increasing elec-
trostatic attraction (higher positiv streaming potential). These results qualitatively agreed
with the extended DLVO approach [She2007).

In a similar study, Sheng et al. investigated the adhesion of three different bacterial species
(Desulfovibrio desulfuricans, Desulfovibrio singaporenus and a Pseudomonas sp.) to stain-
less steel in deionized water, artificial seawater and artificial seawater enriched with nutrients
[She2008]. For all three species, adhesion was highest in artificial seawater due to the combi-
nation of a high water contact angle of stainless steel in artificial seawater of 85° (compared
to 85° and 60 ° in deionized water and enriched artificial seawater) and a high zeta potential
of 1364.4mV (compared to 6.8mV and 1356.4mV in deionized water and enriched artificial
seawater). Hence, a combination of hydrophobicity and strong electrostatic attraction was the
origin of high adhesion forces on stainless steel in artificial seawater. The authors also studied
the influence of the pH on bacterial adhesion. For all species under investigation, adhesion was
highest near their isoelectric point at pH 3, decreased for higher pH values up to pH 7 and rose
again up to pH9. These results do not correspond to predictions of DLVO electrostatics and
the authors speculated that other forces different from electrostatic ones influence bacterial
adhesion [She2008|.

However, in both studies by Sheng et al. glutaraldehyde was used to immobilize bacteria
on AFM cantilevers [She2007,/She2008|, hence the translation of the results to real situations
is doubtful, as glutaraldehyde significantly changes bacterial surface properties [Vadgue2004,
Kan2009|.

4.2.3 Hydrophobic interaction

The studies by Sheng et al. already indicated that surface hydrophobicity, usually character-
ized by water contact angle measurements, influences bacterial adhesion [She2007,She2008].
The theory of hydrophobic interactions was introduced in section Several other stud-
ies illuminated the influence of the hydrophobic interaction on bacterial adhesion |[Ongl1999,
Eme2006|, Bok2008| Bea2013| E1K2013,|Bea2014b|, The2014|. Beaussart et al. for instance used
single cell force spectroscopy based on colloidal probes to study the adhesion of Lactobacillus
plantarum |Bea2013|. Adhesion forces as well as rupture lengths were measured on hydrophilic
and hydrophobic substrates. Adhesion forces on the hydrophobic substrates were higher and
retraction curves showed multiple peaks. This was attributed to the extensive binding of sur-
face proteins via hydrophobic side groups, which is in accordance with studies on the influence
of hydrophobicity on protein adsorption |[Nor1986, Wah1991}Bel2008]. In contrast, on the hy-
drophilic substrates Beaussart and co-workers measured adhesion forces that were smaller and
accompanied by only a single or few peaks in the force/distance curves. The adhesion events
were, according to the authors, due the the binding of glycopolymers. No differences between
hydrophobic and hydrophilic substrates were found concerning rupture lengths |[Bea2013|.

Using the same single cell force spectroscopy method, El-Kirat-Chatel et al. investigated the
adhesion of Pseudomonas fluorescens on hydrophilic and hydrophobic substrates, with a focus
on the large adhesion protein A (LapA) |EIK2013|. They found similar adhesion forces on hy-
drophilic and hydrophobic surfaces using a wild type strain. The binding probability, however,
was larger on the hydrophobic surface. LapA deficient mutants exhibited significantly lower
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adhesion forces on both surfaces, proofing the important role of the adhesin. In contrast to
adhesion forces, rupture lengths were larger on the hydrophilic surface and characteristic poly-
mer stretching signals in the force/distance curves were different compared to the hydrophobic
surface. This points towards a different binding mechanism respectively binding patch between
LapA molecules and hydrophobic respectively hydrophilic surfaces [E1K2013].

In another study, Beaussart and co-workers used Pseudomonas aeruginosa to investigate the
role of the hydrophobic interaction if adhesion is mainly mediated by Pili [Bea2014b|. Single
cell force spectroscopy measurements revealed, also in this case, a strong influence of the hy-
drophobic interaction.

Finally, it is proven, that the hydrophobic interaction enhances bacterial adhesion by mediating
binding of bacterial surface proteins or proteinaceous structures.

In this thesis, fundamental adhesion mechanisms of bacteria are studied by investigating bac-
terial adhesion to substrates that feature different surface hydrophobicities, see chap. [6}

4.2.4 Hydrogen bonds

The nature of H-bonds was introduced in section[3.2.1] Although Norde predicted that H-bonds
will not contribute significantly to protein adsorption |[Nor1996|, different authors speculated
that H-bond formation is an important contributor to polymer tethering during bacterial adhe-
sion on hydrophilic substrates |[Low2000, Ata2008,vanderMei2008, Bok2008}Mei2009a;, Str2010),
Das2011a)].

Van der Mei et al. for instance claimed that specific adhesion between mouth colonizing bac-
teria and saliva coated substrates relies on H-bond formation [vanderMei2008]. Strauss and
co-workers found larger adhesion forces between AFM silicon nitride tips and E. coli cells, the
longer the O-antigen region of the cell was. This result was attributed to the enlarged area
available for H-bond formation [Str2010].

In an attempt to quantify the contribution of H-bonds to overall bacterial adhesion forces,
Abu-Lail and Camesano adapted a method, called Poisson analysis, that was originally devel-
oped to elucidate the binding between AFM tips and gold or mica surfaces [Wil1996, Abu2006.
Later on, the Poisson analysis was applied by additional researchers to investigate the binding
properties of bacterial cells [Bok2008,|Mei2009a), Das2011bi|Agu2015a].

However, besides open question concerning the applicability of the Poisson analysis in hetero-
geneous systems like bacterial cells, the Poisson analysis itself was considered basically wrong
as is completely ignores the dynamic nature of bond rupture |[Eval997,[Wil2003}[Sul2006].

Finally, while the involvement of H-bonds in the bacterial adhesion process seems reasonable
as proteins do exhibit strong polar side groups, experimental evidences concerning H-bond
formation during bacterial adhesion are still rare.

In this thesis, the influence of H-bond formation on bacterial adhesion to hydrophilic substrates
is revealed by combining single cell force spectroscopy and computer simulations, see chap. [0}
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4.2.5 Summary

The reviewed research comprehensively showed that the forces incorporated in the xDLVO
theory indeed influence bacterial adhesion processes. However, the studies also show that
quantitative predictions by the DLVO theory fail to describe the bacterial adhesion process.
The reason for this is, as most of the studies state, the significant influence of bacterial surface
polymers on the adhesion process, i.e. the contribution of specific interactions. Yet, a theoret-
ical model describing bacterial adhesion in accordance with experimental results is lacking.

In the thesis at hand, a simple model describing bacterial adhesion as solely mediated by surface
polymers is introduced, analyzed by Monte Carlo simulations and compared to experimental
data, see chap. [6]

4.3 The influence of the bacterium /surface contact time on
bacterial adhesion

The adhesion strength between a bacterium and a substrate increases for prolonged contact
times. This effect is called bond strengthening and has been examined well, using AFM force
spectroscopy |Vadgue2004, vanderMei2008, Bok2008, Mei2009al [Mei2009¢, [Mei2011}|Das2011b),
Ovc2013a,[Her2013}|Bea2013,Zen2014, Pot2015|.

Vadillo-Rodriguez et al. were the first that studied the influence of the contact time on the
adhesion of bacteria [Vadgue2004]. They measured adhesion forces between Streptococcus ther-
mophilus and a silicon nitride AFM tip for contact times between 10s and 200s. Adhesion
forces increased for increasing contact times. The authors stated that bond strengthening with
residence time was due to larger amounts of extracellar polymeric substance (EPS) molecules
tethering to the tip during contact [Vadgue2004).

Aguayo et al. used multiple bacterial probes to investigate the adhesion between S. aureus and
titan [Agu2015b|. They found increasing binding frequencies, increasing adhesion forces and
energies for increasing surface contact times.

Boks and co-workers measured the influence of surface delay times on hydrophilic and silanized
(hydrophobized) glass |[Bok2008| using multiple bacterial probes of different S. epidermidis
strains. On hydrophilic glass, adhesion became stronger for increasing contact times reaching a
saturation value withing one minute of contact, no influence of a surface delay was measured on
hydrophobized glass. However, Boks et al. did not find an influence of the surface hydropho-
bicity on adhesion forces at all, which is in contrast to most other studies on the influence of
surface hydrophobicity [Bea2013}|Als2013}Sul2015].

Van der Mei et al. studied the bond strengthening of mouth colonizing bacteria on saliva and
bovine serum albumin (BSA) coated glass using multiple bacterial probes [vanderMei2008|. The
authors claimed that due to the adaption of the adhesion mechanisms of mouth bacteria to the
oral environment the adhesion to saliva is of specific nature, whereas on BSA unspecific adhe-
sion takes place. Following this argumentation, the authors stated that bond-strengthening on
saliva is due to additional bonds forming between bacterium and surface; bond strengthening
on BSA, however, is - according to the authors - due to the removal of interfacial water resulting
in closer contact between bacterium and surface.
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Alsteens et al. also propose a mechanism of bond strengthening that relies on the formation of
additional bonds between a bacterium and a surface with prolonged contact |Als2013|.

Hence, two mechanisms explaining the effect of bond strengthening occur in literature [vander-
Mei2008,|Als2013].

4.4 The role of bacterial surface polymers in adhesion

Bacteria adapted to natural habitats by expressing surface polymers specifically designed to
enforce adhesion to all kinds of surfaces |[Lin2011], see section The studies reviewed so far,
revealed that the surface polymers play a key role during the bacterial adhesion process and
cause the failure of classic theoretical models (like the DLVO theory). Hence, the importance
of bacterial surface polymers is a focus of bacterial adhesion research.

4.4.1 The LPS of gram negative bacteria

The outermost layer of gram-negative bacteria is a lipid double layer, followed by polysaccha-
rides, forming a lipopolysaccharide (LPS) layer, see section While the exact structure of
this layer is strain specific the fundamental sequence is not: The so called lipid A is followed
by the core-polysaccharide and a strain specific o-antigen.

The influence of the LPS layer on the adhesion properties of Escherichia coli was studied
extensively [Raz1998,|0Ong1999, Vel2002, Abu2003bl[Bur2003, Str2009}/Str2010]:

Razatos et al. performed force/distance curves with an AFM silicon nitride tip and E. coli mu-
tants exhibiting LPS molecules with core-polysaccharides of different length |Raz1998|. They
found that the force upon approach of an AFM tip to bacterial cells is sensitive to the length
of the LPS core-polysaccharide. However, as glutaraldehyde was used to immobilize bacterial
cells [Raz1998]|, other authors questioned these results [Vel2002,Bur2003].

In the following, Burks and co-workers tried to reproduce the results of Razatos et al. using
the exact same experimental procedure and the two E. coli mutant strains of Razatos et. al
that exhibit the largest difference in LPS core-polysaccharide length (D21 and D21f2). The
measurements were performed on cells immobilized with and without glutaraldehyde [Bur2003|.
The study reproduced the results of Razatos et al. as they found an influence of the LPS length
on the adhesion between glutaraldehyde-fixed cells and AFM tips. However, the experiments
without glutaraldehyde-fixed cells did not show any influence of the LPS length on the forces
acting between tip and bacterium upon approach [Bur2003].

While Velegol et al. as well as Burks et al. exclusively evaluated the approach parts of
force/distance curves between bacteria differing in LPS lengths [Vel2002, Bur2003|, further
studies also investigated the retraction parts, i.e. the adhesion forces |[Abu2003b,Str2009].
Strauss et al. investigated the influence of the LPS length of different E. coli strains on the
adhesion forces to silicon nitride AFM tips [Str2009]. The length of the LPS was measured
for each individual bacterial cell using a steric repulsion model to fit the approach parts of
force/distance curves. Control strains without the O-antigen had a significantly shorter LPS
and showed no correlation between LPS length and adhesion force. In contrast, strains that
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express the O-antigen had longer LPS molecules and showed a linear correlation between LPS
lengths and adhesion forces. The authors claimed that higher adhesion forces for larger O-
antigen regions are due to the enlarged area available for the development of hydrogen bonds
to an AFM tip [Str2009].

Abu-Lail and Camesano used a different approach to investigate the influence of the LPS layer
on the adhesion of E. coli [Abu2003b|. Instead of using mutants with truncated LPS molecules,
they used the full LPS expressing E. coli strain JM109 and removed the surface polymer layer
chemically. The results of this study also indicated that the LPS layer enforces adhesion to
silicon nitride. Electrostatic forces seemed to play a minor role as the ionic strength showed no
influence on adhesion forces. Upon approach of an AFM tip to a bacterium, repulsive forces
were measured. Range and strength of the forces decreased after polymer removal, indicating a
steric polymer origin of the repulsion rather than an electrostatic one. Thus, approach curves
were comprehensively described by a polymer brush model [Cam2000] and DLVO theory failed
to predict repulsion on approach or adhesion on retraction |[Abu2003b].

Besides F. coli, studies concerning the importance of the LPS layer of gram-negative Pseu-
domonas aeruginosa have been performed as well [Ata2007, Ata2008,|Lau2009b} Lau2009a,
Iva2011]. Also these studies reported no trivial correlation between LPS structure and ad-
hesion properties. While Atabek et al. found a positive influence of the LPS length on adhe-
sion forces and rupture distances between an AFM silicon nitride tip and P. aeruginosa cells
[Ata2007|, Ivanov and co-workers measured no correlation between LPS length and adhesion
forces |Iva2011].

The adhesion between P. aeruginosa and BSA seems to favor short LPS molecules with trun-
cated o-antigen structure as was investigated by Atabek and co-workers [Ata2008|. According
to the authors, the increased contact between the LPS core-polysaccharide and the protein
layer might favor the formation of hydrogen bonds.

Bacterial probes produced by growth of a whole biofilm on a bead attached to an AFM can-
tilever were used by Lau and co-workers. They found stronger adhesion between glass and P.
aeruginosa for mutant strains exhibiting a truncated LPS layer [Lau2009bl|Lau2009a].
Finally, the reviewed studies revealed no trivial connection between the LPS structure and the
adhesion properties of gram-negative bacteria.

4.4.2 Bacterial adhesion in the human oral environment

The human oral cavity is colonized by a variety of bacterial species [Nyv1987,[Nyv1992,Dia2006).
Some of the species cause caries [Nyv1990,Xu2007], hence, multiple studies investigated their
adhesive properties using AFM force spectroscopy |Xu2007,Bus2007, Cro2007, vanderMei2008,
Mei2009al[Mei2009¢, Mei2009b, Wes2013, Agu2015a,Sul2015]. Adhesion processes in the human
mouth are complex due to a salivary film that forms on objects entering the mouth, a so-called
conditioning film |Han1997].

Van der Mei et al. compared the adhesion forces of several mouth colonizing bacterial species
to saliva and BSA coated glass using multiple bacterial probes |vanderMei2008|. All inves-
tigated strains showed higher adhesion forces to the saliva coated surface, most likely due
to specific receptor-ligand binding between bacterial adhesins and their salivary counterparts
[vanderMei2008].
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In contrast, some studies revealed protective effects of salivary conditioning films. Adhesion
forces of diverse mouth colonizing species to stainless steel, orthodontic adhesive, orthodontic
composites and bovine enamel, investigated with multiple bacterial probes, decreased after the
adsorption of saliva [Mei2009¢, Mei2009b,/Mei2011].

The human mouth colonizer Streptococcus mutans is a common cause of dental caries
[Ham1980]. Antigen I/II, also known as surface adhesin P1, is a surface protein of S. mutans
that mediates binding to salivary glycoproteins [Lee1989, Bow1991}, Oho1998,|Hei2015]. Xu et
al. measured the adhesion between saliva coated AFM cantilevers and S. mutans cells with
(wild type) and without (mutant) antigen I/II [Xu2007]. The force spectroscopy data revealed,
that the wild type cells that express antigen 1/11 adhered significantly stronger compared to
mutant cells, at pH 6.8. The difference was absent at pH5.8. The authors concluded that 1)
the specific binding between antigen I/II and saliva enhances the adhesion of S. mutans and
ii) this specific binding is of electrostatic nature [Xu2007].

In a more detailed study, Sullan et al. investigated the role of the surface adhesin P1 of S.
mutans upon adhesion to the glycoprotein salivary agglutinin (SAG) [Sul2015]. Single molecule
force spectroscopy (SMFS) experiments revealed characteristic binding properties of single P1-
SAG complexes. These measurements showed that the two SAG binding domains of P1 bind
equally strong and with similar probabilities to SAG. Adhesion measurements with single P1
molecules on hydrophobic surfaces indicated a strong influence of the hydrophobic interaction.
Subsequently, single cell force measurements with S. mutans cells on SAG coated substrates
showed large adhesion forces and rupture distances due to the actions of several P1-SAG bonds.
A comparison between the rupture force of a single P1-SAG complex and the adhesion force
of an entire S. mutans cell revealed the involvement of roughly ten P1 molecules. Based on
the shapes of the force/distance curves the authors speculated about cooperative effects that
additionally influence the adhesion on the level of an entire cell [Sul2015].

While the P1 based adhesion of S. mutans is a sucrose-independent adhesion pathway, other
mechanisms exist that depend on the availability of sucrose [Sul2015|. Cross et al. investigated
the adhesion of a §. mutans wild type strain as well as mutants that lack different glucosyl-
transferases, in the absence and presence of sucrose |Cro2007]. The mutant strains were not
able to produce glucan surface polymers out of sucrose. Investigating the adhesion between an
AFM tip and the wild type revealed an increasing adhesion force in the presence of sucrose.
The adhesive strength of the mutants indicated no correlation to the availability of sucrose in
general, but was more complex in detail. One out of five mutants under investigation showed
slightly increasing adhesion forces in the presence of sucrose. The authors concluded that the
glucan surface polymer synthesis out of sucrose follows complex pathways, that have to be
addressed in further studies |[Cro2007].

The above studies show that bacterial adhesion in the oral cavity is largely defined by the
presence of saliva and the subsequent specific binding between salivary macromolecules and
bacterial adhesins. However, the influence of a salivary film may be positive or negative depend-
ing on the surface that serves as comparison |[vanderMei2008] Mei2009c, Mei2009b,(Mei2011].
Hence, a fundamental problem of adhesion studies investigating bacterial adhesion in the human
mouth is the availability of controlled surfaces that enable to study fundamental mechanisms
of bacterial adhesion in oral environments without abandoning too much biological relevance
|Zei2013].
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4.4.3 Bacterial adhesion to human extracellular substances

Staphylococcal species produce adhesins like SdrG or the FnBPs that belong to the family of
microbial surface components recognizing adhesive matrix molecules (MSCRAMMSs), see sec-
tion [3.1{ and |Cla2006, Hei2011|. These proteins are covalently bound to the bacterial cell wall.
Staphylococcus aureus and its relative Staphylococcus epidermidis are colonizers of the human
skin and opportunistic pathogens that are common causes of implant associated infections
[Low 1998, |Len2003) Vuo2002,|0tt2009]. Hence, the interaction between these bacterial species
and components of the human extracellular matrix, such as fibrinogen (Fg) and fibronectin
(Fn) is of utmost importance.

The role of the staphylococcal adhesin SdrG for the adhesion of S. epidermidis to Fg was exten-
sively studied |[Her2013,Her2014}, Van2015|. Single cell force spectroscopy measurements using
a wild type and a mutant strain lacking the proteinaceous surface adhesin SdrG revealed the
importance of the adhesin for the adhesion of S. epidermidis to fibrinogen |[Her2013|. A single
SdrG-Fg bond is remarkably strong (about 2nN) as has been shown by SMFS measurements
[Her2014] and the adhesion strength of a specific S. epidermidis cell to Fg-coated substrates
seems to be related to the density of SdrG molecules on the cell surface [Van2015].

The interaction between Fn and S. aureus has been studied using Fn-decorated AFM tips
[Xu2007, Mit2008,| Low2010|. Mitchell et al. measured force/distance curves on two different
S. aureus wild type strains (Newbould and CFO07) as well as their respective sigB mutant
[Mit2008|. SigB is a global regulator and positively correlated with the expression of S. aureus
fibronectin binding protein A (FnBPA) [Bis2004, Ent2005|. Both wild type strains showed sim-
ilar binding forces to the Fn tip (around 1100(500) pN) but large differences in binding affinity.
The newbold sigB mutant was almost non-adherend to Fn, whereas the CF07 mutant was still
able to bind Fn with low affinity. The authors concluded that different strains feature natural
differences in FnBP expression resulting in different adhesion affinities to Fn, furthermore they
speculated that the different Fn affinity of the sigB mutants might be a hint to additional,
strain-depended, regulation pathways [Mit2008].

Interestingly, Yongsunthon et al. found significantly higher binding affinities between Fn coated
AFM tips and S. aureus isolates of infected cardiac prosthesis compared to isolates from healthy
human subjects [Yon2007|. This difference might be related to different activities of SigB
[In02006, M0i2006, Mit2008].

Homophilic FnBPA (FnBPA to FuBPA) bonds play a major role for the formation of S. aureus
biofilms as revealed by Herman-Bausier and co-workers [Her2015|. Thereby, a single FnBPA-
FnBPA bond exhibits a strength of around 125 pN (the force varies depending on the applied
loading rate) as was shown with SMFS [Yon2007].

Busscher et al. investigated the role of the surface adhesin antigen I/II (adhesin P1) for the
adhesion of the human mouth colonizing bacterium Streptococcus mutans (see section [4.4.2)) to
laminin (a component of the extracellular matrix) [Bus2007]. Force spectroscopy measurements
with laminin coated tips revealed significantly lower adhesion force to antigen I/1I deficiant S.
mutans mutants compared to wild type cells.

Pseudomonas aeruginosa is a gram-negative opportunistic pathogen that causes severe infec-
tions in the human body [VanDel1998, Dri2007|. Strauss et al. used multiple bacterial probes to
measure the adhesion force between P. aeruginosa and fetal bovine serum (FBS) or Fn coated
surfaces [Str2009]. They found much stronger adhesion to the Fn as compared to FBS-coated
surfaces. The large difference was explained by strong specific interactions between the bacteria
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and Fn-coated surfaces compared to the FBS-coated surfaces.

Non-proteinaceous adhesins like wall teichoic acids and lipoteichoic acids are widely spread
among bacterial species [Lin2011|. Additionally, some bacteria exhibit large proteinaceous fil-
aments, called pili, that interact with host cells or surfaces [Cra2004, Tel2006, K1i2010].

While so far no force spectroscopy studies have been reported to clarify the role of teichoic
acids in bacterial adhesion, researchers revealed the importance of pili for the adhesion of Lac-
tobacillus thamnosus GG as well as of Lactococcus lactis to mucin [Le2013}Sul2014].

4.4.4 Bacterial adhesion to eukaryotic cells

Pseudomonas aeruginosa is a common cause of lung inflammation (pneumonia)

[O1i2000, |Dav2000]. Beaussard et al. investigated the role of type IV pili during the ad-
hesion of P. aeruginosa to pneumocyte cells using single cell force spectroscopy and single
molecule force spectroscopy (SMFS) |Bea2014a]. The SMFS measurements enabled to identify
and characterize the force/distance signal related to the stretching of pili during single cell
force/distance curves. The importance of the hydrophobic interaction was revealed by com-
paring force/distance curves on pneumocyte cells and hydrophobic substrates. The authors
concluded that type IV pili largely contribute to the overall adhesion strength of P. aeruginosa
to pneumocyte cell due to a strong binding and a large rupture length, giving rise to high
adhesion energies [Bea2014a].

In a study that might be of direct medical importance, Liu and co-workers investigated the
anti-adhesive potential of cranberry juice concerning the adhesion of P-fimbriated and non-
fimbriated E. coli cells to uroepithelial cells |[Liu2010]. E. coli cells are responsible for most
urinary tract infections. Fimbriae are pili-like structures that are expressed by gram-negtive
cells, like E. coli, to attach in host environments [Con1996|. Using cell force spectroscopy, Liu
et al. revealed that adhesion forces strongly decrease if the fimbriated cells are incubated in
cranberry juice solution, while no effect was measured for non-fimriated cells. The authors
concluded that the proanthocyanidin (PAC, an ingredient of cranberry juice) is able to block
specific binding between fimbriae and uroepithelial cells [Liu2010].

The fungus Candida albicans is a common human pathogen that is frequently isolated in com-
bination with pathogenic bacteria. Interactions between C. albicans and pathogenic bacteria
might influence the development of infections. Hence, studying these interactions is of high
clinical importance [Shi2009b,|[Pel2010,[Mor2010].

C. albicans is able to grow in different morphologies, i.e. in yeast and in hyphae morphol-
ogy |0dd1988,Sud2004]. The pathogenic bacterium P. aeruginosa is one species occurring in
combination with C. albicans infections [War2006, Bra2008|. P. aeruginosa may kill C. albi-
cans cells in hyphae morphology while it does neither adhere to nor kill the fungus in yeast
morphology [Hog2002, Bra2008|. Interestingly, P. aeruginosa expresses a quorum sensing (QS)
molecule that strongly increases the tendency of C. albicans to grow in yeast morphology
[Ker1999.|Hog2004].

Ovchinnikova et al. investigated the interaction between C. albicans and a wild type strain
of P. aeruginosa as well as a mutant lacking the mentioned QS molecule [Ovc2012b]. Force
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spectroscopy experiments using multiple bacterial probes revealed significantly lower adhesion
forces between P. aeruginosa wild type cells and C. albicans cells in yeast morphology com-
pared to the hyphae state. However, QS mutant cells exhibited low adhesion forces to C.
albicans cells in hyphae state as well. The authors stated that the QS molecule triggering the
formation of adhering resistant C. albicans yeast morphology might also trigger the expression
of specific surface adhesins of P. aeruginosa |Ovc2012b|.

In a second study, Ovchinnikova and co-workers investigated the role of chitin-binding pro-
tein (CbpD) of P. aeruginosa for the adhesion to C. albicans |Ovc2013a]. Via force/distance
measurements using P. aeruginosa wild type cells and blocking the CbpD adhesin (with N-
acetylglucosamine) or by using CbpD mutant cells the important role of the protein was iden-
tified: In both cases where CbpD was unable to mediate binding, adhesion forces reduced
significantly. However, substantial adhesion forces were still present, showing the influence of
further binding mechanisms |Ovc2013al.

Besides P. aeruginosa, staphylococcal species are frequently isolated in the context of C. albi-
cans infections [Dou2003,/Shi2009b).

The interaction between S. aureus (strain NCTC8325-4) and C. albicans was the issue of a
multiple bacterial probe study by Ovchinnikova et al. [Ovc2013b|. They investigated the ad-
hesion of S. aureus to C. albicans hyphae in the presence of model proteins, either in whole
fetal bovine serum (FBS) solution or in single protein solution containing only one ingredient
of FBS, namely BSA, apo-transferrin or fibronection. The results strongly indicate a compet-
ing adsorption of proteins in the presence of whole FBS solution: The adhesion force between
the two organisms was unaffected by the adsorption of proteins from FBS as well as in the
presence of fibronectin only, whereas the adsorption of BSA or apo-transferrin alone decreased
adhesion forces to the hyphal surface. The authors explained the results as follows: BSA and
apo-transferrin are rather small proteins, consequently their adsorption to a surface is faster
compared to larger fibronectin proteins. However, fibronectin is, depending on the surface in-
teractions of the respective proteins, able to replace the firstly adsorbed smaller proteins. The
experiments suggest that on the hyphal surface fibronectin replaces the smaller proteins giving
rise to an unaffected adhesion force |[Ovc2013b].

Another study by Ovchinnikova et al. investigated the adhesion of S. aureus along the hyphae
form of C. albicans |[Ovc2012a). Fluorescence microscopy images revealed an increased number
of adhering bacteria in the middle and at the tip of the hyphae, i.e. the regions that are further
afar from the former yeast cell. Subsequent force/distance measurements conducted with two
different C. albicans strains using multiple bacterial probes revealed stronger adhesion forces
at the middle and tip regions. The authors stated that this adhesion behavior might be due to
surface proteins of the Als family that are specifically present at the respective regions of the
C. albicans hyphae. Following this argumentation, differences in adhesion values between the
two tested C. albicans strains for the same hyphae regions may be related to different amounts
of Als proteins expressed by the strains [Ovc2012al. This hypothesis was proven by a follow
up study using C. albicans mutant cells lacking the Als3 surface adhesin [Pet2012].

The importance of Als-adhesins could be a general feature of the adhesion between staphylo-
cocci and C. albicans as also the adhesion of S. epidermidis to C. albicans was shown to be
positively correlated with the presence Alsl and Als3 [Bea2013)|.
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4.4.5 Other specific surface adhesins and their function in the bacterial
adhesion process

Numerous other studies investigated the importance of specific proteinaceous and non-pro-
teinaceous, covalently bound and secreted adhesins for the adhesion capabilities of different
bacteria [Low2001,[Han2003.|Waa2005, Bus2008}, Das2011b, Iva2012].

Ivanov et al. found that the adhesion of Pseudomansa fluorescence strain Pf0-1 to an AFM
silicon nitride tip is largely influenced by the amount of the surface bound large adhesion pro-
tein A (LapA) on a bacterial cell surface [Iva2012].

Waar et al. revealed the importance of the adhesin aggregation substance (AGG) for the cell-
cell adhesion of E. faecalis by using multiple bacterial probes and comparing the adhesion of
wild type and AGG mutant strains [Waa2005).

Lower et al. investigated how bacteria actively react to their environment and adapt their adhe-
sion properties [Low2001]. The adhesion of the metal reducing bacterium Shewanella oneidensis
to goethite was measured using multiple bacterial probes. For longer contact times, adhesion
forces increased under anaerobic conditions while no effect of the contact time was measured
under aerobic conditions. The increasing adhesion forces were accompanied by force/distance
curves exhibiting characteristic protein extension signals that might belong to a putative iron
reductase present on the bacterial surface under anaerobic conditions. The authors concluded
that the combination of anaerobic conditions and long contact times lead to an active response
of the bacterium to its environmental situation |Low2001].

Secreted adhesins are part of the EPS of bacterial organisms [Las2002|. Busscher et al. inves-
tigated the adhesion between different carbon particles and gram-negative Raoultella terrigena
[Bus2008|. They found a significantly decreasing number of adhesion events upon removing the
EPS-layer biochemically which reveals a direct influence of the amount of EPS on the adhesion
of Raoultella terrigena.

Extracellular DNA (eDNA) is expressed by some organisms as a part of the EPS [F1e2010].
Das et al. studied the role of eDNA for different adhesion scenarios of S. mutants [Das2011al,
Das2011b|. They found that in general eDNA enhances bacterial adhesion, most likely by
increasing the number of available binding sites between a bacterium and a surface. However,
a detailed description was more complex as differences occurred depending on type of surface,
ionic strength and surface delay times [Das2011alDas2011b)].

4.4.6 Summary

Using a variety of adhesin deficient mutants and host factor providing surfaces the reviewed
studies revealed how well-equipped bacteria are concerning adhesion in their habitat. Thereby,
surface adhesins play a key role by forming strong specific bonds. At the same time, the ex-
tensive macromolecular binding during bacterial adhesion may explain the deviations between
experimental results and theoretical predictions, at least phenomenologically, see section
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4.5 Prevention of bacterial adhesion

The fundamental motivation of bacterial adhesion research is usually its prevention [Hor2010|.
Tuning the surface roughness to change the contact area between a bacterium and a surface is
a possibility to influence bacterial adhesion |Tay1998, Eme2006,/Zha2011].

Zhang et al. measured adhesion forces between multiple bacterial probes (of E. coli cells) and
surfaces covered with nanoparticles of different sizes. They found an increasing adhesion force
for decreasing particle size. Unfortunately, the authors did not relate adhesion forces to com-
mon quantities characterizing surface roughness (e.g. rms-roughness) |Zha2011].

Besides tuning the surface roughness, another promising approach towards the control of bacte-
rial adhesion is tuning the substrate chemistry to control interaction forces. In the oral environ-
ment, fluoridation is a long-known method to decrease caries susceptibility [Deal938,Lev1982|.
Loskill et al. investigated the effect of fluoridation on the adhesion of mouth colonizing bacteria
[Los2013|. They found decreasing adhesion forces on fluoridated artificial teeth compared to
non-fluoridated ones. Hence, one pathway that explains the caries reduction due to fluoridation
is the formation of unfavorable adhesion condition for oral bacteria by the uptake of fluorine
into teeth material |[Los2013).

Instead of changing the chemistry of an existing surface, producing a new surface with less
favorable adhesion conditions is a popular method. A promising technique is the formation
of polymer brushes. A polymer brush coating is a dense layer of polymers standing upright
next to each other with one side attached to a surface [Mil1991]. Polymer brush covered sur-
faces withstand protein adsorption and decrease bacterial adhesion [Jeo1991}[Par1998,Raz2000],
Mus2012,Wan2012, Rod2015]|.

Wang et al. combined the effects of surface roughness and polymer brushes [Wan2011, Wan2012|
by producing surfaces covered with polymer brush micro-bollards on different length scales. For
inter-bollard spacings in the range of 1 um (which is the typical diameter of coccal bacteria
like S. aureus or S. epidermidis) they found decreased bacterial adhesion, while adhesion and
spreading of mammalian cells was almost unaffected.

Rodriguez-Emmenegger and co-workers used single cell force spectroscopy to study the adhe-
sion of Yersinia pseudotuberculosis on different polymer brush coatings as compared to glass
and polystyrene (PS) [Rod2015|. Using one and the same bacterial probe (to eliminate fluctua-
tions due to cell-cell variations) they found strong reductions in bacterial adhesion strength on
the polymer brush coated surfaces. The two best anti-adhesive surfaces provided less than one
percent of the adhesion strength (force and energy) of glass or PS. Thereby, the anti-adhesive
behavior was in good agreement to the anti-fouling behavior (the tendency to withstand protein
coverage). This lead to speculations of the authors about a close connection between ‘protein-
adhesion’ and bacterial adhesion. In other words, the bacteria can not attach to polymer
brushes, because their surface polymers, in particular the proteinaceous, cannot [Rod2015|.
As a consequence, non-proteinaceous adhesins might be able to outsmart the anti-adhesive
properties of polymer brush coatings |Zen2015|. Using single cell force spectroscopy Zeng et al.
revealed that S. epidermidis strain 1457 adhesion to titan is not affected by the presence of a
polymer-brush layer, while mutant cells of the S. epidermidis strain that lack eDNA or cell wall
polysaccharides were strongly affected |Zen2015|. By increasing the polymer brush density, the
authors were able achieve a reduction in adhesion forces also for the wild type cells. Thus, low
density polymer brushes have shown to be ineffective against bacterial strains expressing large
amounts of non-proteinaceous adhesins. The underlying mechanism could be the penetration
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and subsequent release of the polymer brush by the non-proteinaceous adhesins. However, this
mechanism seems to be ineffective against polymer brushes featuring higher surface densities
[Zen2015].

4.6 Concluding remarks and outlook

Bacterial cell force spectroscopy lead to an unprecedented understanding of bacterial adhesion
[Duf2015,/Agu2015b]. Quantitative results as well as insights into nanomechanical processes
governing bacterial adhesion became possible [Duf2015,|Agu2015b|. However, a lot of stud-
ies lack reproducibility, due to harsh treatment of the bacterial cells resulting in non-viable
cells or due to incomplete information about experimental parameters |Bur2003}, Vadgue2004,
Kan2009|. The introduction of single cell force spectroscopy using viable bacterial cells might
solve this problems [Kan2009|. Unfortunately, the technique is still an experimental niche and
much remains to do: Considering that S. aureus alone expresses at least 21 covalently bound
proteinaceous adhesins shows how spars our knowledge about the role of bacterial adhesins
still is |Lin2011]. Also a theoretical model describing bacterial adhesion of different species on
different surfaces is not within sight and adhesion resistant surfaces do only exist in laborato-
ries so far. In the end, today’s research only scratched the surface of the bacterial adhesion
prowess.

However, the supreme discipline of bacterial cell force spectroscopy using single viable cells is
on the rise, including new technological approaches like FluidFM |Bea2014b,Zen2014, Pot2015,
The2015b|. In the end, bacterial adhesion research might experience golden days as sophisti-
cated techniques are available, a lot of preliminary work has been done while many important
questions still await answers.
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5.1 Substrates

Highly controlled abiotic (i.e. without any biological substances) substrates pave the way to
a fundamental understanding of bacterial adhesion mechanisms. Here, monocrystalline silicon
(Si) wafers featuring a native silicon oxide (SiOz2) layer of 1.7(2) nm (the number in the brackets
depicts the uncertainty of the last digit) or a thermally grown SiOs-layer of 150(2) nm are
the basis of very hydrophilic and, with an additional functionalization, strongly hydrophobic
substrates. Preparation and properties of all substrates are detailed in the publication of
Loskill et al. in Langmuir 2012 (Addendum II)| and the publication of
al. in Beilstein J. Nanotechnol. 2014 (Addendum III)|

Briefly, Si wafers were thoroughly cleaned to obtain zero degree water contact angle hydrophilic
substrates. Thereby, a surface energy of 64(1) mJ/m? was achieved for the Si wafers with a
native SiOg-layer, the (rms) surface roughness was determined (by AFM) to 0.09(2) nm and
the streaming potential of these types of surfaces was measured to be -104.4(1) mV at pH 7.3
[Bel2008]. The surface properties of the Si wafers with a thick (150 nm) SiOs-layer do not differ
significantly, see the publication of [Loskill et al. in Langmuir 2012 (Addendum II)|
To obtain equally smooth hydrophobic substrates, Si wafers were covered with a self-assem-
bled monolayer (SAM) of octadecyltrichlorosilane (OTS) molecules according to a standard
protocol |Les2015|. These CHs-terminated surfaces feature a receding water contact angle of
107(2)° with a very low hysteresis of 4°, which demonstrates their high quality. The surface
energy was determined to 24(1)mJ/m? and a streaming potential of -80.0(1) mV at pH 7.3
was measured on these type of hydrophobic surfaces |Les2015|. OTS wafers that base on Si
wafers with a native or thick SiOg-layer do not exhibit significant differences concerning the
surface properties, as detailed in the publication of [Loskill et al. in Langmuir 2012
[((Addendum IT)|

All substrates enable the investigation of the bacterial adhesion process with controlled surface
interactions and high reproducibility. As a consequence, variations concerning the adhesion of
one cell on various substrates are directly related to variations of the physical interactions. The
other way around, variations between different bacterial cells on one and the same substrate
reveal cell-specific properties.
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5 Material and Methods

5.2 Bacterial strains and growth conditions

In this thesis, the non-pathogenic staphylococcal species Staphylococcus carnosus (strain TM300)
and the opportunistic pathogenic Staphylococcus aureus (strain SA113) were used to study bac-
terial adhesion. The genome of S. carnosus strain, TM300, has been decoded and lacks large
amounts of the adhesion factors expressed in S. aureus |[Ros2009,R0s2010]. S. aureus strain
SA113 is a biofilm-forming laboratory strain that serves as a platform to study cell wall linked
macromolecules of this species [Max1986|, Pes1999,[Wei2005,[Bur2013|. Accordingly, three mu-
tant strains of S. aureus strain SA113, that exhibit changes in the cell wall macromolecular
structure were used in this thesis. A description of the mutant cells is given in the manuscript
in Addendum VI

All species were grown on blood-agar and for the study in the publication of
in Langmuir 2012 (Addendum II)| cells were grown in 5ml Mueller Hinton broth for 24
hours at 37°C to obtain stationary phase cells. For all other studies in the thesis at hand, an
overnight culture was seeded in tryptic soy broth (TSB) medium the day before each exper-
iment. Bacteria were grown at 37°C and 150 rpm. The next morning, 40 ul of the overnight
culture were transferred into 4 ml of fresh TSB medium and incubated for another 2.5 hours to
obtain exponential phase cells. Afterwards, 0.5 ml of the bacterial solution were diluted using
0.5ml PBS (pH 7.3, ionic strength 0.1728 mol/1 at 20 °C) and subsequently, washed four times,
using 1 ml PBS each, to remove extracellular material. Finally, bacteria were used to prepare
bacterial probes, see section [5.4

5.3 Atomic Force Spectroscopy

The atomic force microscope (AFM) is a scanning probe microscopy technique that uses in-
termolecular forces to measure surface profiles [Bin1986,Bin1987|. Detailed information about
the AFM are compiled in various textbooks [Sar1991}Bhu2004}Sam2006, Eat2010] and review
articles [Qual994, But2005,/Se02007|. Additional to the investigation of surface topographies,
the AFM is capable to quantify surface properties like elasticity or adhesion with nm spatial
and pN force resolution:

In force spectroscopy mode, the AFM tip is lowered to and retracted from a surface at constant
(x,y)-position. Thereby, cantilever deflection is monitored as a function of the expansion of
the piezo-motor controlling the movement in z-direction. Subsequently, the raw data may be
processed into force/distance curves that display the force between tip and surface as a function
of their separating distance. A force/distance curve is strongly influenced by various internal
and external parameters. For a detailed (theoretical) description of force/distance curves, the
reader is referred to the literature mentioned in the beginning.

A general strength of the AFM is its undemanding nature concerning surrounding medium and
sample preparation. Hence, the AFM was identified as a very suitable tool in biological research
[Han1998, Duf2003]. Using chemically modified AFM tips or even biological objects attached to
an AFM cantilever instead of a tip, AFM is a powerful technique to study biological adhesion
|C1a2000, Ho6r2003, Dup2010, Duf2013, Duf2015,|Agu2015b|. In this thesis, atomic force spec-
troscopy with bacterial cells attached to an AFM cantilever - bacterial cell force spectroscopy -
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5.4 Bacterial probes and force/distance curves

is the method of choice to study bacterial adhesion.

5.4 Bacterial probes and force/distance curves

Bacterial cell force spectroscopy relies on bacterial probes. Bacterial probes are AFM can-
tilevers with a single bacterial cell or a cluster of bacterial cells attached in order to investigate
bacterial adhesion properties. The history of bacterial probes has been introduced in section
4.1} Different techniques to produce bacterial probes exist in literature |[Low2001} Bea2014b)
Zen2014,|Pot2015] including our own |Los2012b} The2014,|The2015a]. Bacterial cluster probes
are easier in production and result in better statistics per probe, however, no quantitative mea-
surements are possible as the number of cells that interact with a surface is unknown. Hence,
experimental values measured with different multiple bacterial probes are not comparable.
Single bacterial probes are complex in terms of production, but enable for a quantitative char-
acterization of the bacterial adhesion process. Fundamental requirements of bacterial probes
are detailed in the publication of Thewes et al. in Fur. Phys. J. E 2015 (Addendum|
I)|as well as protocols to produce bacterial cluster probes and single bacterial probes with one
single, living, bacterial cell.

The outcome of bacterial cell force spectroscopy measurements are force/distance curves. Be-
sides a step by step recipe to produce bacterial probes, the publication of [Thewes et al. in|
[Fur. Phys. J. E 2015 (Addendum I)|details the evaluation of force/distance curves with
bacterial probes. Several important quantities in a force/distance curve that characterize the
bacterial adhesion process are sketched in fig. and are described briefly in the following:

The approach part is characterized by the distance between bacterium and surface where
attractive forces start acting - the snap-in distance - as well as the maximum attractive force
during approach - the snap-in force. It is worth noting here (and will be described in detail
in chap. |§[) that the studies in this thesis are the first that recognized and investigated the
bacterial snap-in processes systematically.

The retraction part is mainly characterized by the maximum force acting between bacterium
and surface - taken as adhesion force - as well as by the work necessary to completely separate
bacterium and surface - the adhesion energy - that is calculated by integrating the area above
the retraction part of a force/distance curve. In addition, the distance where the bacterium
loses contact to the surface can be evaluated, and is referred to as the rupture length.

In this thesis, bacterial probes are an essential tool to study the nature of bacterial adhesion
processes and these probes are produced according to the protocols in the publication of
|Thewes et al. in Eur. Phys. J. E 2015 (Addendum I)|
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Figure 5.1: Representative force/distance curve of a single bacterial probe as well as basic quantities
characterizing the bacterial adhesion process. The approach (retraction) part of the force/distance
curve is shown in blue (red). The curve depicts the adhesion between a single S. aureus cell and a
hydrophobized Si wafer in PBS buffer. Note the density of data points as well as the extend of the
snap-in event in the approach part of the force/distance curve.
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6 Results: Bacterial Adhesion to abiotic
Surfaces

Today, there exists nor a comprehensive understanding of the bacterial adhesion process in gen-
eral neither of bacterial adhesion to abiotic surfaces in particular. Accordingly, the construction
of a theoretical model describing bacterial adhesion is an objective of current research.

As detailed in chap. [ and section bacterial cell force spectroscopy enables the quantitative
study of bacterial adhesion to various surfaces. The influence of xDLVO forces on bacterial ad-
hesion is an important issue of bacterial cell force spectroscopy studies, see section[d.2] Thereby,
xDLVO theory is in most cases able to qualitatively corroborate the force spectroscopy results,
while quantitative predictions always fail due to the complex nature of the bacterial adhesion
process, see section [3.1] and chap. Besides electrostatic forces, acid-base interactions and
van der Waals (vdW) forces constitute the most important forces considered in xDLVO theory,
see section

Studying the influence of vdW forces with multiple bacterial probes. VAW forces
are sensitive to a materials polarizability. Hence, the vdW potential of a silicon (Si) substrate
is tunable by tuning its SiOs-layer thickness. It was shown that vdW forces influence the
adsorption of proteins |Bel2008] and to investigate if bacterial adhesion is also affected by
vdW forces, adhesion forces of S. carnosus cells to Si substrates with a SiOq-layer thickness
of 2nm and 150 nm were measured by bacterial cell force spectroscopy. The results that are
compiled in the publication of [Loskill et al. in Langmuir 2012 (Addendum II)| reveal
two times higher adhesion forces of S. carnosus cells to Si substrates with the thin SiOs-layer
as compared to Si substrates with the thick SiOs-layer. Because both Si substrates feature the
same short-range interactions, these measurements evidence a direct influence of vdW forces on
bacterial adhesion. The force spectroscopy results were supported by macroscopic adsorption
measurements and were qualitatively corroborated by theoretical modeling using DLVO theory
and incorporating the different Hamaker constants of the substrates with thin and thick Si-
oxide layer.

Additionally, the influence of vdW forces on a pair of substrates that exhibit very low surface
energies was measured by adding a hydrophobic monolayer (octadecyltrichlorosilane, OTS)
onto the Si wafers. Also on hydrophobic substrates force spectroscopy measurements reveal an
influence of vdW forces on bacterial adhesion. However, a direct comparison between the force
measurements on the hydrophilic Si substrates and the hydrophobic OTS substrates is not
possible, because multiple bacterial probes were used to achieve the results in the publication
of [Loskill et al. in Langmuir 2012 (Addendum I1I)|
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6 Results: Bacterial Adhesion to abiotic Surfaces

Studying bacterial adhesion on hydrophobic substrates using single bacterial probes.
The influence of the hydrophobic interaction (see section on the adhesion of staphyloc-
cci was investigated by single cell force spectroscopy. Therefor, hydrophilic Si wafers and
hydrophobic OTS wafers (both with a thin SiOs-layer) were probed with one and the same
bacterial cell. These experiments reveal that S. carnosus cells (note that the cells in this study,
where cultured differently compared to the cells used to study the influence of vdW forces, see
section adhere at least one order of magnitude stronger to hydrophobic OTS substrates
than to hydrophilic Si substrates. This means that - if present - the hydrophobic interaction is
the key factor defining the strength of bacterial adhesion.

Further measurements with single bacterial probes reveal that the bacterial adhesion process
on hydrophobic substrates is very robust: Consecutive force/distance curves measured with
one bacterial probe do almost not differ in the basic quantities that are described in section
b4

In contrast, these quantities may exhibit large differences for force/distance curves of different
cells, even of one bacterial culture, i.e. bacterial cells behave like ‘individuals’.

The approach parts of force/distance curves between single S. carnosus cells and OTS sub-
strates show a long-ranging attraction between cell and substrate (‘bacterial snap-in’). This
attraction is of much longer range than xDLVO forces could explain!

All these results are written down in the publication of [Thewes et al. in Beilstein J.|
[Nanotechnol. 2014 (Addendum III)|and in order to understand the details of the exper-
imental findings a simple model was introduced. In this model, bacterial adhesion is solely
caused by the tethering of bacterial surface polymers and these polymers behave like elastic
springs. Subsequently, the experimental results may be explained in terms of the model: 1)
Strong adhesion forces on hydrophobic substrates are caused by the excessive binding of bac-
terial cell wall polymers (proteins) via the hydrophobic interaction. On hydrophilic substrates
protein binding is almost absent, hence, adhesion forces are low. ii) The robustness of the bac-
terial adhesion process on hydrophobic substrates is a result of a large number of proteins that
tether to the surface, thus suppressing stochastic fluctuations. iii) The individuality of bacterial
cells is a result of differences of surface macromolecules (in mechanical properties and number)
between bacterial cells. iv) The long-ranging attraction upon approach of a bacterium to a
hydrophobic surface is caused by cell wall proteins that tether to the surface and subsequently
pull the cell to the surface.

To conclude, the most important result of the publication of [Thewes et al. in Beilstein]
|J. Nanotechnol. 2014 (Addendum III)|is a new model describing bacterial adhesion. By
assuming that the contact between a bacterial cell and a surface is exclusively generated by
tethered macromolecules, the influence of xDLVO forces and the failing of xDLVO theory in
describing the bacterial adhesion process (see chap. are satisfied at the same time: While
xDLVO forces cause the binding of macromolecules yielding the influence of xDLVO forces,
the consecutive stretching and detaching of those causes the break down of xDLVO theory in
regard to bacterial adhesion.

Attachment mechanisms of Staphylococci. The long-ranging attraction between single S.
carnosus cells and hydrophobic surfaces was investigated for the first time in the thesis at hand
and the publication of [Thewes et al. in Beilstein J. Nanotechnol. 2014 (Addendum|
provides the first description of the bacterial snap-in process in literature. Although a
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mechanism to explain the bacterial snap-in was proposed, further details of this process were
obscure.

To gain a fundamental understanding of the bacterial snap-in process, single cell force spec-
troscopy measurements with pathogenic Staphylococcus aureus and hydrophobic OTS sub-
strates were conducted. These experiments were accompanied by Monte Carlo simulations of
the model that has been introduced in the preceding paragraph and that is detailed in the
publication of [Thewes et al. in Beilstein J. Nanotechnol. 2014 (Addendum III)|
The results of this approach, that combines experimental and computational expertise, are
compiled in the publication of [Thewes et al. in Soft Matter 2015 (Addendum IV)|
Experimental data revealed snap-in distances of more than 50 nm between single S. aureus cells
and hydrophobic OTS surfaces. To clarify the origin of the snap-in, force/distance curves were
conducted where the approach of the cell was stopped during the attractive part of the approach
curve (see negative portion of the approach curve in fig. and the cell was subsequently
retracted from the surface. For this method, we coined the term ‘partitioned’ force/distance
curves in order to stress that it is possible to measure a full force/distance curve also part by
part. Note that this study is the first describing these kind of force/distance measurements.
By retracting the cell during the snap-in process and before full contact is achieved, the parti-
tioned force/distance curves enable the investigation of the nature of the contact that causes
the attraction upon approach of a bacterial cell to a hydrophobic substrate. That way, parti-
tioned force/distance curves with single S. aureus cells adhering to OTS substrates proofed the
macromolecular origin of the snap-in process: The approach was stopped at different stages
of the snap-in process and partitioned force/distance curves testing only the very beginning
of the snap-in already showed the consecutive stretching and rupturing of bacterial surface
macromolecules upon retraction.

Furthermore, a comparison between experimental and simulated full and partitioned force/-
distance curves revealed that the contact formation of bacterial cells relies on the binding of
thermally fluctuating cell wall macromolecules of different stiffness. These macromolecules
bind to a surface in close proximity and pull the bacterium to the surface. For details of these
findings, the reader is referred to the publication of [Thewes et al. in Soft Matter 2015|
|((Addendum IV)|

In order to investigate the nature of the contact-forming macromolecules more closely, S. au-
reus cells were treated with glutaraldehyde or protease. Both reagents modify the cell wall
proteins by crosslinking proteins (glutaraldehyde) or cutting peptide bonds (protease) and
that way, both reagents decrease the protein dynamics. Thus, if cell wall proteins cause the
snap-in process, glutaraldehyde as well as protease should decrease the extend of this pro-
cess. Finally, force/distance measurements with single bacterial cells before and after protein-
modifying treatments reveal that indeed bacterial cell wall proteins cause the long-ranging
attraction during bacterial contact formation.

To summarize, the presented research project provides the first combination of experimental
and computational approaches (using the introduced model) to investigate bacterial adhesion.
This powerful combination revealed and explained a to date unknown attachment mechanism
that enables bacterial cells to attach to surfaces ‘beyond the range of classic surface forces’, see
the publication of [Thewes et al. in Soft Matter 2015 (Addendum IV)|
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6 Results: Bacterial Adhesion to abiotic Surfaces

The adhesion of Staphylococcus aureus to abiotic substrates. The results that have
been presented so far, revealed the importance of the hydrophobic interaction for staphylo-
coccal adhesion and clarified the contact formation process of staphylococci on hydrophobic
substrates. What has not been studied in detail, yet, is the large difference that force/distance
measurements exhibited that were performed with single bacterial cells on hydrophobic and hy-
drophilic substrates, see the publication of [Thewes et al. in Beilstein J. Nanotechnol.|
2014 (Addendum III)| In order to investigate the origin of these differences and to deduce
general mechanisms of bacterial adhesion on abiotic substrates, the adhesion of S. aureus was
studied on hydrophilic and hydrophobized Si wafers. Thereby, single cell force spectroscopy was
combined with genetic tools and accompanied by computer simulations of an improved version
of the model used in the publication of [Thewes et al. in Soft Matter 2015 (Addendum)|
The results of this approach are particularized in the manuscript [in Addendum V|
and are briefly presented in the following:

A comparison between experimental and simulated force/distance curves reveals fundamental
differences of bacterial adhesion mechanisms on hydrophilic and hydrophobic substrates: On
hydrophobic substrates, bacterial adhesion is mediated by a large number of bacterial surface
polymers (proteins) that attach the substrate surface via the hydrophobic interaction. The
result is a large adhesion force and very stable force/distance curves (in terms of the basic
quantities described in section . In contrast, on hydrophilic substrates, only few bacterial
surface polymers tether to the substrate surface with a binding energy that is higher compared
to hydrophobic substrates. As van der Waals and electrostatic interactions are usually an order
of magnitude smaller than the hydrophobic interaction, it was concluded that polymer tethering
on hydrophilic substrates bases on hydrogen bond formation. Yet, on hydrophilic substrates,
the low amount of tethering polymers results in small adhesion forces and force/distance curves
with strongly fluctuating shapes.

Hence, by comparing experimental and simulated force/distance curves it is possible to evidence
that the difference between bacterial adhesion on hydrophilic and hydrophobic substrates is
mainly a result of the different numbers of cell wall macromolecules that tether to the surfaces
during the time of contact.

In general, the number of cell wall polymers that attach to a substrate in certain time interval, is
given by (if no detachment occurs in the respective time interval) the product of the attachment
rate and the number of polymers available to attach. Therefore, two reasons are identified
that may explain the smaller number of tethering surface polymers on hydrophilic substrates
compared to hydrophobic ones: i) Bacterial surface polymers that are able to form hydrogen
bonds with hydrophilic substrates are less numerous on the bacterial cell surface than those
that tether to hydrophobic substrates, ii) the formation of hydrogen bonds leads to a decreased
attachment rate compared to the attachment of polymers on hydrophobic substrates.

Furthermore, single cell force spectroscopy measurements using S. aureus wild type and mutant
cells as well as cells of apathogenic S. carnosus revealed the following results:

e Pathogenic S. aureus cells adhere much stronger to hydrophilic and to hydrophobic sub-
strates compared to apathogenic S. carnosus cells.

e Surface proteins that are covalently bound to the bacterial cell wall are much more im-
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portant for the adhesion to hydrophobic substrates than for the adhesion to hydrophilic
substrates.

e The bacterial surface polymers that mediate adhesion to hydrophobic substrates are, at
least partially, different polymers than that mediating adhesion to hydrophilic substrates.

e The cell surface charge influences bacterial adhesion to hydrophilic substrates, yet not to
hydrophobic substrates.

e Changes of the cell wall teichoic acids decrease adhesion forces to hydrophobic substrates.

To infer, the findings that were illustrated in this paragraph elucidated fundamental mecha-
nisms that govern the adhesion of Staphylococcus aureus on abiotic substrates, see the manu-
script in Addendum V| The results give strong evidences that it is possible to describe the
bacterial adhesion process by solely taking into account the cell wall polymers that tether to a
surface and, hence, corroborate the model introduced in this thesis.

The interaction area of cocci bacteria. In the experimental series reported before, the
interaction strength between bacteria and different substrates was investigated. Yet, the size
of the contact area that is actually probed by performing force/distance curves with a single
bacterial cell on a solid substrate remained unclear and no measurements of this area are
described in literature to date. In this section, a method to measure the contact area of
bacteria directly is described. This method relies on the huge difference in adhesion forces of
bacteria (e.g. of S. carnosus) on hydrophilic and hydrophobic substrates (see section and
the publication of [Thewes et al. in Beiulstein J. Nanotechnol. 2014 (Addendum IIT)|
as well as the manuscript fin Addendum V)).

The first and most crucial experimental step was to produce a substrate, that features a very
sharp transition zone (width of less than 20nm) between a hydrophilic and a hydrophobic
surface area with a negligible high step (=2 nm) as compared to a bacterial cell. Adhesion forces
of a single bacterial cell, measured by force/distance curves, are very small on the hydrophilic
part of the substrate and much higher on the hydrophobic part. Intermediate adhesion forces
are revealed by force/distance measurements on the transition zone, where parts of the bacterial
cell probe the hydrophilic and the hydrophobic surface area. By moving a single bacterial cell
(attached to an AFM cantilever) in small steps across the transition zone and by determining
the adhesion force with a force/distance curve in each step, the radius of the contact area is
accessible. Therefor, the adhesion force measured at each point is plotted against the position
of the bacterial probe. By inspecting the progression of adhesion forces between the low force
values on the hydrophilic and the high forces on the hydrophobic surface area, the radius of
the contact area is determined. Besides the adhesion forces, also the progression of adhesion
energies may be utilized to determine the contact radius. In general, the experimental procedure
is similar to displacement measurement of a light point on a segmented photodiode.

The method as well as results of a first series of measurements are detailed in the manuscript
[in Addendum VIl The results provide a proof of concept and reveal contact radii between
20nm and 250nm for different S. carnosus cells. Hence, the individuality of bacterial cells
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6 Results: Bacterial Adhesion to abiotic Surfaces

that showed up in adhesion forces (see the publication of [Thewes et al. in Beilstein J.|
|Nanotechnol. 2014 (Addendum III)|), also shows up in the contact radius. Contact radii
determined according to the progression of adhesion forces can differ from the radii determined
according to the adhesion energy progression. This difference can be attributed to molecular
details of the bacterium/surface contact, see the manuscript [in Addendum VI Thus, the
method to measure bacterial contact radii might reveal molecular details of the assembly of
bacterial surface polymers. However, further measurements will be necessary at this point.

To understand details of the experimental results, the experimental procedure to measure the
contact radius of a bacterial cell was modeled using the approach described in the preceding
paragraph and that is detailed in the manuscript [in Addendum V| First results reveal
large differences between the contact radius of a model bacterial cell and its ‘real’ counterpart.
As the model assumes equally distributed surface polymers this might be a hint towards a
formation of adhesion clusters on the bacterial surface.

Finally, the method to measure the contact radius of a single bacterial cell yields promising
data. However, further effort will be necessary to improve the experimental setup, produce
experimental data and interpret the data in combination with the simulation approach.
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7 Summary and Outlook

The bacterial adhesion process in general is significantly more complex than adhesion scenarios
involving only abiotic, ‘bare’ materials. In this thesis, however, fundamental mechanisms of
bacterial adhesion were to be studied and the use of abiotic surfaces decreased the complexity of
the process, since the properties of those surfaces are well-controlled and highly reproducible.
Nevertheless, also in nature, bacteria might interact with similar abiotic surfaces, e.g. on
implants or catheters.

The method of choice to study bacterial adhesion was AFM cell force spectroscopy paired with
Monte Carlo simulations. The key result of this work is that the bacterial adhesion process can
be attributed exclusively to the interaction between bacterial surface polymers and a substrate.
In consequence, to comprehend bacterial adhesion, a basic understanding of bacterial surface
polymer mechanics and polymer /surface interactions is of utmost importance.

Probing clusters of bacteria that adhered to substrates with identical surface properties (rough-
ness, chemical composition, surface energy), yet different chemical compositions of the subsur-
face revealed differences in adhesion force. Since all other parameters were held constant, only
differences in vdW forces can be responsible for this. The results are in accordance with those
of proteins and polymer films on the mentioned substrates.

To reveal further details of the bacterial adhesion process and especially of the role of the cell
wall macromolecules, the experimental setup to study bacterial adhesion was improved in order
to be able to characterize bacterial adhesion in a quantitative way on a single cell level. Finally,
a protocol was drawn up to attach single bacterial cells to AFM cantilevers in a reproducible
way with relatively high throughput.

Subsequently, single cell force spectroscopy was used to measure adhesion of single bacterial
cells on hydrophilic Si wafers and hydrophobized Si wafers. Upon approach of a cell to hy-
drophobic substrates, a long-ranging attractive force was measured (for S. carnosus and S.
aureus cells) that was absent on hydrophilic substrates. This attraction (‘bacterial snap-in’)
that was described for the first time in this thesis, was of much longer range (>50nm) than
classic surface forces could explain.

Upon retraction, adhesion forces were much larger on hydrophobic substrates as compared to
hydrophilic substrates. Furthermore, the shape of force/distance curves captured with one and
the same cell on both substrates exhibited significant differences.

These results called for a model to capture the molecular details of the experimental out-
come: In the model, a bacterial cell is idealized as an inelastic sphere that is covered by elastic
polymers with different mechanical properties. This model was analyzed using Monte Carlo
simulations and these simulations evidenced that the simple model is able to capture basic

45



7 Summary and Outlook

experimental observations:

A comparison between experimental and simulated force/distance curves revealed that the
bacterial snap-in is a result of thermally fluctuating cell wall proteins of different stiffness that
attach to a surface in close proximity and subsequently pull the bacterial cell to the surface.

Experiments and simulations also revealed that the huge difference in bacterial adhesion to
hydrophilic and hydrophobic substrates is a result of different numbers of tethering bacterial
surface polymers. On hydrophobic substrates large amounts of cell wall polymers (proteins)
bind to the surface via the hydrophobic interaction. In contrast, on hydrophilic substrates cell
wall polymers tether less numerous and binding relies on the formation of hydrogen bonds.

By performing single cell force spectroscopy with S. aureus mutant cells that exhibit changes
in the cell wall polymer composition it was shown that covalently bound cell wall proteins
are much more important for the adhesion on hydrophobic than on hydrophilic substrates.
Furthermore, a comparison between wild type and mutant cells revealed that the bacterial
surface charge influences adhesion to hydrophilic substrates, yet not to hydrophobic ones.

As a further refinement to understand bacterial adhesion, a method was introduced to deter-
mine the contact area between a bacterial cell and a substrate directly. Therefor, a substrate
that features a very sharp transition (< 20nm) between a very hydrophilic and a strongly
hydrophobic surface area was produced. Subsequently, a single bacterial probe was moved
stepwise across the transition zone and a force/distance curve was performed at each point.
This procedure allows for the determination of the contact radius of the cell by inspecting the
progression of the adhesion forces during the pathway from the hydrophilic to the hydrophobic
surface area. A proof of concept is given and demonstrates the big potential of the technique,
in particular by adding simulated force/distance curves. Yet, further improvements of the
technique as well as additional measurements are necessary.

This work investigated fundamental binding properties of staphylococcal cells on abiotic sub-
strates. Direct follow-up studies should address the role of teichoic acids in staphylococcal
adhesion to abiotic substrates by using single cell force spectroscopy.

Furthermore, the model should be improved in order to capture more complex polymer binding
scenarios.

An important future step will be to translate the results of this thesis to i) other bacterial
species and ii) to adhesion processes involving more complex biotic substrates.

The translation to different bacterial species is rather straightforward as bacterial cells in gen-
eral exhibit surface polymers ‘designed’ to fulfill adhesion tasks. The translation in the second
case requires greater efforts. On biotic substrates the tethering of bacterial surface polymers
is more complex due the possible macromolecular nature of the adhesion partner, however,
the general result that the number of tethering polymers is a major parameter controlling
the strength of adhesion, will still be valid. Nevertheless, additional complexity may result
out of more complex binding potentials between bacterial surface polymers and other macro-
molecules.

To conclude, bacterial cell force spectroscopy turns out to be a powerful tool to study bacterial
adhesion. By coupling the experimental results with numerical simulations, the results can be
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comprehended on a molecular level. In turn, predictions of the simulations can give hints of
how to change experimental parameters. In the future, this will be more and more important
when moving to biotic surfaces.
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Abstract. The atomic force microscope (AFM) evolved as a standard device in modern microbiological
research. However, its capability as a sophisticated force sensor is not used to its full capacity. The AFM
turns into a unique tool for quantitative adhesion research in bacteriology by using “bacterial probes”.
Thereby, bacterial probes are AFM cantilevers that provide a single bacterium or a cluster of bacteria as
the contact-forming object. We present a step-by-step protocol for preparing bacterial probes, performing
force spectroscopy experiments and processing force spectroscopy data. Additionally, we provide a general
insight into the field of bacterial cell force spectroscopy.

1 Introduction

Infectious biofilms on implants or catheters cause serious
medical problems that may lead to major medical inter-
vention [1,2]. One key step in the development of a biofilm
is the adhesion of bacteria to these medical devices. How-
ever, a fundamental understanding of the basic processes
governing bacterial adhesion is still lacking [3]. Atomic
force microscope (AFM) used in force spectroscopy mode
is a promising technique to close this gap in knowledge.
By attaching a single bacterium or a cluster of bacteria
to an AFM cantilever, so called “bacterial probes” can
be prepared, which allow studying the adhesion process
of bacteria with nanometer spatial and piconewton force
resolution [4-7].

This paper details a protocol for the fabrication of bac-
terial probes, both with a cluster of bacteria (“bacterial
cluster probe”, fig. 1a) or one single bacterium (“single
bacterial probe”, fig. 1b). Further, a detailed description
of how to measure and process force spectroscopy data
(“force/distance curves”, fig. 1¢) with bacterial probes will
be given.

2 Bacterial cell force spectroscopy

Single cell force spectroscopy (SCFS) is a well-established
method for the characterization of adhesive properties

* Present address: Dept. of Bioengineering and California In-
stitute for Quantitative Biosciences (QB3), University of Cal-
ifornia at Berkeley, Berkeley, California 94720, USA.

P e-mail: k. jacobs@physik.uni-saarland.de
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Fig. 1. a) “Bacterial cluster probe”, tipless cantilever covered
with a large number of bacteria, b) “single bacterial probe”,
tipless cantilever with one single bacterial cell attached, c)
representative force/distance curve taken with a single S. au-
reus cell adhering to a hydrophobized Si wafer in PBS buffer
(for preparation of the hydrophobic substrate see ref. [8]). Ap-
proach (retraction) curve in blue (red).

of eukaryotic cells [9-12]. The concept of bacterial cell
force spectroscopy is the logical continuation of SCFC to
prokaryotic cells.

To perform AFM force spectroscopy experiments with
bacterial probes, a single bacterium or a cluster of bacte-
ria has to be immobilized on an AFM cantilever. For the
immobilization, two parameters are of major importance,
namely the geometry of the AFM tip and the selection
of an appropriate glue, i.e. a glue that binds the bacteria
strong enough to the cantilever to perform force measure-
ments, without changing the properties of the bacterial
cells.
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Fig. 2. Representative force/distance curve taken with a single
S. aureus cell adhering on a hydrophobized Si wafer in PBS
buffer. Approach (retraction) curve in blue (red). Fundamental
measurands that characterize the bacterial adhesion process
are highlighted.

The outcome of AFM force spectroscopy measure-
ments with bacterial probes are called force/distance
curves. Thereby, the force acting on the bacterium (at-
tached to an AFM cantilever), is monitored as the can-
tilever (and the bacterium) is approached to the surface,
pressed onto it with a certain maximum force (called
“force trigger”), and retracted from the surface. Figure lc
and fig. 2 show a representative force/distance curve taken
with a Staphylococcus aureus single bacterial probe; the
approach and retraction curves are shown in blue and red,
respectively. Force/distance curves allow to quantify bac-
terial adhesion by several means (cf. fig. 2): The range of
attractive forces upon approach can be measured (“snap-
in separation”), additionally the “snap-in force” is a mea-
sure for the strength of the attractive forces. During re-
traction, the lowest point of the curve determines the ad-
hesion force of the bacterium and the distance where the
adhesive contact is lost defines the “rupture length”. Inte-
grating over the area above the retraction curve provides
the adhesion energy. Further quantitative parameters such
as the separation of the adhesion peak, or the number and
depth of secondary peaks can be evaluated depending on
the experimental goal. Thus, AFM force spectroscopy with
bacterial probes is a unique tool to gain access into bac-
terial adhesion in a quantitative manner.

2.1 Tip geometries

Various tip geometries can be used as a basis for bac-
terial probes. To implement experiments enabling both
a large number of repetitions required in biological ex-
periments and a large degree of control of experimental
parameters, the number of immobilized bacteria needs to
be controlled while keeping the preparation procedure as
simple as possible. The most advanced bacterial probes

Eur. Phys. J. E (2015) 38: 140

feature one single immobilized bacterium (single bacterial
probe) as this is the most precise way to characterize bac-
terial adhesion [7,13]. However, bacterial probes with a
larger number of immobilized bacteria (bacterial cluster
probes) may be used, as their preparation is less complex
and time consuming [14,6]. When using bacterial cluster
probes, on the one hand only measurements with the same
bacterial probe are comparable, on the other hand the
overall larger adhesion force and the averaging over many
individual adhesion events can lead to better statistics of
the measurements.

The most common tip geometry is the absence of a
tip [5,15-18]. These so-called tipless cantilevers feature a
large and accessible contact area. Functionalization with
a glue and fixation of bacteria are straightforward in the
case of tipless cantilevers.

Further typical tip geometries utilized as a basis for
bacterial probes are spherical probes [19-21] and pyrami-
dal tips [22-24]. Both spherical probes and pyramidal tips
offer only a small contact area to the bacteria due to the
curved and pointed geometry. Therefore, a high adhesive
strength of the glue holding the bacteria onto the can-
tilevers is necessary. Moreover, it is challenging to place
single bacteria at a specific spot, the apex of the tip or
the topmost part of the sphere.

Here we detail a protocol using tipless cantilevers
which possesses ease of use and, while using “single bac-
terial probes”, ensures the comparability of different bac-
terial probes.

2.2 Immobilization methods

As mentioned above, the selection of the best suited glue
is challenging due to two major requirements: On the one
hand, bacteria have to be attached to the cantilever by
a force that exceeds the adhesion force to the substrate
under study. On the other hand, the viability and the
properties of the bacterial cell wall that is not in contact
with the cantilever should not be affected.

Various types of glues based on different binding mech-
anisms have been presented in the literature:

— Positively charged polymer coatings such as polyethy-
leneimine (PEI) [22,25] and poly-L-lysine (PLL) [16,
26] can be used, since the surfaces of both the bac-
terium and the cantilever, are negatively charged at a
physiological pH. However, the effectivity of the elec-
trostatic immobilization may decrease depending on
the concentration of electrolytes.

— By using aminosilanes, -thiols [20,27], or (poly)dopa-
mine (PDA) [28,5], the cantilevers can be functional-
ized with amino groups that can form strong, unspe-
cific, covalent bonds with carboxyl groups that are ac-
cessible in the bacterial cell wall. Covalent binding be-
tween carboxyl and amino groups may be enhanced by
1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide/N-
hydroxysuccinimide (EDC/NHS) treatment [29,30].
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— Specific linkage can be achieved by coating the can-
tilevers with proteins serving as ligands for compo-
nents of the bacterial cell wall (i.e. fibronectin-fibro-
nectin binding proteins) [31,32]. Similarly, a commer-
cially available cell adhesive protein derived from Myti-
lus edulisi (Cell-Tak™) was reported to be a suitable
glue to immobilize bacterial cells [30,33].

Although approaches such as the use of regular glue
(e.g. glass adhesive) have also been reported in the lit-
erature [15,34], a satisfactory fulfillment of the second
requirement, the prevention of any alteration of the bac-
terium, is highly doubtful. The same is true for procedures
involving a crosslinking via glutaraldehyde or formalde-
hyde [25,22], which are known to have an effect on the
surface properties of the entire bacterium [35,36].

To immobilize bacterial cells, our protocol utilizes a
polydopamin coating of AFM cantilevers that is inspired
by a work by Lee et al. [37]. This coating combines ease of
use with biological compatibility and durability [5,7,13].

2.3 Bacterial cluster force spectroscopy

The small size of bacterial cells makes their handling
challenging, yet measuring the adhesion of bacterial cell
clusters using “bacterial cluster probes” circumvents this
problem [14,6]: These bacterial probes are much easier to
produce, but lead to less controlled and less quantitative
experimental results as the number of bacteria and the
area of contact interacting with the respective surface is
largely unknown. When comparing the adhesion to dif-
ferent surfaces, this problem can be handled by perform-
ing consecutive measurements on the surfaces of interest
with the identical bacterial probe. The result, however,
will always be a relative one, since absolute force values
cannot be measured with this kind of probe. A compar-
ison between different bacterial probes or different bac-
terial species is not possible [6]. Bacterial cluster probes
are usually based on tipless cantilevers [18,6], some stud-
ies, however, describe the use of spherical tips [19] or even
normal cantilevers, where the tip is covered with bacte-
ria [23,14]. Another interesting approach is the application
of an entire bacterial biofilm to a glass sphere attached to
an AFM cantilever [38,39]. Regardless of the exact pro-
cedure, all of these bacterial cluster probes lack a certain
level of control.

2.4 Single bacterial cell force spectroscopy

The problem of measuring adhesion in an absolute man-
ner can be solved by controlling the number of adher-
ing bacteria, at best by using only one bacterium (“single
bacterial probes”). However, the accurate attachment of
a single bacterium to an AFM cantilever is fairly impos-
sible without adequate technical equipment, e.g. an AFM
with an integrated inverted microscope [7,21] or a micro-
manipulation system [5,13]. The use of a single bacterial
probe results in a highly controlled experiment in terms
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of the load applied to the bacterium and the measured
quantities, in particular the adhesion force. In addition,
the viability of the characterized single bacterium can be
checked by subsequent live/dead staining.

3 Experimental protocol
3.1 Fundamentals
3.1.1 AFM

We use a Bioscope Catalyst (Bruker-Nano, Santa Bar-
bara, Ca, USA) for AFM bacterial cell force spectroscopy.
Yet, the protocol detailed here does not require any spe-
cial AFM model, except for the possibility of recording
force/distance curves.

The following components are part of our AFM sys-
tem:

1. BioScope Catalyst head (“head”)
2. Nanoscope V controller (“controller”)

3. BioScope Catalyst Electronics Interface Box (“E-
Box”)

4. BioScope Catalyst baseplate with sample holder plate
(“sample holder”)

5. EasyAlign for infrared laser alignment (“alignment
station”)

6. Joystick for controlling x,y, z motors

7. Nanoscope Software (version 8.15) (“software”)

8. Probe holder for measurement in liquid

9. Mount for the probe holder while changing cantilever

. Magnetic sample substrate clamps

3.1.2 Micromanipulation system

The components of our micromanipulation system are:

1. Inverted fluorescence light microscope Leica DMIL
LED Flou

2. Micromanipulator Narishige MOM 202D

3. A homemade aluminum arm with a hole on its upper
end (fig. 3a)

4. A small cross of PMMA that can be inserted into the
aluminum arm (fig. 3b)

5. Double-sided adhesive tape

3.1.3 Cantilevers

The adhesion forces of bacteria can vary over a huge
range of forces, from below 100 pN to several tenths of nN.
Hence, some experience is necessary to identify the right
cantilever spring constant, since stiff cantilevers allow the
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Fig. 3. a) Aluminium micromanipulation arm with a hole to
insert the PMMA cross, b) PMMA cross with a small piece of
double-sided adhesive tape, ¢) manipulation arm with PMMA
cross inserted into the micromanipulator. The inset shows the
cantilever holder attached to the PMMA cross.

measurement of higher forces but reduce the experimental
resolution in terms of force. We use spring constants be-
tween 0.03 and 0.5 N/m depending on the expected forces
during the adhesion process.

3.2 The protocol
3.2.1 Functionalization of the cantilever

This method of cantilever-functionalization is inspired by
a publication by Lee et al. [37].

1. Take out as many cantilevers as you plan to use in to-
day’s experiment, and put them into a clean glass petri
dish. The cantilever coating should be freshly prepared
each day.

2. Cantilevers are cleaned in an air-plasma for 30 seconds,
to get rid of any organic residues.

3. From now on, we perform every step under class 100
(less than 100 particles/ft3) clean room conditions to
reduce the risk of cantilever contamination (clean room
conditions are helpful, yet might not be necessary).

4. Prepare a solution of 4mg/ml dopamin hydrochloride
(Sigma-Aldrich) in TRIS/HCL-Buffer (Sigma-Aldrich,
10 mMolar, pH 7.9 at 22°C).

5. Dip the cantilevers vertically into the dopamin solution
and store them for about one hour in the refrigerator.

6. Take the cantilevers out of the solution and rinse them
carefully with ultrapure water (0.055 £S/cm at 26 °C).

7. Dry the cantilevers under vacuum (approx. 1 mbar) for
about 15 minutes or under a laminar flow bench for at
least one hour.

8. Proceed with the calibration of the cantilever.

Eur. Phys. J. E (2015) 38: 140

3.2.2 Preparation of the substratum

The surface preparation very much depends on the type
of substratum. Therefore, this issue is not detailed here.
However, some fundamentals have to be obeyed irrespec-
tive of the exact surface: The surface has to be clean and
inert concerning the used buffer solution and it must be
fixed within the liquid cell (a petri dish or something sim-
ilar) in order to prevent unwanted motion of the substra-
tum. If using glue for fixation, it must not contaminate
the buffer and should not dissolve. We use polystyrene
of high molecular weight (780kg/mol) dissolved in chlo-
roform (in a concentration of 40-50 mg/ml), which works
well in combination with polystyrene petri dishes. The
chloroform evaporates fast and the residual polymer melt
is a ideal non-dissolving glue.

3.2.3 Calibration of the cantilever

The calibration of the cantilever is a crucial step in AFM
force spectroscopy. In order to be able to apply exact force
values, calibration should be done before bacterial force
spectroscopy measurements. If the single bacterium is at-
tached using the AFM piezo drive, no difficulties will occur
during this step (the protocol is the same) [21]. However,
this protocol describes the attachment of a single bac-
terium via an external micromanipulation system. There-
fore, the cantilever has to be removed from the AFM head
after calibration. This step could result in a change of the
deflection sensitivity since the laser spot has to be refo-
cused after the reassembly of the cantilever into the AFM
head. Yet, experience has shown that the deflection sensi-
tivity does not change significantly if i) the laser position
on the cantilever matches the position during calibration,
which should be controlled by eye and ii) the laser sum is
almost identical to before. In the following, we give step-
by-step instructions for calibrating an AFM cantilever:

1. Check that AFM, computer, controller, and other
AFM electronic devices as well as all necessary com-
ponents of the optical microscope are turned on. De-
pending on the instruments, it may take a significant
amount of time until e.g. thermal drifts have equili-
brated.

2. Prepare everything for a contact mode experiment in
liquid.

3. For the calibration of the cantilever, a hard (inde-
formable) sample should be used to determine the de-
flection sensitivity.

4. Insert the functionalized cantilever carefully into the
cantilever holder that enables measurements in liquid
and cover it with a droplet of liquid (e.g. PBS) to avoid
contamination.

5. Integrate the cantilever holder into the AFM head.

6. Align the laser spot on the back of the cantilever max-
imising the sum of the voltage signal on the photodi-
ode.
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7. Place the cantilever over the hard sample surface to
calibrate it.

8. Approach the surface to a distance of about 100 ym
manually.

9. Give the AFM/cantilever some time to equilibrate, un-
til a constant signal on the photodiode is reached.

10. Enter the deflection setpoint to approach the surface.
11. Start the approach.

12. As soon as the cantilever reaches the surface, change
into ramp mode.

13. Give values for ramp rate (ramp size). Common values
are between 0.5 and 1.5 Hz (600 to 1000 nm).

14. Enter an approximate spring constant to perform the
calibration force/distance curve. Usually, the value in-
dicated by the manufacturer is sufficient at this point.

15. Enter a force trigger of 3-8 nN (depending on the can-
tilever stiffness) and record one single force/distance
curve.

16. To get a reliable value for the deflection sensitivity, a
large, undisturbed, linear part in the contact regime
of the force/distance curve is necessary. If the force
curve does not exhibit an appropriate linear part, try
a larger force trigger.

17. The deflection sensitivity is determined by calculating
the inverse of the slope of the force/distance curve in
the contact regime (this is usually implemented in the
AFM software).

18. Update the deflection sensitivity.
19. Retract the cantilever from the surface.

20. To prepare for thermal tune, the influence of the sur-
face must be excluded. Therefore, enlarge the distance
between the surface and the cantilever. It should be at
least 50 pm.

21. Perform a thermal tune to determine the cantilever
spring constant (details should be checked in the user
manual of the respective AFM).

22. Update the spring constant and retract the cantilever
completely.

23. Remove the cantilever holder (with cantilever) from
the AFM. Care should be taken to maintain a small
amount of liquid on the cantilever holder covering the
cantilever to avoid contamination of the cantilever.

24. Go on with “attachment of bacteria”.

3.2.4 Attachment of bacteria

In the following, we describe two different methods for at-
taching bacteria to a functionalized cantilever: i) A rather
simple method to produce a bacterial probe with a cluster
of attached bacteria, and ii) a more complex preparation
for the attachment of a single bacterial cell to a tipless
cantilever is detailed.
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Bacterial cluster probe

1. Place the functionalized tipless cantilever on a hydro-
phobic surface. The side intended to carry the bacteria
faces upwards.

2. Cover the cantilever with a droplet of bacterial solution
(= 60pl) and leave it in the refrigerator (to reduce
Brownian motion) for at least one hour.

3. Remove the bacterial solution and rinse the cantilever
carefully with PBS buffer to get rid of poorly attached
bacteria.

4. By optical microscopy, verify that bacteria are at-
tached close enough to the free end of the cantilever
(not further away than roughly three bacterial diam-
eters! to safely exclude cantilever/substrate interac-
tions), while the cantilever stays in liquid the whole
time. Ideally, this step is done using reflection optical
microscopy. Alternatively, a transmission optical mi-
croscope can be used after integrating the cantilever
into the cantilever holder for measurements in liquid
and using a set-up similar to the one described in the
section “single bacterial probe”.

ot

. Integrate the cantilever into the probe holder for mea-
surements in liquid and mount it to the AFM head.

6. Cover the cantilever immediately with a droplet of
PBS to avoid drying.

Single bacterial probe

For the attachment of a single bacterium to a func-
tionalized cantilever, a micromanipulation system is used.
Stress due to capillary forces or drying should be avoided
by maintaining bacterium as well as cantilever in lig-
uid/buffer during the entire preparation procedure.

1. Put a plastic petri dish on the microscope of the mi-
cromanipulator.

2. Place a tiny droplet (= 1ul) of bacterial solution on
the petri dish.

3. Give the bacteria some minutes to sediment on the
petri dish, without complete drying.

4. Insert the manipulation arm into the micromanipula-
tor (cf. figs. 3a and c).

5. Put a small piece of the double-sided adhesive tape on
the PMMA-cross (cf. fig. 3b).

6. Fix the cantilever holder with the cantilever and the
covering droplet (resulting from the calibration step)
on the PMMA-cross (cf. inset to fig. 3c)2.

7. Insert the PMMA-cross with the cantilever holder into
the aluminum arm (cf. fig. 3c).

! The cantilever is usually tilted by an angle « in the AFM,
the upper limit of the distance [ between the bacteria (with
diameter d) and the free end of the cantilever can be calculated
as | = d/sin(a).

2 The exact procedure of integrating the cantilever holder
into the micromanipulator might differ, depending on type and
design of the cantilever holder.
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10.

11.

12.

13.

14.
15.

16.

17.

18.

. Place a droplet of PBS-buffer (= 20ul) on the tiny

droplet covering the pre-attached bacteria.

. Use a 10x objective/10x eyepiece of the microscope

to bring the cantilever directly over the droplet and
lower it into the droplet of bacterial solution.

Focus onto the bacteria lying on the petri dish and
approach the cantilever to the surface until it is almost
in focus.

Change to 40x or higher objective and use the pre-
cision control to place the cantilever straight above a
single bacterium.

Lower the cantilever onto the single bacterial cell and
press it gently (the pressure can be controlled by
watching the light reflection off the cantilever, which
should change only slightly) onto the bacterium.

Pull the cantilever immediately away from the surface
again. Focus onto the cantilever to confirm the attach-
ment of a single bacterial cell close enough to the free
end of the cantilever (cf. bacterial cluster probe).

If the bacterium did not attach, repeat step 10 to 13.

Retract the cantilever from the surface and out of the
droplet. Ensure that a small amount of buffer remains
at the probe holder covering the cantilever. As the can-
tilever has to be covered by liquid the whole time, some
more liquid might be added if the cantilever starts dry-
ing out.

Confirm again the attachment of the single bacterium
close enough to the free end of the cantilever (see
above). If the bacterium has detached, start again with
step 8.

Remove the probe holder from the micromanipulator
and insert it into the AFM head.

Go on with section “Force distance measurements with
a bacterial probe”.

3.3 Force distance measurements with a bacterial
probe

1.

4.

Place the bacterial probe right above the surface on
which the adhesion will be measured. At best, the
droplet covering the cantilever and the liquid cover-
ing the surface do not touch at this step.

. Use the AFM step motor to lower the cantilever to-

wards the surface. Stop the movement about 100 pm
above the surface. Crashing the cantilever into the sur-
face will at best only detach bacteria, but may destroy
the cantilever.

. Check the experimental parameters: AFM in “contact

mode”, set scan size to zero, choose a “deflection set-
point” that ensures a force of less than 1 nN.

Start the approach.
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5. As soon as the approach is finished, change into force

spectroscopy mode, this will retract the bacterium
from the surface.

6. Set the parameter values for the force/distance mea-

10.

11.

surements:
Define the total distance the piezo moves during
the force/distance curve (this value may be called
“ramp size”). The value for the ramp size depends
on the expected rupture length (see above), com-
mon values for the ramp size are around 1 pm.

— Define the number of data points while approach-
ing/retracting, which constitutes —in combination
with the ramp size— the z-resolution of the curve.
The z-resolution should be at least one point per
nm.

— Define the number of full force/distance curves per
second (“ramp rate”). In combination with the
ramp size, the ramp rate defines the tip velocity.
Typical values are between 0.5 and 1.5 Hz.

— Define the speed of the piezo movement in z-
direction. This defines in combination with the
ramp size - the ramp rate.

— Define the so called “trigger threshold” (this is the
force value at which the cantilever/bacterium ap-
proach is stopped). Typical values are less than
0.5nN.

— Define a time span between stopping the approach
and starting the retraction of the cantilever, i.e.
a time of contact between bacterium and surface
(this value is called “surface delay”).

— A second timespan may be defined that delays the
start of a force/distance curve after full retraction
of the preceding one.

. Perform one single force/distance curve with the

above-defined parameters.

. Investigating the shape of the force/distance curve will

help to decide whether the bacterium is still attached
to the cantilever (cf. fig. 3 of ref. [13]) or not. However,
as the shape of the force/distance curve depends on the
combination of surface and bacterium, this may require
some experience. If the bacterium becomes detached,
attach a new one.

. Run a number of force/distance measurements with

one set of parameters. Take care that the same spot of
the substratum is not probed twice to exclude influ-
ences of potential residues originating from preceding
approaches. Some AFM offer an automatic realization
of a number of force/distance curves on different spots.

Conduct additional sets of force/distance curves while
changing the experimental parameters according to the
respective experimental goal.

Take care that the last series of force/distance curves
for a bacterial probe reproduce the parameters of the
first series. That way, changes of the bacterial adhe-
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sion properties due to the force measurements can
be identified. The number of maximum force/distance
curves per bacterial probe is usually limited due to
fading effects (i.e. the adhesion strength of the bac-
terium may decrease due to repeated pull-off events,
possibly by losing surface adhesins) or loss of the bac-
terium/bacteria. The influence of fading effects de-
pends on the respective bacterium/surface combina-
tion, however, at least 100-150 curves per bacterial
probe are usually possible.

12. If all measurements are finished, retract the cantilever
from the surface.

13. In the case of single cell measurements, the existence
of the single bacterium can be confirmed optically.

14. If the AFM is linked to an integrated inverse micro-
scope, the presence of the single bacterium on the can-
tilever can be checked directly. Otherwise, the can-
tilever has to be removed from the AFM and rein-
tegrated into the inverse microscope linked to the mi-
cromanipulator:

(a) Use the motors to retract the cantilever as far as
possible from the surface.

(b) Remove the cantilever holder (with cantilever) from

the AFM. It is important that some liquid (buffer)

remains that covers the bacterial probe. This avoids
losing the bacterium by capillary forces and pre-
vents it from drying out. If the droplet covering
the cantilever is tiny, add a small amount of buffer

(= 10 pl) with the pipette.

(c¢) Insert holder and cantilever into the microscope
set-up (specified in paragraph “Single bacterial
probe”).

(d) Use the microscope to confirm the attachment of

the single bacterium.

15. The cantilever may be reused by detaching the single
bacterium and attaching a new one:

(a) Put a plastic petri dish on the inverted microscope
linked to the micromanipulator.

(b) Use the 10x objective to approach the cantilever

with the single bacterium towards the surface of

the petri dish and stop a few micrometers before.

(c¢) Use the 40x objective and carefully press the bac-

terium onto the surface until a slight deflection of

the cantilever can be seen by a change in the can-
tilever light reflection.

Pulling the cantilever backwards over the surface

(in the zy plane) will shear the bacterium off the

cantilever.

(e) Retract the cantilever from the surface. Make sure
that a small amount of liquid remains on the petri
dish covering the bacterium. The viability of this
bacterium can then be checked by a live/dead stain
in the following.

(f

N

Repeat the “single bacterium probe” steps to at-
tach a new bacterium.
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Fig. 4. a) Viable Staphylococcus carnosus cell attached to a
tipless AFM cantilever. Staining was applied after one hun-
dred force/distance curves. b) Ethanol-killed S. carnosus cell
attached to a tipless AFM cantilever. Live/dead staining was
performed as described in chapt. 3.4.

3.4 Viability of bacteria

The viability of the bacterium/bacteria either attached
to the cantilever or the one sheared off on a petri dish
(see previous paragraph) can be checked via a live/dead
stain. However, as the shearing process may harm sensitive
bacterial cell types, we recommend testing the viability
directly on the cantilever.

1. Focus the fluorescence microscope on the bacterium
lying on the petri dish or fixed to the cantilever.

2. Add a small amount of live/dead stain (e.g. Life Tech-
nologies GmbH, Germany) (about 20 ul) to the buffer
covering the bacterium.

3. Shade all the surrounding light to avoid photo-
bleaching and wait for ten minutes.

4. Verify the viability of the bacterium used in the force
measurements by means of its color (cf. fig. 4).

3.5 Data calibration

The basic data recorded by the AFM during a force spec-
troscopy experiment are the voltage applied to the piezo
controlling the movement in z-direction (z-piezo) and the
voltage signal on the photodiode, quantifying the shift of
the laser spot reflected from the back of the cantilever.
A “height sensor” may give a second measure for the z-
position of the cantilever. Based on the calibration, these
outputs are then presented as a force vs. z-position curve.
This is usually done automatically, nevertheless, we will
go through it here:

1. The AFM internal calibration of the z-piezo converts
the applied voltage into the dilatation of the piezo.
However, users should be aware that the z-position is
always a relative measure between the starting point
and the actual position.
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Fig. 5. Force/distance curve plotted as force vs. z-position
after baseline correction. Approach (retraction) curve is shown
in blue (red).

2. Two steps are performed to convert the voltage signal
from the photodiode into the actual force exerted on
the cantilever:

— The deflection of the cantilever “d” in nm can be
obtained by multiplying the voltage signal by the
deflection sensitivity (see calibration of cantilever).

— The force on the cantilever “F” in nN can be cal-
culated by applying Hooke’s law (F = k - d), with
the spring constant “k” of the cantilever (see cali-
bration of cantilever).

3. Since the output of the photodiode is a relative
measure, the baseline of the force distance curve —
representing the zero-force part before/after contact—
is often shifted along the y-axis. By applying an offset
correction, the baseline can be brought in line with the
x-axis (cf. fig. 5)

These three steps result in a calibrated force/distance
curve in the form of a force vs. z-position plot (cf. fig. 5).
For most subsequent analysis steps, however, the force vs.
z-position representation is not ideal and rather a force
“F” ws. separation “s” plot is required. One of the main
disadvantages of AFM in general is that it lacks the ability
to directly measure the separation between probe and sur-
face since the system basically reports solely the z-position
of the cantilever mount. Yet, if the point of zero separation
i.e. the point of contact “zp” between probe and surface
can be accurately determined in the force/distance curve,
it is possible to convert the z-position to the actual sep-
aration. In the case of a bacterium adhering to a hard
surface, the point of contact can be assumed to be the
point at which force is again zero after the snap-in event
(cf. fig. 6a). To convert the force vs. z-position plot then
into a force vs. separation plot, the following two steps are
required (cf. fig. 6):
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Fig. 6. Work steps for calculating a force (F') vs. separation
(s) curve. a) Starting with a baseline-corrected force (F) vs.
z-position (z) curve, b) a force (F) vs. z-position (2’) curve
with the respective point of contact is calculated and c) subse-
quently transformed into the force (F) vs. separation (s) curve.

1. Define the contact point zg, in our case this is the point
of zero force after the snap-in (cf. fig. 6a). Shift the
force/distance curve along the z-axis by calculating
2 = zp — z (cf. fig. 6b).

2. The separation between the bacterium and the sub-
strate surface is calculated by adding the deflection d
to the shifted z-position 2’ (cf. fig. 6¢).

The calculation can be done simultaneously for both
approach and retraction part of the force/distance curve.
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4 Conclusion

Here we present a simple and reproducible procedure to
fabricate viable bacterial probes and to perform bacterial
cell force spectroscopy measurements. The protocols pre-
sented describe the fabrication of both bacterial cluster
probes, as well as single bacterial probes, in detail. Our
approach allows for measurements with high precision and
high throughput and features a simplicity with regards to
applicability and equipment availability, which may pave
the way for bacterial cell force spectroscopy as a standard
technique in modern bacterial adhesion research.

This work was supported by the Deutsche Forschungsgemein-
schaft (DFG) within the collaborative research center SFB
1027 and the research training group GRK 1276 (N.T.). M.B.
was supported by the grant of the German Ministry for Edu-
cation and Research 01KI11301B.
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Abstract - Controlling the interface between bacteria and solid materials has become an im-
portant task in biomedical science. For a fundamental and comprehensive understanding of
adhesion it is necessary to seek quantitative information about the involved interactions. Most
studies concentrate on the modification of the surface (chemical composition, hydrophobicity or
topography), neglecting, however, the influence of the bulk material, which always contributes
to the overall interaction via van der Waals forces. In this study, we applied AFM force spec-
troscopy and flow chamber experiments to probe the adhesion of S. carnosus to a set of tailored
Si wafers, allowing for a separation of short- and long-range forces. We provide experimental
evidence that the subsurface composition of a substrate influences bacterial adhesion. A coarse
estimation of the strength of the van der Waals forces via the involved Hamaker constants
substantiates the experimental results. The results demonstrate that the uppermost layer is
not solely responsible for the strength of adhesion. Rather, for all kinds of adhesion studies, it
is equally important to consider the contribution of the subsurface.
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ABSTRACT: Controlling the interface between bacteria and
solid materials has become an important task in biomedical
science. For a fundamental and comprehensive understanding
of adhesion it is necessary to seek quantitative information
about the involved interactions. Most studies concentrate on
the modification of the surface (chemical composition,
hydrophobicity, or topography) neglecting, however, the
influence of the bulk material, which always contributes to
the overall interaction via van der Waals forces. In this study,
we applied AFM force spectroscopy and flow chamber
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experiments to probe the adhesion of Staphylococcus carnosus to a set of tailored Si wafers, allowing for a separation of short-
and long-range forces. We provide experimental evidence that the subsurface composition of a substrate influences bacterial
adhesion. A coarse estimation of the strength of the van der Waals forces via the involved Hamaker constants substantiates the
experimental results. The results demonstrate that the uppermost layer is not solely responsible for the strength of adhesion.
Rather, for all kinds of adhesion studies, it is equally important to consider the contribution of the subsurface.

B INTRODUCTION

Adhesion and adsorption of proteins and bacteria onto
inorganic surfaces is crucial in various biomedical fields, such
as biofilm formation or DNA arrays."” Thus, it has become an
important task to control the interface between organic
(macro)molecules and solid materials. The relevant interactions
can be tuned by modifying the substrates: Most studies
concentrate on the modification of the surface chemistry, the
hydrophobicity, or the topography. That way, the short-range
interactions are tuned.>* The composition beneath the surface,
however, is mostly overlooked and thereby long-range
interactions are disregarded. Previous studies focusing on
polymer dewetting™® and liquid nanodroplets’ showed an effect
of differences in long-range van der Waals (vdW) interactions.
These differences had been provoked by a variation of the
subsurface composition. Similar observations have been
reported for biological systems such as the adhesion of geckos®
and the adsorption of proteins.”

Bacterial adhesion is mediated by proteins.'® Hence, an
influence of van der Waals interactions on the bacterial
adhesion is also expected. Previous studies, however, were not
able to separate parameters influencing short-range, electro-
static, and van der Waals interactions independently.'"'? Yet,
for a comprehensive understanding of the bacterial adhesion
process it is necessary to seek quantitative information about
the contributions of the involved interactions. In this study, we
are able to tune van der Waals forces separately from other
forces by using a set of tailored silicon wafers (Figure 1A): The
set consists of wafers with a native oxide layer [“type N”, d =

A -4 ACS Publications  © 2012 American Chemical Society 7242
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1.7(2) nm] and wafers with a thermally grown thick oxide layer
[“type T”, d = 150(2) nm]. Another pair of wafers with
different surface properties was obtained by hydrophobizing the
naturally hydrophilic wafers. Short-range interactions do not
depend on the thickness of the silicon dioxide layer, whereas
long-range vdW interactions do.">**

The adhesion onto synthetic surfaces and the formation of
biofilms is a key factor for the pathogenesis of bacteria from
multiple different species.”'> Some species of the Staphylococcus
genus, for instance, are known to adhere strongly to surfaces
and are capable of forming biofilms'® that are extremely
resistant to removal and to antimicrobial drugs.'” Here, we
were interested in the unspecific interactions acting between a
bacterium and a surface. Therefore, we concentrated on
Staphylococcus carnosus strain TM300, an apathogenic member
of the genus Staphylococcus and an important organism in food
manufacturing, which usually serves as host organism for gene
cloning.'®

To characterize the adsorption of microorganisms to
surfaces, typically parallel plate flow chambers are used.'” In
this macroscopic approach, adsorption, adhesion, and desorp-
tion effects are indistinguishable. In the past decades, some new
tools have been introduced that allow for a quantitative study of
bacterial adhesion, e.g, atomic force microscope (AFM).*°
Using the force spectroscopy mode of an AFM it is possible to
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Figure 1. (A) Model substrates based on silicon wafers with different thicknesses of oxide layers that allow for a separation of effects due to short-
and long-range forces. Short-range interactions are tuned by a silanization of the wafers that renders them hydrophobic. The blue droplet illustrates
the different water contact angles. (B) Zeta potentials of hydrophobic and hydrophilic type T and N wafers as function of pH, giving insight into the
strength of electrostatic interactions. Since the zeta potentials are indistinguishable for type T and N wafers with the same surface chemistry,
differences in SiO, layer thickness are irrelevant for the electrostatic interactions.

probe a wide range of forces in a biologically relevant
magnitude (pN to uN). A direct method to characterize
bacterial adhesion onto various substrates is to use AFM probes
that are covered with bacteria (“bacterial probes”).*'"*! In this
study, we used AFM force spectroscopy with bacterial probes to
investigate the adhesion of S. carnosus (TM300) to the set of
tailored silicon wafers. Since bacteria in an already adhered state
(bacterial probes) might react differently as compared to
bacteria in planktonic state, we also performed macroscopic
flow chamber experiments with the same set of Si wafers.

B MATERIALS AND METHODS

Preparation of the Substrates. The silicon wafers with the native
[type N, d = 1.7(2) nm] silicon oxide layer were purchased from
Wacker Siltronic AG (Burghausen, Germany) and the ones with the
thick thermally grown layer [type T, d = 150(2) nm] were from
Silchem (Freiberg, Germany). The substrates were cleaned by
immersing them for 30 min in fresh 1:1 H,SO, (conc)/H,0, (30%)
solution. To remove residues of the acids, the wafers were put in
boiling deionized water for 90 min, the water being changed four times
in between. The hydrophobic substrates were obtained by
functionalizing the cleaned wafers using a liquid phase preparation
of self-assembling silane molecules with a CHj tailgroup (octadecyltri-
chlorosilane, OTS, purchased from Sigma-Aldrich) following standard
procedures.”> The produced OTS surfaces feature a thickness of 2.6
nm, an rms roughness below 0.2 nm, and an uniform coverage,
indicating a homogeneous, dense, upright, all-trans configuration of
the molecules. All types of substrates were characterized by AFM,
ellipsometry, zeta potential, and contact angle measurements (Figure
1B and Table 1).

Bacteria. We took stationary phase cells for the experiments. S.
carnosus strain TM300 was cultured from blood agar plates in 5 mL of

Table 1. Parameters of the Model Substrates: Root Mean
Square (rms) Roughness, Advancing (adv) and Receding
(rec) Contact Angles O of Water, and the Surface Energy y

dsio, rms 0.4, 7

(nm) surface (nm) (deg) 0, (deg) (mJ/m>)

151(1)  hydrophobic ~ 0.15(2)  112(1)  108(4) 24(1)

1.7(3) hydrophobic ~ 0.12(2) 111(1)  107(2) 24(1)

151(1) hydrophilic 0.13(3) 5(2) compl 63(1)
wetting

1.7(3) hydrophilic 0.092)  7(2) compl 64(1)
wetting

7243

Mueller Hinton broth for 24 h at 37 °C. To remove extracellular
material, bacteria were washed once with 1 mL of NaCl solution (0.9%
w/v) and twice with phosphate-buffered saline (PBS, pH 7.3), each
with 1 mL. Finally, the bacteria were resuspended in 300 uL of PBS
and stored at 4 °C (for typically 2 h and a maximum of 48 h).
Preparation of Bacterial Probes. To immobilize bacteria onto
tipless cantilevers we used poly-L-lysine, PLL (MP Biomedicals, Solon,
OH), a polymer with positively charged side chains. Since the surfaces
of both the bacterium and the cantilever are negatively charged in
buffer (pH 7.3), PLL forms an adhesive interlayer.>® Prior to the
preparation procedure, the cantilevers were cleaned by treating them
with an air plasma. The PLL coating was then applied by immersing
the AFM cantilever in a droplet of poly-L-lysine solution (0.1 mg/mL)
for 1 h. Subsequently, the cantilevers were carefully rinsed with PBS
and placed in a droplet of bacteria solution for 1 h at 4 °C. To remove
unbound bacteria, the probes were rinsed with PBS buffer. All probes
used in this study were prepared immediately before the experiments.
AFM-Force Measurements. Experiments were conducted in PBS
(pH 7.3) at room temperature with a Bioscope Catalyst (Bruker, Santa
Barbara, CA). Each experiment consists of at least five series of 100
single force/distance curves. Every cantilever was calibrated using the
thermal tune technique.”* To avoid systematic errors due to local
irregularities of the surface, every measurement was done on a different
spot on a grid with separations of S um. Single force measurements
were carried out using a z-range of 1 ym, a scan rate of 1 Hz, and a
relative force trigger of 1 nN. Adhesion forces were evaluated with the
Nanoscope software (Bruker, Santa Barbara, CA) by calculating the
difference between the adhesion peak®® and the baseline for every
single curve?® All single values on each substrate were fitted using a
Gaussian curve. Displayed error bars describe the standard deviation.
Bacterial Probes. The bacterial probes were based on tipless
cantilevers (PNP-TR-TL, Nanoworld, NeuchAétel, Switzerland) onto
which bacteria were allowed to adsorb (Figure 2). The restricting issue
of this type of probe is the comparability of serial measurements due to
the uncertainty of the number of bacteria that are in contact with the
substrate’s surface. Therefore, it is not possible to compare
measurements with different cantilevers. Measurements with the
same cantilever on different substrates, however, are comparable as
long as the integrity of the bacterial probe can be granted by, for
example, an optical control or control measurements. We therefore
always carried out the experiments on a type T and a type N wafer
with the identical AFM probe. Within one experiment, consecutive
series of force/distance measurements were taken alternately on the
type N and T substrates, ending always on the substrate that has been
probed first.
Flow Chamber Measurements. Bacteria solution of different
concentrations was pumped through a custom parallel flow chamber
system with dimensions 2 X 1.6 X 3 cm?®, chosen to guarantee a
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Figure 2. Optical microscopy image of S. carnosus immobilized by
poly-L-lysine on a tipless cantilever.

uniform flow proﬂle.27 Measurements on type T and N substrates
were always carried out using the same bacteria solution and in
random order. The images were taken with a CCD-camera (Pixelfly,
PCO, Kelheim, Germany), through a light microscope (Axiophot,
Zeiss, Oberkochen, Germany) at a frame rate of 0.1 Hz. The number
of adhering bacteria was determined using image analysis software
(Image Pro Plus, Media Cybernetics, Bethesda, MD).

B RESULTS

To determine whether the subsurface composition has an effect
on bacterial adhesion, AFM force spectroscopy experiments
with bacterial probes were carried out on all four wafer types.
To distinguish from effects due to the surface chemistry, we
compare the results of the two hydrophilic substrates and of the
two hydrophobic substrates separately.

AFM Force Spectroscopy on Hydrophilic Substrates.
Force/distance measurements on the two hydrophilic wafer
types (Figure 3A) reveal a higher adhesion force on the type N
than on the type T wafers. The distribution of the determined
adhesion forces on the hydrophilic SiO, surfaces is shown in
Figure 3B in the form of a histogram. We determined an
average adhesion force on the hydrophilic type N wafer of Fy =
0.65(18)*® nN and on the type T wafer of F; = 0.30(10) nN.
The integrity of the bacterial probes (detaching bacteria or
other probe alteration) is controlled by two means:

(i) optical microscopy prior to and after the experiment;

(ii) control measurements, where consecutive series of force/
distance measurements were taken alternately on the
type N and type T substrates, ending always on the
substrate that has been probed first.

In this case, (i) no detaching of bacteria was observed and
(ii) the comparison of the force distribution of the different
series is shown in Figure 3C,D. The means of each single series
on type T wafers (I, III, V) and on type N wafers (II, IV) are
identical within the experimental error.

AFM Force Spectroscopy on Hydrophobic Substrates.
The determined adhesion forces on the hydrophobic substrates
exhibit the same trend. The identical type of measurements
including the test of the integrity of the bacterial probes was
performed on the hydrophobic OTS-coated wafers. The force/
distance curves (Figure 4A) resemble the ones on the
hydrophilic wafers, whereby the bacterial probes stayed also
intact. The average adhesion force (Figure 4B) on the
hydrophobic type N wafer is Fy = 5.2(10) nN and on the
type T wafer is Fr = 3.2(12) nN. Experiments with different
bacterial probes lead to different absolute values (due to
different densities of the bacterial layer), but the ratio is always
similar (Figure 4C). The average forces on the hydrophobic
substrates, however, are about one magnitude higher than the
corresponding forces on the hydrophilic wafers. This
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Figure 3. Results of AFM force spectroscopy experiments on bare hydrophilic substrates: (A) Retract parts of two typical force/distance
measurements between a bacterial probe and a type N and a type T wafer, respectively. For a clearer display, the curve on the type N wafer is shifted
by —1 nN. (B) Distribution of the determined adhesion forces. (C, D) Data of part B are shown as separated series. Odd series were performed on

type T (C) and even series on type N wafers (D).
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Figure 5. Results of the flow chamber experiments on the hydrophilic substrates: (A) number of the adsorbed bacteria in the field of view on type N
and on type T wafers. (B) Adsorption rates of multiple experiments with different concentrations of the bacteria solution.

comparison supports the findings of previous studies, namely
that increased hydrophobicity typically boosts adhesion.

Flow Chamber Experiments. Macroscopic adsorption
experiments corroborate the results of the microscopic
adhesion measurements. Using a custom-built parallel plate
flow chamber setup, the growth of the number of bacteria
adsorbed to the set of substrates was determined for multiple
concentrations. The number of adsorbed bacteria grows faster
on the type N than on the type T wafers (Figure SA). The
adsorption rates, i.e., the slopes of linear fits, are always higher
on the type N than on the type T substrates independent of the
concentration (Figure SB).

B DISCUSSION

The force spectroscopy results show that on both the
hydrophilic and the hydrophobic wafers the bacterial adhesion
force to the native SiO, layer is about twice as high as to the
thick SiO, layer. Since the measurements were taken with the
identical cantilever, the determined forces are reliable. This
difference in adhesion forces is also observed for the adsorption

7245

of planktonic bacteria, as shown by the parallel plate flow
chamber experiments. The surface properties that specifically
influence the short-range interactions, e.g, hydrophobicity,
roughness, and surface energy (Table 1), are independent of
the thickness of the oxide layer. Hence, the difference in
adhesion cannot be attributed to short-range forces. Also an
effect of electrostatic interactions can be excluded for the
explanation of the different adhesion forces, since the zeta
potentials (Figure 1B) are identical within the experimental
error on type T and N wafers. Therefore, only differences in
van der Waals forces can explain the results. van der Waals
forces are present in every system and cannot be completely
shielded.”>'*?° Often, vdW interactions are disregarded since
they decrease proportional to d~¢ with distance d, which yet is
only correct for two interacting pointlike objects such as single
atoms or molecules. For two macroscopic bodies, however, one
obtains a lower exponent:'*'* the nonretarded free energy
between, for example, a sphere of radius R and a semifinite half-
space is
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and between two semifinite half-spaces (Figure 6A) is
A
W T @

per unit area, where A is the Hamaker constant of the system. It
can be derived from the optical properties of the involved
materials using the Lifschitz approach.*® In the following we
present a rough theoretical description of the system under
study.

In principle, a bacterium can be described as a sphere of
radius R consisting of two main components: the cytoplasm
and the cell wall. Since the cytoplasm consists mainly of water,
it has almost the same optical properties as the medium. The
cell wall merely differs in its composition and consequently in
its optical properties from the surrounding medium.*' For small
separations d < R, we use eq 2 and describe the system by
three layers, namely, the cell wall, medium (buffer), and the
substrate. In this study, the substrate is not a uniform bulk
material but consists of multiple layers. In general, the vdW
energy for a system (Figure 6B) consisting of a uniform half-
space (M1), a medium (M2), and a half-space (M4) coated
with a layer (M3) of thickness D can be calculated by'***

S Az + A4
W g 2 (d + D) 3)

where A, 5, (as well as A,_4;) are the Hamaker constants
describing the interactions between the two interfaces M1/M2
and M2/M3 (as well as M1/M2 and M3/M4). In the system
under study, the interacting interfaces are cell wall/buffer and
buffer/silicon dioxide as well as cell wall/buffer and silicon
dioxide/silicon. Since the cell wall features a nonuniform
composition and barely accessible optical properties, we are not
able to give exact theoretical values for the Hamaker constants.
Nevertheless, as the polarizability of silicon dioxide (n = 1.46, ¢
= 3.9) is smaller than that of silicon (n = 4.13, £ = 11.8), we
expect Ap,_y3 > 0. For this case, the second term in eq 3
increases the strength of the overall vdW interactions yet
converges to zero for high layer thicknesses D (as on the type T
substrates).

Hence, even without a comprehensive quantitative calcu-
lation, the experimental results can already be qualitatively
explained by the fact that the bacterium on the type N wafer is
“closer” to the strongly attractive Si bulk than if placed on a
type T wafer. In other words, due to the stronger van der Waals
attraction of the silicon, the bacteria experience higher adhesion
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forces on the wafers with a thin oxide layer. On the
hydrophobic set of silicon wafers, the identical argumentation
holds true, yet the contribution of an additional layer (the
silane monolayer) has to be taken into account in a similar way
as presented above for the oxide layer. Moreover, the results
can be applied to clinical situations, where bacterial adhesion is
preceded or accompanied by an adsorption of proteins, which
may form a so-called conditioning layer.** This layer changes
the surface properties of the substrate. Yet, since the thickness
of the layer is usually on a nanometer scale, the unspecific
adhesion forces will still be affected by the composition of the
subsurface material. (The condition layer then acts like the
OTS layer on the type N and T wafers.)

B CONCLUSIONS

We have demonstrated that bacterial adhesion is influenced by
the subsurface composition of a substrate. The reason for this is
the strength of the vdW forces, which is given by (a) the type of
geometry of two interacting objects (atom/atom or sphere/
sphere), (b) their separation, (c) the composition of a stratified
substrate, and (d) the polarizabilities of the involved materials.
Keeping surface properties of the substrates constant, the
influence of the van der Waals forces were probed by varying
the subsurface composition. On Si wafers with different oxide
layer thicknesses, the adhesion of S. carnosus was found to be
about a factor of 2 stronger on the wafers with the thin oxide
layer, no matter if covered by a molecular-sized hydrophobic
layer or not. Consequently, for all types of adhesion studies,
eg, for the development of antibacterial substrates, it is
important to characterize not only the surface properties but
also the subsurface composition and to consider this in the
analysis of the data. Particularly, thin coatings that promise to
be antibacterial will have different effects depending on the
underlying substrate! The effects could also explain inconsistent
results of previous studies due to the different bulk substrates
used.
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Abstract - Unspecific adhesion of bacteria is usually the first step in the formation of biofilms
on abiotic surfaces, yet it is unclear up to now which forces are governing this process. Along-
side long-ranged van der Waals and electrostatic forces, short-ranged hydrophobic interaction
plays an important role. To characterize the forces involved during approach and retraction
of an individual bacterium to and from a surface, single cell force spectroscopy is applied: A
single cell of the apathogenic species Staphylococcus carnosus isolate TM300 is used as bac-
terial probe. With the exact same bacterium, hydrophobic and hydrophilic surfaces can be
probed and compared. We find that as far as 50nm from the surface, attractive forces can
already be recorded, an indication of the involvement of long-ranged forces. Yet, comparing
the surfaces of different surface energy, our results corroborate the model that large, bacterial
cell wall proteins are responsible for adhesion, and that their interplay with the short-ranged
hydrophobic interaction of the involved surfaces is mainly responsible for adhesion. The osten-
sibly long range of the attraction is a result of the large size of the cell wall proteins, searching
for contact via hydrophobic interaction. The model also explains the strong (weak) adhesion
of S. carnosus to hydrophobic (hydrophilic) surfaces.
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Abstract

Unspecific adhesion of bacteria is usually the first step in the formation of biofilms on abiotic surfaces, yet it is unclear up to now
which forces are governing this process. Alongside long-ranged van der Waals and electrostatic forces, short-ranged hydrophobic
interaction plays an important role. To characterize the forces involved during approach and retraction of an individual bacterium to
and from a surface, single cell force spectroscopy is applied: A single cell of the apathogenic species Staphylococcus carnosus
isolate TM300 is used as bacterial probe. With the exact same bacterium, hydrophobic and hydrophilic surfaces can be probed and
compared. We find that as far as 50 nm from the surface, attractive forces can already be recorded, an indication of the involve-
ment of long-ranged forces. Yet, comparing the surfaces of different surface energy, our results corroborate the model that large,
bacterial cell wall proteins are responsible for adhesion, and that their interplay with the short-ranged hydrophobic interaction of the
involved surfaces is mainly responsible for adhesion. The ostensibly long range of the attraction is a result of the large size of the
cell wall proteins, searching for contact via hydrophobic interaction. The model also explains the strong (weak) adhesion of

S. carnosus to hydrophobic (hydrophilic) surfaces.

Introduction

Members of the genus Staphylococcus are known to form  early 1980s [2]. The name Staphylococcus carnosus reflects its
extremely resistant biofilms, some of which can cause severe important role in meat production as it reduces nitrate to nitrite
infectious diseases [1]. Staphylococcus carnosus is an apatho-  and prevents food rancidity by producing the anti-oxidant
genic member of that genus and has been described first in the enzymes catalase and superoxide dismutase [3].
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Only recently, the genome of S. carnosus strain TM300 has
been decoded [4,5]. In contrast to pathogenic staphylococcal
species, such as S. aureus and S. epidermidis, the genome of
S. carnosus lacks significant amounts of mobile genetic
elements, and is poor in repetitive DNA sequences that are
thought to facilitate the plasticity of genomes by allowing for
enhanced genomic diversification due to recombinational events
[5]. Although the S. carnosus genome encodes some homo-
logues of adhesion factors found in S. aureus, it lacks the
majority of adhesive molecules of its pathogenic relative that
are thought to be important for the ability of the pathogen to
colonize and invade its mammal hosts (reviewed in [1]). Due to
its apathogenic properties, and its ability to be transformed with
and to express virulence factors of pathogenic staphylococcal
species ([6,7]), the strain TM300 is an ideal tool to study the
properties of a single virulence factor and its impact on infec-
tivity in this otherwise apathogenic species. Besides this, it has
been shown that the survival of bacteria in a food industry envi-
ronment is strongly related to their efficiency to adhere on
abiotic surfaces [8-10]. Therefore, and because adhesion is the
first step of the formation of biofilms, the characterization of
bacterial adhesion forces has gained increasing importance in
recent years [11].

In general, the adhesion of bacteria to a surface is determined
by the nature of the bacterium, the surrounding medium, the
surface chemistry, and the material composition reflecting the
influence of the main interacting forces [12,13]: van der Waals
forces, hydrophobic interaction and electrostatic forces. In add-
ition, specific interactions amplify bacterial adhesion whenever
corresponding binding partners are available. The adhesion
process of microorganisms, such as S. carnosus, is usually char-
acterized by using flow chambers [14]. Although flow chamber
studies reproduce the natural adsorption process of microorgan-
isms out of fluid flow, it is hard to determine quantitative adhe-
sion force values. The outcome usually results from multiple
parallel processes, such as adsorption, desorption, and adhesion.
Moreover, results obtained from flow chamber experiments
depend on the exact flow conditions of the used chamber [15].
In the last decade, a more quantitative method for measuring
bacterial adhesion forces has been introduced: single-cell force
spectroscopy is a special mode of an atomic force microscope
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(AFM) [16] and is optimized to investigate adhesion forces
[17,18] of single bacterial cells in a very controlled manner: By
using AFM-cantilevers functionalized with single bacteria,
“bacterial probes”, force/distance measurements are conducted.
To date, single cell force spectroscopy is mostly used for
exploring specific adhesion [19]. It is the aim of this study to
characterize the unspecific adhesion mechanisms of Staphylo-
cocci, by using S. carnosus as an example, and to clarify the
range of the attractive interaction of the cells to surfaces. We
use abiotic surfaces in order to rule out effects due to specific
interactions and to concentrate on the unspecific interactions of
S. carnosus to surfaces of variable surface energy. As a unique
feature of our study, we are able to probe different surfaces with
the exact same bacterial cell. Thereby, we are able to demon-
strate the importance of the hydrophobic interaction on the
bacterial adhesion process. Moreover, we can measure the adhe-
sion forces that are mediated by bacterial cell wall proteins (and
further cell wall components) and test their dependency on the
‘adhesion history’ the cell has experienced before.

Experimental

Preparation of the substrates

The hydrophilic substrates used in this study are silicon wafers
with a native silicon oxide layer (d = 1.7(2) nm) (the number in
parentheses denotes the error of the last digit) purchased from
Siltronic AG (Burghausen, Germany). In order to remove dirt,
the silicon wafers were first immersed for 30 min in fresh 1:1
H,S0y4 (conc.)/Hy0; (30%) solution, then in boiling deionized
water for 90 min, during which the water was changed at least
four times. Following a standard protocol, these hydrophilic
surfaces can be rendered hydrophobic by the self-assembly of a
monolayer of silane molecules (octadecyltrichlorosilane, OTS,
Sigma-Aldrich), featuring a CHj3-tailgroup [20,21]. As has been
shown in [21] by perfoming AFM, X-ray reflectometry, ellip-
sometry, and contact angle measurements, this protocol enables
the preparation of a self-assembled monolayer (SAM) with a
thickness of about 2.6 nm and an rms roughness below 0.2 nm.
In [21] it was shown that the SAM is hydrophobic, homoge-
neous, dense, upright and in all-trans configuration. The contact
angles, surface roughnesses and surface energies for hydrophilic
and hydrophobic wafers are given in Table | and streaming
potential measurements reveal that both surfaces are negatively

Table 1: Parameters of the model substrates: Root mean square (rms) roughness, advancing (adv) and receding (rec) contact angles © of water,
surface energy y (values taken from [21]) and surface charge as revealed by streaming potential measurements at pH 7.3 [22].

surface rms (nm) Oadv Orec Y (MmJd/m?2) streaming potential (mV)
hydrophilic 0.09(2) 7(2)° compl. wetting 64(1) -104.4(1)
hydrophobic 0.12(2) 111(1)° 107(2)° 24(1) -80.0(1)
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charged at the used pH of 7.3 (Table 1). For this study, OTS
surfaces of the same batch as in [21] have been used. Prior to
the AFM force spectroscopy experiments with bacterial cells,
both types of surfaces were immersed in PBS buffer.

Bacteria

For the experiments, freshly prepared exponential phase
S. carnosus strain TM300 cells were used [4]. The bacteria were
cultured on blood agar plates and transferred into 5 mL of TSB
medium for 24 h at 37 °C. Before the experiments, 100 uL. were
transferred into 4 mL fresh TSB medium and cultured for 2.5 h
at 37 °C and 150 rpm. To remove extracellular material, the
bacteria were washed four times with phosphate-buffered saline
(PBS, pH 7.3, ionic strength 0.1728 mol/L at 20 °C), each with
1 mL. Then, the bacteria were either used immediately or stored
less than two hours at 4 °C. For the preparation of the bacterial
AFM probes, bacterial solution was again diluted 1:6.

Preparation of the bacterial probes

Bacterial probes are based on tipless cantilevers (MLCT-O,
Bruker, Billerica, MA, USA) with a nominal spring constant of
0.03 N/m. After the cantilevers were cleaned in an air plasma,
they were vertically immersed into a solution of 4 mg/mL
dopamine hydrochloride (99%, Sigma-Aldrich) in 10 mM
TRIS-buffer (pH 7.9 at 22 °C) and kept at 4 °C in the fridge for
50 min. The cantilevers were then carefully rinsed in deionized
water to remove unbound dopamine and dried under a laminar
flow bench for at least one hour. The poly(dopamine)-covered
cantilever was then inserted into the Bioscope Catalyst
cantilever holder for measurements in liquids (Bruker, Billerica,
MA, USA), mounted onto the AFM. Subsequently, it was cali-
brated in liquid by using the thermal tune technique [23], which
allows for the calculation of the individual spring constant of
the cantilever.

Afterwards, holder and cantilever were placed into a microma-
nipulation system (Narishige Group, Japan). The cantilever
thereby is in the horizontal position with the functionalized side
facing down. By using the micromanipulator, holder and
cantilever were lowered and the cantilever dipped into a droplet
of diluted bacterial solution (see above), which was previously
placed on a polystyrene petri dish. Under the inspection of an
inverted optical microscope, the cantilever was placed on top of
an isolated bacterium, briefly and carefully tapped onto the cell,
and immediately pulled back again. In order to keep the applied
force low, the deflection of the cantilever was monitored by the
light reflection off the cantilever and kept constant during
motion. Care was taken to position the bacterium as close as
possible to the end of the cantilever (not further away than two
bacterial diameters) to safely exclude cantilever/substrate inter-
actions.
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The successful fixation of a single bacterium at the front end of
the cantilever was confirmed with the inverted microscope, c.f.
Figure 1. Subsequently, cantilever (and holder) were with-
drawn from the bacterial solution, whereby a droplet clings to
the cantilever, preventing the bacterium from drying. Cantilever
and holder were then carefully transferred to the AFM and
immediately immersed into the PBS filled petri dish containing
the hydrophilic and hydrophobic substrates.

Figure 1: Optical image of a single S. carnosus bacterium immobi-
lized by (poly)dopamine on a tipless cantilever.

Single cell force spectroscopy measurements
Single cell force spectroscopy measurements were performed
by using a Bioscope Catalyst (Bruker, Billerica, MA, USA).
The deflection of the cantilever is recorded during the approach
and retraction of the bacterial probe to and from the surface.
The deflection data was converted into force values by means of
the spring constant of the cantilever, determined as described
above. The approach is performed until a certain repulsive force
is reached (“force trigger”), typically 150 pN in this study, if
not indicated otherwise. Experiments were performed in 6 mL
PBS at 20 °C and with tip velocities between 400 nm/s and
2400 nm/s over a total distance of typically 800 nm. (It is
important to note here that the tip velocity describes the velocity
of the piezo drive that controls the z-movement of the
cantilever, which, however, is not necessarily identical with the
velocity of the bacterium, especially at retraction.)

For each parameter set, at least 30 force/distance curves were
recorded, each on a different surface spot to avoid systematic
errors due to local irregularities of the surface or contamination
due to preceding adhesion events. If two surfaces were to be
compared, the first set of 30 force/distance curves was taken on
one surface followed by a series of 30 curves on the second
surface, then again 30 on the first surface. By doing this, we
took control of the reproducibility of the measurements and can
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rule out systematic errors like the degradation of the bacterial
probe.

A typical force curve is shown in Figure 2. Upon approach, a
jump-to-contact (“snap-in”) event can be observed, followed by
a steep rise of the force, indicating bacterium/surface contact.
Since the exact contact formation and mechanics between the
bacterial surface and the solid substrate is unclear, it is hard to
make predictions on the shape of the force/distance curve. Upon
retraction, the force/distance curve exhibits first the same steep
slope as upon approach, yet, due to adhesive forces, a deep
global minimum is recorded. Further retraction provokes a loss
of contact (“jump-off contact”). In the repulsive regime (F > 0),
a force of 150 pN is not enough to deform the bacterium: With
a force trigger of 150 nN, only an indentation of ca. 10 nm is
reached (cf. Figure 2). Therefore, very likely, only components
of the cell wall are elastically deformed.
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Figure 2: Typical force/distance curve, taken with a single S. carnosus
probe on an OTS-covered (hydrophobic) Si wafer. By analyzing the
curve, the adhesion force, the “snap-in force” and the “snap-in sep-
aration” can be obtained, the description of the latter is given in the
text. The arrows indicate the direction of motion of the piezo drive.

Three general measures allow for a comparison of the adhesion
process: Inspecting the approach curve, the “snap-in” event is
characterized by the depth of the global minimum, called “snap-
in force” and by the “snap-in separation”, defined as the sep-
aration at which the deflection reaches 150% of the maximum
baseline noise value (typically between 30 and 50 pN), c.f.
Figure 2. The snap-in separation serves as a hands-on measure
for the determination of the width of the snap-in event.
Distances are measured relative to the point of zero force [24].
From the retraction curve, the adhesion force is taken as the
depth of the global minimum [24]. Since in some cases, the
overall adhesion force decreased after more than about
150 force/distance curves (possibly due to stress applied by the
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large number of adhesion events), the number of force/distance
curves per bacterium was always kept below 150. The
bacterium was never “lost” during the experiments, it was
safely secured to the cantilever.

As a control for the specificity of force/distance curves for
bacterial adhesion and to demonstrate that the cantilever does
not influence bacterial adhesion, several experiments have been
performed with a bare, (poly)dopamin-coated cantilever:
Figure 3 displays the difference between the cantilever adhe-
sion signal of the bare (poly)dopamin-coated cantilever
(Figure 3A), and the very same cantilever with the bacterial cell
attached (Figure 3B). Reversely, after a force/distance curve
with an attached bacterium (Figure 3C), the bacterium was
removed (by pressing it very hard to a solid substrate followed
by shearing it off with a micromanipulator) and another force/
distance curve of only the cantilever was recorded (Figure 3D).
Clearly, the force/distance curves without bacterium exhibit
(nearly) no snap-in event, and during retraction, only a small
adhesion peak occurs and the further retraction curve is smooth
without the characteristic jumps in the case of an attached
bacterium.

Results and Discussion

First, we will concentrate on the robustness of single cell force
microscopy. Each individual S. carnosus probe achieves a char-
acteristic force/distance curve that can be reproduced numerous
times (Figure 4). Differences from curve to curve occur occa-
sionally (about 4 out of 30), yet span mostly only over one
section of the retraction curve, otherwise reproducing the rest of
the curve. This holds true even if a set of 60 force/distance
curves on a hydrophobic wafer is interrupted by the recording
of a set of 30 curves on a hydrophilic wafer: The first 30 curves
on the hydrophobic wafer are shown in (Figure 4A), the second
set of 30 curves is displayed in (Figure 4B), the curves on the
hydrophilic wafer are not shown, since they do not differ from
those shown in (Figure 7B). The characteristic features of the
first set of curves on the hydrophobic wafer is perfectly repro-
duced by the second set, though in between, the surface energy
of the adhesion partner (the hydrophilic surface) was reduced
by a factor of three (c.f. Table 1). Hence, as the shape of the
force/distance curves is that robust (surviving 150 contact
events and surviving even a change of the type of substrate),
these results already demonstrate that force/distance measure-
ments are characteristic for the individual bacterial probe and
are therefore most suitable to characterize bacterial adhesion.

Next, we explore the influence of the AFM force spectroscopy
parameters on the force/distance curves. The tip (or rather the
piezo drive) velocity was varied between 400 nm/s and
2400 nm/s, yet no significant influence on the adhesion force
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Figure 3: Test of artifacts of AFM force/distance curve with and without bacterium, each taken under the same conditions: (A) Bare (poly)dopamin-
coated cantilever force/distance curve. (B) The same cantilever as in (A), yet after attachment of a bacterium. (C) A second cantilever with bacterium
and its characteristic force/distance curve. (D) Force/distance curve after detaching the bacterium of the experiment shown in (C).
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Figure 4: A-D: Overlay of 30 force/distance curves of three individual S. carnosus probes I, Il and Il on hydrophobic Si wafers, each with a force
trigger of 150 pN. Between the experimental series shown in A and B, a set of 30 force/distance curves was taken with the identical bacterial probe on
a hydrophilic Si wafer (not shown), yet the characteristic form of the second set of force/distance curves did not change significantly.

was recorded (Figure SA). By varying the tip velocity, we
implicitly varied the time the bacterium is enabled to gain
contact to the surface. Within the range probed, the contact time
(estimated to be of the order of a fraction of a second) does not
influence the adhesion force. The snap-in separation, however,
decreases with increasing tip velocity (Figure 5B), as does the
snap-in force (Figure 5C), which is a first indication to a time-
dependent contact-process, which will be detailed in the
following. For further measurements, a tip velocity of 800 nm/s
is used, since for that speed, one force/distance curve of 800 nm
ramp size takes 0.5 Hz, which is a convenient frequency and
corresponds to frequencies used in other studies [25].
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Increasing the force trigger results in a slight increase of the
adhesion force (Figure 6A), whereas the snap-in separation as
well as the snap-in force remained constant (Figure 6B and
Figure 6C). In the following, the lowest force trigger of 150 pN
was used in order to mimic the natural adhesion process of the
bacterium in planktonic state.

With the parameters for single cell force spectroscopy as
detailed above, we can now specify the large differences in the
adhesion of S. carnosus to hydrophobic and to hydrophilic
surfaces, c.f. Figure 7A and Figure 7B: On the hydrophobic
surface, a clear snap-in event is detectable, followed by a large
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(400 nm/s). Different colors represent different bacterial probes.

adhesive peak upon retraction. On the hydrophilic surface,
however, neither of the two can be recorded. It is important to
note that the two curves depicted in Figure 7A and Figure 7B
were taken under identical external conditions (temperature,
buffer), the same AFM force spectroscopy parameters (force
trigger, tip velocity) and, most significantly, were recorded with
the same bacterium. Figure 7C demonstrates the individual
adhesive properties of different bacteria. Gray bars comprise
data of the exact same bacterial probe on the two different
surfaces. The data of Figure 7A and Figure 7B are taken from
the set of curves summarized in bar I.

Obviously, the adhesive mechanism of S. carnosus on
hydrophobic OTS surface differs strongly from that on a
hydrophilic Si wafer, as the adhesion of S. carnosus to
hydrophilic Si wafers is barely resolvable. From force spec-
troscopy measurements with multiple bacteria as AFM probes
(30-50 bacteria), we learned that on hydrophilic silicon oxide
surfaces, the adhesion force is roughly an order of magnitude
lower than on OTS-Si wafers [13]. Hence, the adhesion force of
a single bacterium on a hydrophilic surface is expected to be
below the experimental resolution (about 50 pN), which
explains the present results.

What is the difference of bacterial adhesion to hydrophilic or
hydrophobic surfaces? Adhesion is the sum of all forces
between the interacting partners. In our case, van der Waals and
electrostatic forces as well as forces due to the hydrophobic
interaction are involved [26]. Since hydrophilic and
hydrophobic Si wafers differ in composition only by a 2.6 nm
thin OTS-monolayer on the surface, the van der Waals forces
are nearly identical [13,27]. Forces due to electrostatic interac-
tions between the negatively charged bacterium and the two
types of wafer surfaces, which are both negatively charged
(Table 1), are repulsive. Since the streaming potential is 20%
more negative on the hydrophilic Si wafer, different electro-
static interactions give rise to a difference of adhesion forces of
only a factor of 1.2, yet we record differences in the range of
factors 10 to 40 (Figure 7C). Therefore, we hypothesize that the
adhesion of S. carnosus is governed by hydrophobic interaction.

Inspecting the snap-off event in more detail, not only the large
extent is striking but also the reproducible, stepwise reduction
of the recorded force (see Figure 4). This is a strong indication
of a reversible fold-and-stretch mechanism of the involved
macromolecules. It is known that the bacterial surface is
covered by a variety of proteinaceous and non-proteinaceous
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Figure 6: Influence of the force trigger on the adhesion of S. carnosus. A—C: For four bacterial probes, values for adhesion force, snap-in force, and
snap-in separation are normalized to the value of the measurement with the lowest force trigger (150 pN). D: Exemplary force/distance curves for the
exact same bacterial probe for three different force triggers. Different colors represent different bacterial probes.

polymers that can mediate adhesion (adhesins) [28,29]. The
form of the retraction part can therefore be explained by a
parallel and simultaneous stretching of cell wall proteins teth-
ered to the surface as the piezo retracts [25,30].

Proteins are known to adsorb differently to hydrophilic and
hydrophobic surfaces since the hydrophobic interaction can in-
duce intramolecular conformational transitions and change the
orientation of hydrophobic side groups of proteins [31-35]. This
has also been shown by surface forces apparatus (SFA) experi-
ments [36-38]. The range of the hydrophobic interaction
depends on the correlation length of water molecules, which is
below 1 nm [39]. Therefore, bacterial surface proteins have to
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come that close to the OTS surface in order to interact attrac-
tively. The SFA studies showed that the more hydrophobic the
interacting partners (protein/surface) are, the stronger is the
adhesion force.

An influence of further nonproteinaceous cell wall components
(like teichoic acids) cannot be excluded and it will depend on
the hydrophobicity of these components. However, proteins will
play the key role in adhesion to hydrophobic surfaces due to
their strong hydrophobic parts. Therefore, we will only talk
about cell wall proteins in the following, but are aware of the
fact that also other hydrophobic macromolecules may
contribute to adhesion. For S. aureus for example, teichoic acids
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showing the result of at least 60 force/distance curves of four S. carnosus (I-1V) measured on hydrophobic OTS-covered and on hydrophilic Si wafers,
covered by a natural SiO,. Each of the four bars represents measurements of the exact same bacterial probe.

are reported to be strongly hydrophilic [40]. Our model of
bacterial adhesion, which will be proposed in the following,
however, is not depending on the exact type of adhesive medi-
ator.

Figure 8A summarizes the results of the measured adhesion
forces for 30 different bacterial probes. It contains the OTS-
wafer data shown in Figure 7C. For an individual S. carnosus
bacterial probe on an OTS-wafer, the distribution of adhesion
forces is rather narrow, the width of the distribution is typically
less than 10% of the average adhesion force, as depicted in the
inset of Figure 7A. Comparing different S. carnosus probes as
shown in Figure 8A, the adhesion forces vary between 400 pN
and 3000 pN, with the average at 1500(800) pN (solid line).

Inspecting the approach curve, it is noticeable that also the
“snap-in” is an extended event rather than a sudden jump-to-
contact (a jump-in or -out can be recorded whenever the
gradient of the force exceeds the gradient of the restoring force

of the cantilever (i.e., the spring constant) [24]). A closer look
at the snap-in events reveals that the snap-in force is propor-
tional to the snap-in separation (Figure 8B) and that the form of
the curves greatly resemble each other. Moreover, since the
adhesion force is also proportional to both, the snap-in force
and -separation, see Figure 8C and Figure 8D, we deduce that
the involved mechanisms are identical. Hence also upon ap-
proach, cell-wall polymers are involved in establishing the
contact to the hydrophobic Si wafer. The snap-in separation
reaches values up to 50 nm on hydrophobic surfaces, and can
hence serve as an estimate for the hydrodynamic radius of the

bacterial cell-wall proteins.

Based on the recently published genome sequence of
S. carnosus strain TM300 (deposited in the EMBL nucleotide
database under accession number AM295250), 19 putative cell-
wall anchored proteins harboring LPXTG motifs are predicted,
including homologues of well-studied S. aureus adhesins such
as clumping factor A and B, fibronectin binding protein, and
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Figure 8: Results of 30 different single cell force spectroscopy experiments on OTS with S. carnosus bacterial probes, each data point consists of
30 force/distance curves with a force trigger of 150 pN and a tip velocity of 800 nm/s. A: Solid line: average adhesion force, dashed lines: range of the

standard deviation. B-D: Dotted lines: linear fit to the data.

elastin binding protein (cf. [5]). However, nothing is known
about the structures and the lengths (e.g., hydrodynamic radius
under in vivo conditions) of these putitative cell-wall proteins,
making it difficult to correlate the measured adhesion
phenomena to specific proteins.

We can now revisit the presented results on the influence of the
tip velocity (Figure 5) and the force trigger (Figure 6) to the
adhesion process: The long cell-wall polymers need time to
come into contact with the surface. The search for contact is a
stochastic process; a higher tip velocity thereby results
theoretically in a smaller snap-in separation because the resi-
dence time in each separation, and therefore the probability that
a protein comes into contact in a certain distance, is smaller.
Moreover, the polymer needs also time to perform con-
formational changes in the vicinity of the surface. Both time
windows are reduced at higher tip speeds and, hence, the dis-
tance at which the cantilever starts to deflect, the snap-in sep-
aration, is reduced. The snap-in force is reduced, since the
deflection of the cantilever is smaller at the lowest point of the
approach curve.
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Upon retraction, a variation of the tip velocity probes the rheo-
logical properties of the involved group of (stretched) macro-
molecules, which may also interact collaboratively [41]. Since
for the group of cell-wall proteins, no rheological data is avail-
able, a prediction for the tip-velocity-dependent behavior is not
possible. We find that the adhesion force is constant within the
applied variation of tip velocities; moreover, snap-in and snap-
off events are highly reproducible. Both together strongly indi-
cate that at these speeds, the macromolecules act elastically.
These findings are also in accordance with the study of Alsteens
et al. [25], in which “protein nanosprings” are one model

description of microbial adhesins.

According to our model of S. carnosus adhesion, a higher force
trigger should provoke a larger contact area, a closer contact
and involve additional cell- wall polymers to tether. All of
which should result in a higher adhesion force and a different
form of the retraction curve. The snap-in event, however,
should not be affected. The experiments reveal that indeed
snap-in separation and force are independent of force trigger,
c.f. Figure 6B and Figure 6C and the adhesion force is
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increasing as expected Figure 6A. Also, for each force trigger
(as well as for each S. carnosus bacterial probe), a character-
istic set of force/distance curve can be recorded (Figure 6D).

Merging all experimental results, we propose the model
sketched in Figure 9: Upon approach, Figure 9A, the cell-wall
proteins interact with the surrounding medium (1) and, if at
reach, with the surface (2). If an attractive surface is in the
vicinity, parts of the proteins can tether (unspecifically in our
case) to the surface. Tethering can start at distances below
50 nm, c.f. Figure 8B and Figure 8C. The experiments show
that this is the case for hydrophobic wafers. The distance of
50 nm can, hence, serve us as an upper estimate for the coil size
of the protein in solution. A further approach gives more
proteins the opportunity to tether (3) until a point is reached, at
which the maximum attractive force is reached (4). From now
on, the proteins start to act as elastic springs that are
compressed by the force exerted by the cantilever through the
piezo drive. Nevertheless, also in this phase, additional proteins
may tether. Approach is stopped shortly after zero force has
been reached (5).

Upon retraction, Figure 9B, first, the elastic springs are released
(6), achieving the same slope in the curve as during approach. It
indicates a reversible fold-and-stretch mechanism of multiple
chains. Then, some of the springs start to be stretched against
the steric repulsion of the coil (7) [36], followed by a loss of
contact of single macromolecules, each of which gives rise to a
sudden jump in the force/distance curve (8) and (9) until the
entire bacterium has lost contact (10). Depending on type and
number of the involved proteins, the retraction curve looks
different for every bacterial probe, a fact that has been found
earlier in non-bacterial systems involving macromolecules
[30,36-38]. For the exact same bacterial probe and the identical
contact area (realized by an identical force trigger) and even if
30 approach/retraction cycles have been performed on a
different surface, the form of the force/distance curve is charac-
teristic and can be taken as a “fingerprint” for the individual
cell.

Conclusion

To conclude, our experiments strongly corroborate the model
that the unspecific adhesion of S. carnosus is mainly governed
by number, properties and arrangement of the bacterial cell-wall
proteins. Through this, the proteins are subject to van der Waals
and electrostatic forces as well as forces due to hydrophobic
interaction. Comparing hydrophilic and hydrophobic Si wafers
(in our case differing only in a monomolecular OTS layer), we
find for the exact same bacterial probe strong adhesion of
S. carnosus to the hydrophobic wafers (up to about 3000 pN)
and low adhesion (close to the experimental resolution, about

Beilstein J. Nanotechnol. 2014, 5, 1501-1512.
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Figure 9: Sketch of approach (A) and retraction (B) of a single bacte-
rial probe and respective force/distance curves. For clarity, neither the
AFM cantilever nor the macromolecules that are not involved in adhe-
sion are drawn.

30-50 pN) to the hydrophilic ones. From that we infer that the
hydrophobic interaction is responsible for the strong adhesion
on the hydrophobic wafers, exceeding the forces exerted by
electrostatic and van der Waals forces by at least an order of
magnitude.

The main observations are (i) the form of the force/distance
curves is characteristic for each bacterium, (ii) this form is inde-
pendent of the “adhesive history” and (iii) the retraction curves
(including the adhesion forces) are unaffected by the tip veloci-
ties probed. These observations lead us to the conclusion that
cell-wall proteins act as elastic springs. Since the separation at
which the cantilever starts to deflect, the snap-in separation,
reaches values up to 50 nm on hydrophobic surfaces, we can
estimate the extension of the cell-wall proteins.

Aiming at understanding the detailed form of the force/distance
curves, it is inevitable to shed more light onto the “real” molec-
ular composition of the bacterial surface, possibly with the help
of atomistic simulations. For future studies, single-cell force
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spectroscopy can additionally be combined with genetic tools
that enable us to specifically modify the composition of the cell-
wall proteins. That way, the responsible adhesins can be identi-
fied for each of the bacterial species.
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Abstract - The adhesion of pathogenic bacteria to surfaces is of immense importance for health
care applications. Via a combined experimental and computational approach, we studied the
initiation of contact in the adhesion process of the pathogenic bacterium Staphylococcus aureus.
AFM force spectroscopy with single cell bacterial probes paired with Monte Carlo simulations
enabled an unprecedented molecular investigation of the contact formation. Our results reveal
that bacteria attach to a surface over distances far beyond the range of classical surface forces
via stochastic binding of thermally fluctuating cell wall proteins. Thereby, the bacteria are
pulled into close contact with the surface as consecutive proteins of different stiffnesses attach.
This mechanism greatly enhances the attachment capability of S. aureus. It, however, can
be manipulated by enzymatically/chemically modifying the cell wall proteins to block their
consecutive binding. Our study furthermore reveals that fluctuations in protein density and
structure are much more relevant than the exact form of the binding potential.
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The adhesion of bacteria to surfaces plays an important role in
many processes in our everyday life: in the clinical setting, it
can be the major factor for the transmission of diseases or the
starting point of infectious biofilms on implants or catheters."”
The fundamental reason for studying bacterial adhesion is
mostly its prevention.>* Yet, the majority of studies concentrate
on the detachment process, mainly the adhesion force, which
represents the maximum force acting between the bacterium
and the colonized surface, in other words, it is studied how to
get rid of already attached bacteria.”” In our opinion, the first
logical step to prevent bacterial adhesion is to detain a bacterium
from attaching and therefore, a fundamental understanding of
the contact initiation process of a bacterium to a surface is crucial.
In recent years, atomic force microscopy (AFM) was refined to
perform force spectroscopy and is now established as a powerful
and versatile method to characterise bacterial adhesion; especially
the use of ‘bacterial probes’ allows for a precise and quantitative
insight into the involved forces.*®*™" ‘Bacterial probes’ are AFM
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much more relevant than the exact form of the binding potential.

cantilevers, for which the tip is replaced by a single bacterium
or a consortium of bacteria.

Interaction forces that arise in AFM force spectroscopy while
the probe is continuously approached to the surface lead to a
deflection of the cantilever. The deflection is monitored by a laser
beam reflected from the back of the cantilever to a position-
sensitive photodiode. Under quasistatic conditions, cantilever
deflection is a measure of the force between the tip and the
surface. However, a classic force curve features unstable points if,
in a certain range, the gradient of the interaction force between
the tip and the surface exceeds the cantilever spring constant.
This leads to an abrupt change in the cantilever deflection, and
the tip/surface separation.’” Assuming a Lennard-Jones-like
interaction potential, one instability occurs during the approach
part of the force/distance curve and is called ‘jump-to-contact’ or
‘snap-in’. A detailed analysis is reported by Seo and Jhe.® How-
ever, recent findings indicate that with a viable bacterial probe,
the snap-in can also be a rather extended event (in range and
time) than a sudden jump into contact."® The phenomenon can
be described by a model for bacterial adhesion that involves the
consecutive attachment of bacterial cell wall macromolecules to
the substratum (for example, due to hydrophobic interactions).
It was hypothesised that the form (depth and width) of the snap-in
event is characteristic of the adhesive molecules of a bacterium.*®
In this study, we provide experimental evidence for this model,
by demonstrating that the form of the snap-in event is defined
by the properties of the cell wall proteins. The snap-in process
becomes more pronounced as the surface energy of the sub-
stratum becomes smaller, therefore we concentrate in this

Soft Matter, 2015, 11, 8913-8919 | 8913
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study on low-energy surfaces such as hydrophobised silicon (Si)
wafers.

We investigated the initiation of contact between exponential
phase cells of S. aureus strain SA113"* and the hydrophobic
surface of a silanised Si wafer. We additionally performed Monte
Carlo (MC) simulations using a simple model for the adhesion of
a bacterium to a surface.’® By comparing experimental and
simulated force/distance curves, we gained insights into the
molecular mechanisms governing the initial attachment of
S. aureus. Furthermore, by using bioactive agents that either
crosslink or degrade proteins, the properties of the cell wall can
be altered in a controlled manner.

1 Material and methods
Preparation of the substratum

As substrates, we used Si wafers since they feature a very low
roughness (0.09(2) nm) and are easily available in consistently
good quality with a known surface chemistry. Si wafers (Siltronic
AG, Burghausen, Germany) have a native silicon oxide layer
(d = 1.7(2) nm).§ The wafers were rendered hydrophobic by
self-assembly of a CH;-terminated monolayer of OTS molecules
following a standard protocol.’> The hydrophobised Si wafers
have a surface roughness of 0.12(2) nm and an advancing
(receding) water contact angle of 111(1)° (107(2)°). Using polar/
apolar liquids, the surface energy can be determined to be
24(1) mJ m~2," and the streaming potential is —80.0(1) mV at
pH 7.3.'° For the force measurements, hydrophobised silicon
wafers are immersed into 6 ml of phosphate-buffered saline
(PBS, pH 7.3, ionic strength 0.1728 mol 1" at 20 °C).

Bacterial strain and growth conditions

S. aureus strain SA113 is a cellinvasive and biofilm-positive
laboratory strain frequently used to study the functions of cell wall-
anchored or -attached molecules of this pathogenic species.'*™
Exponential growth phase S. aureus cells were freshly prepared for
each experiment. 40 pl of an overnight culture were transferred into
4 ml of Tryptic soy broth (TSB) medium and cultured at 37 °C and
150 rpm for 2.5 hours. To dilute the bacterial solution, 0.5 ml of the
culture and additional 0.5 ml of PBS were inserted into a 1.5 ml
microtube. To remove extracellular material, these bacteria were
washed four times using 1 ml of PBS each.

Preparation of bacterial probes

Single cell bacterial probes have been prepared following the
detailed description of ref. 32: cantilevers were cleaned in an air
plasma and vertically immersed for about 50 min into a solution
allowing the polymerisation of dopamine, that is 4 mg ml™" of
dopamine hydrochloride (99%) in 10 mM Tris-buffer (pH 7.9 at
22 °C), both were provided by Sigma Aldrich, Germany. During
polymerisation, the cantilevers are stored in a fridge. Then,
cantilevers were carefully rinsed with ultrapure water to remove
unbound (poly)dopamine and dried under a laminar flow bench.
Cantilever spring constants were determined before attaching a

§ The number in the parentheses denotes the standard deviation of the last digit.
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single bacterium using the thermal tune technique.”® A single
bacterium was attached using a micromanipulation system
(Narishige Group, Japan) linked to an optical microscope: a
droplet (approx. 30 pl) of diluted bacterial solution (see above)
was placed on a polystyrene Petri dish, where the bacteria are
allowed to sediment. Then, the functionalised cantilever,
mounted on the micromanipulator, is dipped into the droplet.
By carefully tapping onto a single S. aureus cell with the upper
end of the polydopamine-coated cantilever, the cell attaches to
the cantilever. To safely exclude interactions between the canti-
lever and the substratum during the force measurements, the
single bacterium should get attached as close as possible to the
very end of the cantilever (not exceeding a distance of roughly
two bacterial diameters). Subsequently, the cantilever is
retracted from the droplet of bacterial solution and reintegrated
into the AFM to perform force spectroscopy measurements. The
inset in Fig. 2b depicts a single bacterial probe. To ensure that
our method does not harm the cell, its viability can be checked
after completing the measurements, using live/death staining
(Life Technologies GmbH, Germany). Thereby, a small amount
of live/death stain (20 pl) is added directly onto the bacterial
probe and the viability of the bacterium is determined under a
fluorescence light microscope (cf. ESIT).

Force spectroscopy

All force/distance curves in this study were obtained in PBS at
room temperature using a Bioscope Catalyst AFM (Bruker
Nano, Santa Barbara, CA). The cantilever was approached
(and retracted) over a distance of 800 nm while 1024 data
points were recorded for each part. The drive velocity was
400 nm s~ and retraction started immediately after the chosen
force trigger was reached on approach. Positive force triggers
hereby reflect a net repulsive force, resulting in a ‘standard’
force distance/curve. Setting a negative force trigger allows us to
record ‘partitioned’ force/distance curves by switching from
approach to retraction at the attractive part of the approach
curve, as shown below.

2 Results and discussion
Standard force/distance curves

A standard force/distance curve between a single S. aureus AFM
probe and a hydrophobised Si wafer can be comprehended in
terms of the properties of the bacterial cell wall (¢f. schematic
diagram in Fig. 1 and experimental curve in Fig. 2): in the case
of S. aureus, the cell wall consists of numerous proteinaceous
and non-proteinaceous macromolecules.*** According to our
model (as recently described for the apathogenic staphylococcal
species S. carnosus'®) at a certain distance (called ‘snap-in
separation’) above the wafer surface, the longest and/or most
extended macromolecules start to interact with the wafer via
short-range attractive forces.§ Once tethered, the extended
macromolecules tear the bacterium to the surface at point (1)

9 In electrolyte solution (buffer), screening effects virtually lead to the absence of
long-range forces.”

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Schematic diagram showing the bacterial adhesion process
according to our model (approach in the upper sketch and retraction in
the lower one). An additional sketch of a force/distance curve (with force f
and separation s in arbitrary units au) indicates the link between the
model-situation and the respective experimental force/distance signal,
approach (retraction) in blue (red). Magnitudes do not reflect real
situations.

in Fig. 1, 2a and b. Along with that, more and more macro-
molecules can tether, yet some of the longest may therefore already
be compressed. Fig. 2b demonstrates that the snap-in event is
indeed an extended process, since dozens of data points can be
recorded. The time between two data points is in the order of 10> s

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Exemplary ‘standard’ force/distance curve recorded with a single
S. aureus cell on a hydrophobised Si wafer and a positive force trigger of
300 pN (approach is displayed in blue and retraction in red). (a) Entire curve
and (b) approach part of (a) in more detail. The inset in (b) shows an
electron micrograph of the bacterial probe (radius of the bacterium
around 500 nm).

(defined by the force/distance curve parameters, see above).
Soon, a point is reached where, with a further approach of the
cantilever, more molecules are compressed than new macro-
molecules tether. Then, the minimum force of the snap-in
process (the ‘snap-in force’) is reached (2) and a further
approach mainly compresses the macromolecules. In a standard
force/distance curve after crossing zero force (3), approach is
stopped once the preset positive force trigger has been reached.
Upon retraction, the compressed macromolecules are released,
unfolded and/or stretched. Close to the force minimum (reflecting
the ‘adhesion force’), the slope decreases, since more and more
macromolecules start to detach (4). From now on, the number of
attached molecules decreases that much that the measured force
is more and more reduced. At a certain distance (called the
‘rupture length’) the bacterium, viz. its cell wall macromolecules,
detach completely (5). Depending on the types and the number of
involved macromolecules, the retraction curve looks different
for every individual single cell bacterial probe, a fact that has
been found earlier in non-bacterial systems involving macro-
molecules.?*™?” The four measures of the force/distance curve
(snap-in separation, snap-in force, adhesion force and rupture
length) are usually very robust for one bacterial cell, as can
be seen in an overlay of 20 force/distance curves with the
same bacterial probe (¢f Fig. 3). For different cells, even of
the identical bacterial culture, the four measures can vary
markedly. However, by comparing a large number of cells,
differences between bacterial species show up. For instance,
the adhesion of the facultative pathogenic species S. aureus
outperforms that of apathogenic S. carnosus.*® In the exemplary
curve, the snap-in separation is around 50 nm and the snap-in
force is almost 1.2 nN. In the retraction part, discrete steps can
frequently be observed which are similar to single molecule
force spectroscopy.”®
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Fig. 3 Overlay of 20 standard force/distance curves showing the adhe-
sion of a single S. aureus cell to a hydrophobised Si wafer, force trigger is
300 pN. One of the curves is shown in detail in Fig. 2, approach (retraction)
is marked in blue (red). The snap-in process is shown in more detail in
the inset.

Partitioned force/distance curves

In order to further explore the initial attachment of a bacterial
cell, we focus on the nature of the snap-in event and the above
mentioned partitioned force/distance curves. For this purpose,
the force trigger is set to a negative value between the snap-in
separation (1) and the snap-in force (2) displayed in Fig. 2,
using the identical bacterial probe.

Fig. 4a shows an overlay of 20 partitioned force/distance
curves with a force trigger of —100 pN. After stopping the
approach, the piezo movement is immediately reversed and
the bacterial probe is retracted. For —100 pN, the retraction
curves did not resemble the ones of the standard force/distance
curves shown in Fig. 3, as the adhesion force is greatly reduced.
Nevertheless, these retraction curves feature the rupture length
of the standard force/distance curve and a gradually reduced
force. With decreasing force trigger (negative sign!) and, hence, a
reduced distance of the bacterial probe to the surface (cf: Fig. 4b—d),
the form and the adhesion force of the standard S. aureus

Fig. 4 'Partitioned’ force/distance curves of a single S. aureus bacterial
probe on a hydrophobised Si wafer for four different negative force
triggers that allow for a stop of the approach at variable distances above
the wafer surface. Each panel displays an overlay of 20 force/distance
curves and they were all taken with the exact same bacterium.

8916 | Soft Matter, 2015, 11, 8913-8919
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force/distance curve are recovered. A closer look reveals that at a
force trigger of —150 pN two out of the 20 force/distance curves
resembled in their retraction part those of the standard force/
distance curve and this ratio increased along with decreasing force
trigger (Fig. 4b-d). Three characteristic features are noteworthy:

(i) The retraction curves of the partitioned force/distance
curves resemble the ‘parallel and simultaneous stretching’ of
macromolecules independent of the applied negative force
trigger.”®

(if) with decreasing force trigger (negative sign; getting the
bacterium closer to the surface), the adhesion force does not
increase gradually: rather, either a low (less than one nN) or the
‘standard’ adhesion force is obtained. No intermediate force
values are observed.

(iii) Even if the piezo already moves the cantilever away from
the surface, an increasing adhesive force is recorded, going
along with a decreased separation between the probe and the
surface (see Fig. 4b-d, the red curve within the dashed green
circle), which we term ‘pulling regime’ in the following. It ends
as soon as a minimum separation is reached. Upon further
piezo retraction, the standard force/distance curve is recovered.
For the low adhesion force, the pulling regime is absent.

These characteristics call for an interpretation in a molecular
model: in this model, cell wall macromolecules are responsible
for the initial attachment of the bacterium to the hydrophobic
surface. A force trigger of only —100 pN (c¢f: Fig. 4a) is apparently
insufficient to enable the attachment of a sufficient number and/
or the right types of molecules to withstand the restoring force of
the cantilever after piezo reversal. Thus, the separation between
the surface and the bacterium increases immediately with
cantilever retraction and neither a pulling regime nor a standard
adhesion force is observed. Rather, this case is accompanied by a
low adhesion force. In contrast, at force triggers of —150 pN and
less, a pulling regime is observed, so the already attached
macromolecules are strong enough to withstand the restoring
force of the cantilever after piezo reversal, thereby facilitating
the binding of additional macromolecules. Subsequently, the
bacterium is pulled closer to the surface against cantilever
retraction. The pulling regime ends at the point where the net
attractive force of the cell wall macromolecules is outmatched by
the restoring force of the cantilever and, thereby, further
approach is prevented. Then, the standard retraction curve and
adhesion force are recovered.

In Fig. 4b and c, both types of adhesion forces are recorded,
which is due to the stochastic nature of the molecular processes
involved during contact initiation."® In Fig. 4d, no low adhesion
force curves were measured, which corroborates the above
argument that at larger negative force triggers, more and
more molecules are able to tether, giving rise to maximum
adhesion.

So far, by applying negative force triggers, we were able to
interrupt the ‘standard’ adhesion process and could show that
the snap-in process is (a) a robust and characteristic feature of
bacterial adhesion and is (b) mediated by cell wall macro-
molecules. To corroborate the experimental results and the
hypothesised model, we performed Monte Carlo (MC) simulations.

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Monte-Carlo-simulated standard force/distance curve and approach
(retract) curve in blue (red). (a) Entire curve and (b) snap-in process of the
simulated force/distance curve in more detail. The inset in (b) schematically
depicts the MC model where cell wall macromolecules are represented as
elastic springs (objects are not to scale).

Monte Carlo simulations

The model for the MC simulations is based on the key assumption
that cell wall macromolecules can be described as elastic springs
that attach to the substratum (for details of the model ¢f. ESIt). An
MC-simulated standard force/distance curve is shown in Fig. 5.
Since the density and composition of cell wall macromolecules and
their response to external forces are not known, there are many
adjustable parameters in the model. However, considering the
simplicity of our modeling approach, the agreement between the
experiment and MC simulation is remarkable: the snap-in event
starts in the simulations (¢f Fig. 5b), as well as in the experiment
(¢f: Fig. 2b), with a small gradient which gets larger with decreasing
distance until the snap-in force is reached.

Moreover, in the simulations as well, partitioned force/
distance curves can be recorded using a negative force trigger
(¢f. Fig. 6). These curves also strikingly resemble the experimental
curves, including the above described features, in particular
features (ii) and (iii): the simulated curves exhibit a pulling
regime, too, and partitioned force distance curves using a force
trigger that is located in the low-gradient area only exhibit low
adhesion forces like in the experiment (¢f. experimental curves
in Fig. 4a and simulated curves in Fig. 6a). As in the experi-
ment, the number of simulated force/distance curves resem-
bling the simulated standard force/distance curve increases
with decreasing force trigger (cf. experimental curves in
Fig. 4b-d and simulated curves in Fig. 6b-d). The simulated
partitioned force/distance curves also show a sudden transition
between the low and high adhesion (pulling) regime. In experi-
ments as well as in simulations, this transition occurs at force
triggers located in the region where the gradient of the snap-in
process in the standard force/distance curve features the stron-
gest increase (¢f. Fig. 2b and 5b). In other words, from the form

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Monte-Carlo-simulated partitioned force/distance curves for
four different negative force triggers. Each panel displays an overlay of
20 simulated force/distance curves.

of the snap-in event, one is able to predict the partitioned force/
distance curves (within the inaccuracy due to the stochastic
nature of the process).

Importantly, in the MC model, it is not sufficient to use just
one sort of macromolecules (springs) with a given stiffness, rather,
a spring constant distribution (¢f ESIT) must be implemented for
the macromolecules to reproduce the experimental features. The
model now allows for a more detailed interpretation of the
molecular processes during contact formation.

Due to thermal fluctuations and the structural heterogeneity
of the cell wall proteins, a small number of proteins (the softer
ones) initiate binding of the bacterium on approach, resulting
in a small gradient of the force/distance curve. As the cantilever
further reduces the distance to the substratum, more and also
stiffer molecules can bind and the gradient of the force/
distance curve becomes larger. These findings give rise to the
assumption that different sorts of macromolecules with different
properties are involved in the adhesion process.

All experimental force/distance curves shown in Fig. 1-3
were obtained with the identical bacterial probe. The described
shape of the snap-in event, ie. the increasing gradient for
decreasing distances, is indeed characteristic of S. aureus single
bacterial probes. The exact shape of the snap-in process,
however, may vary for different S. aureus cells obtained from
the same preparation. According to our results, we state that
the actual appearance of the snap-in event of a single S. aureus
bacterial probe is directly linked to the distribution and nature
of the contact-forming cell wall macromolecules and that vice
versa from the shape of the snap-in event it is possible to gather
insights into the nature of the contact-forming macromolecules.

Protein-modifying treatment

To further evidence the macromolecular origin of the snap-in
event and to explore the nature of cell wall macromolecules
involved in the attachment process, we specifically modified the
properties of cell wall proteins: we therefore treated the bacterial
surface with two different protein-altering compounds, pronase E
(Sigma-Aldrich) and glutaraldehyde (25% v/v, Sigma-Aldrich).
Pronase E degrades proteins by cutting peptide bonds, whereas
glutaraldehyde reacts with several functional groups of proteins
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Fig. 7 Influence of enzymatic/chemical treatment on the bacterial snap-
in process and its corresponding simulated force/distance curve. Snap-in
event of a single S. aureus cell adhering to a hydrophobic Si wafer (a) in its
native state (cyan curve) and after treating the cell with protease, (b) before
(cyan curve) and after treating an S. aureus cell with glutaraldehyde.
(c) Simulated force/distance curves using a model bacterium covered with
a large number of springs with stiffnesses distributed over a certain range
(cyan curve) and with only one stiff spring (blue curve). The baselines of the
blue curves have been shifted in the y-direction by 0.2 nN.

and crosslinks them that way.>>*° Thus, if driven by cell wall
proteins, both treatments should significantly influence the
snap-in process.

For these measurements, bacterial probes were prepared as
described before, and prior to the enzymatic or chemical
treatment, 20 force/distance curves were recorded on a hydro-
phobised Si wafer as a reference (Fig. 7a and b each show one
reference approach curve for a force trigger of 300 pN). After
that, the probe holder with the bacterial probe was removed
from the AFM head leaving a droplet of buffer around the tip.
With a pipette, 20 pl of 100 pg ml~* solution of protease (or
12.5% glutaraldehyde solution, respectively) was added to the
buffer droplet. After 10 min, the droplet around the tip was
carefully removed and replaced by a fresh drop of buffer
solution. This droplet of buffer was exchanged another three
times to remove as much of the protein-modifying compound
as possible. Then, a new series of force/distance curves were
taken (representative curves are given in Fig. 7a and b).

The protease as well as the glutaraldehyde treatment caused
a substantial reduction of the snap-in process: the snap-in
distance contracted from more than 30 nm to less than
10 nm and the snap-in force decreased to only a few pN as
compared to 800 pN in the reference curves (Fig. 7). By cutting
peptide bonds, the non-specific protease mixture should gra-
dually reduce the length of the cell wall-attached proteins,
thereby decreasing their hydrodynamic radii which impairs the
bacterial snap-in process. To test this, we observed the snap-in
event in between and after two consecutive protease treatments
that were both applied as described above (c¢f Fig. 8): indeed, a
second treatment with protease caused an additional reduction
of the snap-in force (¢f Fig. 8b). A similar effect is expected for
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Fig. 8 (a) Influence of two consecutive protease treatments on the

bacterial snap-in process of an S. aureus cell, the baseline of the blue
(dark blue) curve has been shifted in the y-direction by 0.4 nN (0.8 nN). (b)
Recorded snap-in force for the untreated, and one time and two times
with protease treated S. aureus.

the protein crosslinker glutaraldehyde, which should affect
both the mobility and the flexibility of proteins, thereby sup-
pressing the stochastic process of tethering macromolecules
by macromolecules to the surface. To capture the impact of a
protein-modifying treatment, a rough model will give insights
into the leading processes. As both treatments result in an
increased stiffness of the macromolecules®® and, at least,
effectively in a decreased number of springs, we evaluated the
force/distance curves of a model bacterium with only one
single, stiff spring (spring constant of 1 N m™ "), in comparison
to the model bacterium covered with a distribution of springs
as described above, cf. Fig. 7c. The result is a simulated force/
distance curve with only a tiny jump-to-contact (blue curve),
instead of an extended snap-in process (cyan curve).

The retraction curves (see ESIT) also featured a massive
reduction in adhesion force and rupture length due to the
enzymatic/chemical treatments, respectively. However, for a detailed
discussion of the detachment process, an in-depth knowledge
of the molecular composition of the bacterial surface and the
impact of the two protein modifying compounds would be
needed, which is beyond the scope of this study.

Thus, by interfering with the length and the number or the
mobility of cell wall proteins, two important conclusions
emerge: (1) cell wall proteins fulfill the major task in bacterial
adhesion to hydrophobic surfaces and (2) the consecutive
tethering of cell wall proteins features major biological relevance
as this mechanism strongly enhances the interaction range and
strength between the bacterium and the surface. Simulated force
distance curves support these findings.

3 Conclusions

The above results indicate why a general description of bacterial
adhesion in the framework of the Derjaguin-Landau-Verwey—
Overbeek (DLVO) theory or by the extended DLVO theory (including
hydrophobic/hydrophilic interactions) fails if considered between
the ‘body’ of the bacterium and the substratum. Actually, the
initiation of bacterial adhesion starts as far as 50 nm (sometimes
even 100 nm) above the substratum, a distance, for which DLVO
forces between the ‘body’ of the bacterium and the substratum are
negligible.” Hence, the extended DLVO theory has to be applied
to all cell wall macromolecules involved in the adhesion process.

This journal is © The Royal Society of Chemistry 2015



ADDENDUM IV - Stochastic binding of Staphylococcus aureus to hydrophobic surfaces

Soft Matter

Our results indicate that on approach of a bacterium to a
surface, a simple protein/surface potential allowing the proteins
to bind is sufficient, while the number and the distribution of
spring constants of the proteins are of importance. In other
words, on contact formation, fluctuations in protein density and
structure are much more relevant than the exact protein/surface
binding potential.

To conclude, we studied and described the fundamental
mechanisms of the initiation of contact during the adhesion of
S. aureus. It has been demonstrated that the approach part of a
force/distance curve can be reliably evaluated and characterises
the initiation of adhesion comprehensively. MC simulations
assuming bacterial cell wall macromolecules as elastic springs of
different stiffnesses capture the observed experimental features
of force/distance curves. An enzymatic/chemical treatment
revealed that cell wall proteins dominate the attachment process
and that disrupting the length of these molecules or their
mobility causes severe changes in attachment. The proposed
model and the resulting adhesion mechanism explain the
observed force/distance curves of single cell bacterial probes as
well as differences between varying bacterial species. Additional
studies, e.g. using genetic tools to modify the bacterial cell wall
composition, will allow us to distinguish between the contribu-
tions of the different components/macromolecules. Applying a
similar approach of single cell level experiments accompanied by
molecular modeling onto entire force/distance curves, including
both the approach and retraction parts, will pave the way for a
global understanding of bacterial adhesion.
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1 Viability of bacterial probe

Fig. S1 depicts a viable bacterial probe (green) manufactured
according to the described method and investigated under a flu-
orescent light microscope using a live/death staining (Life Tech-
nologies GmbH, Germany) after a series of force/distance mea-
surements. Random tests of cell viability showed that our whole
procedure does not alter the cell viability.

Fig. 1 Fluorescence micrograph (magnification 630x) of a single
bacterial probe, after adding a small amount of live/death stain (Life
Technologies GmbH, Germany). The cantilever is enframed by dashed
red lines to improve visibility.

2 Model details

In our theoretical approach, we implement a reductionist model
of the experimental setup.

The cantilever is represented as a linear spring with spring
constant k. and untensioned length [§ = 0. We model the
bacterium as a spherical object with radius R. The cell wall
macromolecules are also modelled as linear springs. As a key
feature of the model we assign random spring constants k;
and, at least in principle, lengths 16 to molecule i. The ks are
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identically distributed random variable chosen from the interval
[kmin, kmax]. Such a distribution of &;’s is the only way we found
to reproduce the shape of the experimental approach curve. For
the simulation results given in the paper the 16 is the same for
all molecules. We considered a total number of N springs, which
may be considerably larger than the actual number of cell wall
proteins. The first end of the spring is attached to the cell wall
and the second one is pointing towards the substratum. The
springs are always parallel to the z-axis.

We considered random spring positions on the cell wall. For the
purpose of computational efficiency we decorated only the half
of the sphere which is opposite to the substratum, i.e. we restrict
the possible z-coordinates of the spring’s position at the cell wall
to the interval [-R,0] *

In the following we use the coordinate system which is illus-
trated in Fig. S2: The substratum is located in the x-y-plane at
z=0 and the cantilever starts at position (0,0,z; = Zmay). The bac-
terium is attached to the cantilever and its initial distance to the
substratum is given by d = zqx — 2R.

The binding potential between substratum and macromolecules
was chosen as a square well potential with a depth of —14 xk;, xT
and a range of 3nm. Explicitely, V(z) reads as follows:

0 z>3nm
V(z) =4 —14xk,«T 0<z<3nm (€9)
o z<0

According to this, springs that are closer to the substratum than
3nm are considered as bounded, so the energy for a bounded
spring is E; = (I — I})> — 14k,T and for unbounded springs
E; = %(li - 16)2, where /; determines the actual length of spring i.

The following table summarizes the standard parameter setup,
which was used for the results in our study.

« Here we give the cell wall position relative to the center of the bacterium.
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Fig. 2 Upper figure: Schematic picture of the model. Lower figure:
Binding potential for the surface macromolecules, the depth of the
potential is -14xkgT and the width is 3nm.

Number of proteins N 8000
Untensioned length of proteins 16 30nm
Maximum spring constant of proteins kqx 0.001 nN/nm
Minimum spring constant of proteins kp, | 5x 10~° nN/nm

Untensioned length of the cantilever /; 0nm
Spring constant of the cantilever 0.03nN/nm
Radius of the bacterium 500 nm
Range of binding potential 3nm
Depth of binding potential —14xky*T

These values were chosen since they give a good agreement
between experiment and simulations.

We carefully checked the influence of changes in the parameters
on the simulation results. We found that variations of the
parameters only result in quantitative changes of the received
For example, a
higher number of proteins or a deeper potential lead to a larger
adhesion force, decreasing the untensioned length of proteins
results in a smaller snap-in separation.

curves, the principle shape was preserved.

Given that n springs are bound to the substratum, the equilib-
rium position of the bacterium, which determines the extension
of the bound springs, can be calculated analytically.

The total energy of the system consists of two parts, the bending
energy of the cantilever and the energy of the stretched springs:

2] Soft Matter, 2015, 11 1-3

1 ; 1 .
E= 2 Y killi—15)* + Ske(le = 15)? @)

where the sum runs over all bounded springs.

We suppressed the contribution from the binding potential since
this is constant for bounded springs and plays no role when
calculating the equilibrium position.

By considering the boundary conditions of the model, one can
rewrite the energy as a function of a single variable, which we
chose to be the distance of the bacterium to the substratum d.
The position z. of the cantilever is given by

Zc:lc+2R+d (3)

with [. = actual deflection of the cantilever. The z-coordinate z;
of the first end of spring i is

d+Adi=zi=dzi+1; “4)
with dz; = distance of the second end of the spring to the substra-
tum, Ad; = distance of the first end of the i-th spring to the plane
z=d.

The latter quantity is given by

Adj=R—\/R2— (x7 +y?) 5)

with x;,y; = x,y-coordinate of the first end of the i-th spring.

Putting all this together we can write the energy of the system
as follows:

1 ; 1 .
E=; Y ki(d +Ad; —dzi — 1))* + he(ze —d—-2R-I§)*  (6)

This form contains only a single variable d, all other quantities
are given parameters of the system configuration. Therefore, the
equilibrium distance d of the bacterium to the substratum for
a given cantilever position and configuration of bound springs
reads as:

dp = ke(ze —2R — 1512 — Y ki(Ad; — dz; — 1)) o

c+ Zki
All in all we have three different kinds of degrees of freedom
in the model. First, the position of the cantilever, which is
updated following the given experimental protocol. Second, the

position of the bacterium, which we consider as the equilibrium

position for a given configuration of bound springs and position
of the cantilever, and, third, the stochastic simulation of the
springs, which we carry out at room temperature using standard
Metropolis algorithm.

Precisely, our simulation approach, which is closely related to
the experimental setup consists of the following steps:

1. Move the cantilever by an amplitude which corresponds to
one hundredth of the step length in experiment.

2. Perform 200 MC-sweeps for the springs and the bacterium,

This journal is @ The Royal Society of Chemistry 2015
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where a sweep is given by

(a) N spring-updates:
i. Chose a spring i and a random displacement r.
ii. Move the second head of spring i by distance r.
iii. If allowed, meaning dz; > 0 and /; > 0, accept the
move according to Metropolis algorithm.
iv. Go back to (i) until N spring-updated are com-
pleted

(b) Update of the bacterium position

3. Go back to one, after every hundredth step of the cantilever,
read out the configuration of the system

Retraction starts if the given force trigger is reached.
3 Protein-modifying treatment

Supplementary material to Fig. 6

To evaluate the macromolecular origin of bacterial adhesion, bac-
teria have been treated by pronase E and glutaraldehyde. In Fig.
S3 force/distance curves of approach (blue) and retraction part
(red) are shown, whereas in Fig. 6 only the approach parts have
been depicted for clarity. Experimental parameters were opti-
mized to study the approach process. Therefore, relatively soft
cantilevers were used. Curves a) and c¢) are before treatment,
curve b) is recorded after pronase E application and curve d) is
taken after glutaraldehyde action. For the cases shown, the max-
imum adhesion forces of the two bacteria of the reference curves
are that large that they cannot be evaluated in detail. However,
the order of magnitude can roughly be estimated by the extrap-
olation of the gradients of the retraction curves: For both, it is
in the range between -20nN and -30nN. Clearly, after any of
the protein-modifying treatments, the maximum adhesion force
is greatly reduced.

The same holds true for the simulated force/distance curve us-
ing the rough model, with only one stiff spring, for describing the
effect of the protein-modifying treatment (cf. Fig. S4). Also in
the simulated force/distance curve the adhesion force is greatly

This journal is © The Royal Society of Chemistry 2015
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reduced by using only one stiff spring (Fig. S4b) as compared to
a distribution of soft springs (Fig. S4a).
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Fig. 3 Force/distance curves of approach (blue) and retraction (red)
parts of two individual bacterial probes for testing the influence of
enzymatic/chemical treatment on the bacterial adhesion process.
Curves in a) and c) each depict the native state, the curve in b) shows
the adhesion after pronase E treatment and curve d) after
glutaraldehyde action.
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Fig. 4 Simulated force/distance curve with approach (blue) and
retraction (red) part. a) MC model force/distance curve using the
parameter setup described above and b) simulated force/distance curve
that reflects the protein-modifying treatment by using only one stiff
spring (for clarity, the blue curve has been shifted by +0.05 nN).
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Abstract - The adhesion of Staphylococcus aureus to abiotic surfaces is crucial for the spread-
ing of infectious diseases. This study provides unique insights into the adhesion process of
pathogenic S. aureus to abiotic substrates by combining high throughput single cell force spec-
troscopy measurements with genetically modified S. aureus cells and computer simulations of
a model describing bacterial adhesion. A comparison between simulated and experimental
force/distance curves reveals that bacterial adhesion on abiotic substrates solely relies on teth-
ering of bacterial surface polymers. On hydrophobic substrates, adhesion is dominated by the
excessive binding of proteins via the hydrophobic interaction, while on hydrophilic substrates,
adhesion is much weaker and mediated by only few but strongly bound bacterial surface poly-
mers. Single cell force spectroscopy revealed that pathogenic S. aureus adheres much stronger
on abiotic substrates than apathogenic S. carnosus and that different bacterial cells even of
one and the same culture may exhibit strongly varying adhesion properties. This ‘individu-
ality’ is a result of the cell wall polymer composition that is unique for each individual cell.
Furthermore, our results show that proteins that are covalently bound to the bacterial cell wall
strongly interact with hydrophobic substrates, while their contribution to the overall adhesion
force is small on hydrophilic substrates.
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1 Introduction

Staphylococcus aureus is an opportunistic pathogen associated with different community and hos-
pital acquired infections [Low1998]. The organism is a major cause of implant related infections
[Cha2001,Myl2001, Dar2004]. One reason for the high infectivity is the ability of S. aureus to ad-
here strongly to various types of surfaces [Hal2004, Yon2007,Lin2011, The2015b]. AFM force spec-
troscopy with single bacterial probes (‘single cell force spectroscopy’) is the state-of-the-art method
in quantitative bacterial adhesion research [Kan2009, The2014, Duf2015, Agu2015b, The2015b]. Dif-
ferent force spectroscopy studies investigated the adhesion properties of S. aureus focusing on the
interaction to protein covered, conditioned surfaces [Mit2008, Ovc2012, Her2015]. In this study,
we present an analysis of the fundamental binding properties of S. aureus on abiotic substrates,
i.e. substrates without any surface conditioning layer. Our research is based on single cell force
spectroscopy with S. aureus mutants exhibiting changes in surface adhesin properties and com-
puter simulations of the force spectroscopy process. Adhesion forces were investigated on very
hydrophilic and strongly hydrophobic, Si wafer-based substrates with an unprecedented high sam-
ple size of more than 150 single bacterial cells. In a reverse engineering approach, the fundamental
properties of S. aureus adhesion were captured in numerical simulations to reveal basic binding
mechanisms.

2 Experimental

2.1 Preparation of the substrates

Si wafers 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 a rms surface roughness of 0.09(2) nm [Bel2008]. Cleaning
the Si wafers thoroughly results in a hydrophilic substrate with an advancing water contact angle
of 5(2)°, a surface energy 64(1) mJ m~2 and a zeta-potential of -104.4(1) mV at pH 7.3 [Bel2008].
The hydrophobic substrate is prepared by covering Si wafers with a self-assembled monolayer of
octadecyltrichlorosilane (OTS) according to a standard protocol [Les2015]. The result is a CHgs-
terminated substrate with an advancing (receding) water contact angle of 111(1)° (107(2)°), a
surface energy of 24(1) mJ m~2 [Les2015] and a zeta-potential of -80.0(1) mV [Bel2008]. In depth
information about the substrate preparation can be found in ref. [The2014].

Both substrates were immersed into phosphate-buffered saline (PBS, pH 7.3, ionic strength 0.1728
mol/1 at 20 °C) and were glued next to each other in order to enable force spectroscopy experiments
with the same living bacterial cell on both substrates. That way, changes in adhesion behavior can
be linked directly to changes in substrate chemistry.
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2.2 Bacterial strains and growth conditions

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 [Max1986,
Pes1999, Wei2005, Bur2013]. For an in-depth analysis of the cell wall polymer contribution to the
staphyloccocal adhesion process, the adhesion of SA113 wild type cells on abiotic substrates was
compared to mutant cells featuring the following changes in cell wall polymer properties:

e S. aureus SA113 Adlt: whose lipo- and wall teichoic acids lack d-alanin sidegroups [Pes1999].
o S. aureus SA113 AtagO: lacking the cell wall anchored wall-teichoic acids [Wei2005].

e 5. aureus SA113 AsrtA: deficient in the enzyme sortase that catalyzes the covalent linkage
of proteins to the cell wall [Wei2008].

As an additional comparison, adhesion measurements with apathogenic Staphylococcus carnosus
cells were performed [Sch1982, Goe1990, The2014].

All bacterial cultures were prepared the same way starting the day before the force spectroscopy
experiments: An overnight culture was prepared in 5ml tryptic soy broth (TSB) medium and
incubated at 37 °C. The next day, 40 ul of the overnight culture were transferred into 4 ml of fresh
TSB medium and incubated for another 2.5 hours to obtain exponential phase cells. Subsequently,
0.5 ml bacterial solution were diluted 1:1 with PBS and washed four times, using 1 ml PBS each,
to remove extracellular material.

2.3 Single cell force spectroscopy

Single bacterial probes were prepared according to a recently published protocol [The2015a]. Briefly,
tipless cantilevers (MLCT-O, Bruker, Billerica, MA, USA) were covered with a thin layer of poly-
dopamin by polymerization of dopamine hydrochloride (99%, Sigma-Aldrich). Single bacterial
probes were manufactured by attaching a single viable cell to a functionalized cantilever using a
micromanipulator, care was taken that cells never dry out during preparation or force measure-
ments.

Force spectroscopy measurements with single bacterial probes were conducted under ambient con-
ditions in PBS using a Bioscope Catalyst (Bruker, Billerica, MA, USA). Force/distance curves were
performed using parameter values that correspond to similar studies [Bea2013a,Zen2014, The2014,
Her2014]. The ramp size was set to 800 nm, the force trigger was 300 pN and retraction speed
was 800nm/s. Approach speed was 800nm/s for force/distance measurements without surface
delay and 100nm/s if 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
[Bea2013a,Zen2014, Her2014]. Measurements without surface delay yield a contact time below 0.5
[Bea2013a, The2014]. Two types of force spectroscopy experiments were done and accordingly, this
study is divided into two parts:
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e Part 1 Measurements with one and the same S. aureus wild type cell on a hydrophilic and
a hydrophobic substrate with surface delay times of zero and five seconds.

e Part 2 Measurements with different cells of one species (S. carnosus, S. aureus wild type
and mutant cells) on either the hydrophilic or the hydrophobic substrate. On hydrophilic
substrates contact times of zero and five seconds were applied.

The series of measurements in Part 1 enable the investigation of the influence of the surface
hydrophobicity on the adhesion mechanisms of S. aureus. In Part 2, the series of measurements
were conducted to identify differences between different bacterial species by comparing a large
number of single bacterial probes. Thereby, per bacterial probe and parameter set at least 50
force/distance curves were recorded.

3 Results and discussion

Part 1

Adhesion without surface delay. Consecutive force/distance measurements with one and
the same bacterial probe were performed on hydrophilic and hydrophobized Si wafers. On both
substrates, the retraction curves indicate the consecutive stretching and rupturing of tethered
macromolecules [Hel2008,Hor2010], i.e. on both substrates, bacterial adhesion relies on the binding
of bacterial surface polymers, see fig 1.

Adhesion forces differ by two orders of magnitude between hydrophilic
(F,4,=0.23(30) nN) and hydrophobic (F,;,=35.2(9) nN) substrates, fig. 1. Van der Waals
and electrostatic properties differ only slightly between both subtrates. Hence, the hydrophobic
interaction strongly influences the adhesion of S. aureus. Similar results have been presented for
different bacterial species, including S. carnosus an apathogenic relative of S. aureus [Bea2013a,
The2014, Sul2015]. The strong adhesion to hydrophobic substrates is caused by the extensive
binding of bacterial surface proteins via hydrophobic sidegroups [Bea2013a, The2014]. In contrast,
on hydrophilic substrates, tethering of macromolecules relies on electrostatic and van der Waals
forces or on directional hydrogen-bonds [Juc1997, Lec2001].

The shapes of the force/distance curves also exhibit strong differences on hydrophilic
and hydrophobic substrates, see fig 1: i) Individual force/distance curves of one bacterial
probe on the hydrophobic substrate all look nearly the same, see fig. 1B. On the hydrophilic
substrate, however, the shapes of force/distance curves fluctuate strongly between different curves
of one bacterial probe, see fig. 1A. ii) Force/distance curves on hydrophilic substrates have a
‘spiky’ shape and show distinct peaks that correspond to the stretching and rupturing of surface
polymers [Low2001,E1IK2014]. These peaks are well described by the worm-like chain (WLC) model
[Mar1995, Rub2003], see fig. 1A first curve. In contrast, on hydrophobic substrates force/distance
curves are very smooth and feature a linear increase in force upon retracting the bacterium from
the surface, see fig. 1B. Close to the maximum force value, the gradient of the force/distance
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Figure 1: Adhesion of S. aureus on abiotic surfaces (without surface delay). One and the same
bacterial probe was used to perform 50 force/distance curves each on a hydrophilic A)
and a hydrophobic substrate B). The figures depict the distribution of adhesion forces
(left) as well as 4 exemplary retraction curves (right) for each substrate. The dashed red
line in the first exemplary curve in A) shows a fit of the worm-like chain model [Mar1995]
to the experimental data. The fit yielded a Kuhn length of 0.2 nm and a contour length of
79nm. Note the different force axis scales in A) and B). Forces are displayed as absolute
values.

117



Publications and Manuscripts

curves decreases and around the maximum force, a force plateau may be observed. On hydrophobic
substrates, polymer stretching signals are only frequently observed in the back of the force/distance
curves.

Adhesion with 5s surface delay. Bacterial adhesion forces increase for prolonged contact,
in the range of a few seconds, between bacterial cells and substrates [Bea2013a, Her2013, Zen2014,
The2014, Agu2015a]. In order to investigate the adhesion of S. aureus to abiotic surfaces in more
detail, we studied the effect of the contact time on the adhesion of S. aureus on hydrophilic and
hydrophobic substrates. Therefor, we used the same bacterial cell as in fig. 1 and applied an
additional surface contact time of 5s.

The relative increase of adhesion forces was much more pronounced on the hydrophilic
compared to the hydrophobic substrate, see fig. 2. Force/distance measurements with 5s
of surface delay revealed, that the mean adhesion force on the hydrophilic substrate increased, by a
factor of 5.5 to 1.26(66) nN, while on the hydrophobic substrate the mean adhesion force increased
to 47.4(16) nN, which yields a factor of only 1.3 compared to zero seconds surface delay.

The basic characteristics concerning the shape of the force/distance curves do not
change. The shapes of the force/distance curves on hydrophilic and hydrophobic substrates de-
scribed for zero seconds of surface delay hold true for 5s of surface delay. Only, on the hydrophilic
substrate more characteristic polymer stretching signals and peaks occur in the force/distance
curves with 5s of surface delay.

Summary of the present results. To deepen the understanding of the above results and to
detail S. aureus adhesion to abiotic surfaces, we tried to capture the fundamental characteristics of
the experimental force/distance curves in simulated force/distance curves using a simple model to
describe the bacterial adhesion process. We start with a recapitulation of the experimental results
in part 1 of our study:

e Roughly two orders of magnitude higher adhesion forces on hydrophobic surfaces compared
to hydrophilic ones.

e The shape of the force/distance curves on hydrophobic substrates is very smooth and char-
acteristic in depth and width. The form is very reproducible for each individual bacterial
probe.

e The shape of the force/distance curves on hydrophilic substrates is very spiky due to the
presence of individual characteristic polymer stretching signals. Consecutive force/distance

curves exhibit strong fluctuations in number and depth of individual peaks.

e Adhesion on hydrophilic substrates depends strongly on the surface contact time.
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: Adhesion of S. aureus on abiotic surfaces with a surface delay of 5s. One and the same

bacterial probe was used to perform 50 force/distance curves each on a hydrophilic A) and
a hydrophobic substrate B). The figures depict the distribution of adhesion forces (left)
as well as 4 exemplary retraction curves (right) for each substrate. Note the different
force axis scales in A) and B). Forces are displayed as absolute values.
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Model and Simulation

The model. The presented force/distance curves indicated that cell wall polymers exhibit major
influence in bacterial adhesion and in order to identify basic mechanisms of S. aureus adhesion,
we developed a idealized model of the bacterial adhesion process. In our model a bacterium is an
undeformable sphere that is uniformly covered with elastic polymers [The2014, The2015b]. The
behavior of polymer chains is well documented (e.g. see [Rub2003]). In a good solvent, as assumed
for cell wall macromolecules in PBS buffer, polymers may be described by the worm-like chain
(WLC) model [Rub2003]. The polymers are subject to thermal fluctuations and coming in reach
of a surface, they may attach to the surface - in our model - via a square potential. To account
for the spatial extend of real cell wall polymers, a minimum length [y is defined, below that, a
polymer chain causes repulsion according to Hooke’s law (see eq. 1). If the polymer is stretched
above the threshold length [y, the potential energy is calculated according to the WLC approach
[Mar1995]:

1-1p)? _
Wpol (1) = { : bO) (ﬁ + 2(M—%l—lo))) it > 1o )
'polymer 3 ) . ,
5 (L — o) if 1 < Iy

where the energy of the polymer is in units of k;T" with Boltzmann constant k; and temperature
T. The contour length of the polymer is denoted as M and b is the Kuhn length of the polymer.
The spring constant in the Hooke regime is calculated according to the Gaussian approximation
for small extensions of ideal polymers [Rub2003]. Note that this energy function as well as its
derivative are continuous functions.

The described model is analyzed using a Monte Carlo algorithm. The equilibrium position of
the cantilever/bacterium/surface system is calculated using the bisection method. The bisection
algorithm is a common numerical method to approximate the zero of a function. Thereby, the zero
is approached by consecutively decreasing the length of the interval that contains the zero of the
respective function.

Free parameters of our model are the mechanical properties of the polymers, i.e. M and b, as
well as the polymer surface density and the depth of the square binding potential. The threshold
length [y is chosen to be 2 - /b - M /6, which is twice radius of gyration of an ideal linear polymer
[Rub2003]. This choice is a reasonable approach for a threshold size below that a polymer acts
against further compression.

According to the ‘ideal chain’ model characterizing basic properties of linear polymer chains, we
term our model ‘ideal cell’ model, since we make use of spherically and uniformly distributed ideal
polymers to describe the adhesion process of bacterial cells.

The parameters of the simulation. To achieve an optimal match between experimental and sim-
ulated force/distance curves, we extracted the mechanical properties of polymer stretching signals
from experimental force/distance curves using the WLC model [Mar1995]. Nevertheless, a perfect
match between experimental and simulated curves is fairly possible, as mechanical and physical
properties of bacterial cells and its surface polymers stay largely unknown to date. However, the
fundamental shape of the experimental force curves is reproducible in simulated force curves using
the described model and polymer densities of 2.2 - 107°nm~2 and 3.2 - 10"?2nm~2. That is, one
polymer per 4.5 - 10* nm? respectively 31.3nm?. We choose contour lengths uniformly distributed
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between 60 nm and 300 nm as well as Kuhn lengths uniformly distributed between 0.072nm and
0.36 nm. The binding potential had a depth of -18 kT respectively -54 kT and a range of 3nm.
The radius of the simulated bacterium was 500 nm.

Experimental and simulated force/distance curves. Figure 3A opposes experimental and
simulated force/distance curves. Using a protein density of 2.2-107° nm~2 and a square potential of
-54 kp T results in the effective binding of less than ten surface polymers. The result is a simulated
force/distance curve with an adhesion force of roughly 0.4nN that exhibits a very spiky shape
where distinct WLC profiles are visible. By increasing the protein density to 3.2 - 1072 nm~2 and
decreasing the potential to -18 k; T the adhesion force rises to roughly 33 nN and the corresponding
force/distance curve exhibits a very smooth shape with a decreasing gradient towards the maximum
force.

Figure 3B shows simulated force/distance curves for different depths of the square binding potential
and a protein density of 3.2-1072nm~2. The adhesion force decreases for decreasing absolute values
of the potential energy. However, the shape of the force/distance curves does not change much,
rather the curves exhibit a certain self-similarity.

Different numbers of tethering cell wall polymers reproduce the experimental results.
Our model is able to reproduce the basic shapes and differences of the experimental force/distance
curves, see fig. 3A. The transition between high adhesion on hydrophobic and low adhesion on
hydrophilic substrates was modeled by decreasing the polymer density from 3.2 - 10~?2nm™2 to
2.2-107° nm~2 and at the same time increasing the potential from -18 kT to -54 k3 T. The simulated
low adhesion curves that reflect adhesion on hydrophilic substrates, also show the spiky shape of
the experimental force/distance curves. These spikes are a result of the stretching of polymer chains
that are anchored on the bacterium with one end and bound to the surface with the other end.
In contrast, the simulated high adhesion force curves that illustrates adhesion on hydrophobic
substrates, reproduce the smooth shape of the experimental force distance curves, as well as the
force plateau around the maximum force value. The smooth shape is a result of the large number
of bound polymers, that suppresses the stretching signals of individual polymers. Towards the
maximum force, more and more polymers detach from the surface, which causes the gradient of
the force/distance curve to decrease. In the region of the maximum force, the load of detaching
polymers is shared among the still attached polymer chains in such a way, that the overall force
between cell and substrate is almost unchanged (force plateau).

Smaller polymer binding potentials are not able to reproduce the experimental results.
In principle, smaller adhesion forces may also correspond to lower binding potentials between bac-
terial cell wall polymers and a surface, while the protein density stays constant. Hence, to exclude
that a smaller binding potential causes different adhesion forces on hydrophilic and hydrophobic
substrates, we simulated force/distance curves using the high protein density (3.2-1072nm~2) and
different depths of the square potential, see fig. 3B. Although, it is possible to reproduce the small
adhesion forces of bacterial cells on hydrophilic substrates using this approach, it is not possible
to reproduce the spiky shape of the experimental force/distance curves. The other way around,
it is also not possible to produce simulated force/distance curves with high adhesion forces and
very smooth shapes by using the small protein density (2.2-107°nm~2) and increasing the binding
potential (data not shown).
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Figure 3: Retraction part of representative experimental force/distance curves and simulated
force/distance curves of the described model. The experimental force/distance curves
are the second curve (h’philic) and the first curve (h’phobic) of fig. 1A and B. Sim-
ulated force/distance curves were calculated using two different polymer densities of
2.2 - 107°nm~2 (h’philic) and 3.2 - 1072nm~2 (h’phobic) as well as different square
potentials of -54 kT (-18 k,T) for the hydrophilic (hydrophobic) case. A compari-
sion between experimental and simulated force/distance curves is shown in A). Simu-
lated force/distance curves with different binding potentials and a fixed protein density
(3.2-1072nm~2) are shown in B). Force values are in absolute numbers.
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Adhesion of S. aureus to abiotic substrates; what did we learned so far? Differ-
ences in the adhesion of S. aureus on hydrophilic and hydrophobic substrates are mainly caused
by different numbers of tethering bacterial surface polymers. That way, the experimental results
concerning adhesion forces and curve shapes may be explained with regard to the simulations: i)
Large adhesion forces correspond to large amounts of tethered surface polymers. A high number
of tethering surface polymers decreases the load on each polymer, thus decreases the probability
for each polymer to detach from the surface. The result is a high adhesion force. Vice versa, small
adhesion forces correspond to low numbers of tethered polymers. ii) At the same time, a high
number of tethering surface polymers suppresses stochastic fluctuations and causes a very repro-
ducible and smooth curve shapes without characteristic polymer stretching signals. In contrast, a
low number of tethering polymers on hydrophilic substrates produces force/distance curves where
individual polymer stretching is visible and where curve shapes (number and depths of individual
peaks) fluctuate strongly.

What causes different amounts of tethering surface polymers? On hydrophobic substrates
polymer (protein) tethering is mediated by the hydrophobic interaction [VanOss2006, Isr2011,
Bea2013a, The2014]. Van der Waals and electrostatic interactions are usually at least one order of
magnitude weaker than the hydrophobic interaction [VanOss2006, Isr2011]. Hence, regarding the
high potential in the simulations that was necessary to reproduce the experimental low adhesion
force/distance curves, polymer binding on the hydrophilic substrates is most likely a result of hydro-
gen bond formation. A single hydrogen bond has a typical strength of 5-10k, T [Juc1998,Isr2011],
therefore, it might be speculated that several hydrogen bonds per polymer cause tethering on hy-
drophilic substrates.

The low amount of tethering polymers on the hydrophilic substrate, that causes low adhesion forces,
may have two reasons: i) The bacterial surface polymers that mediate adhesion to hydrophilic sub-
strates and the bacterial surface polymers that mediate adhesion to hydrophobic substrates are not
the same. Then, the polymers that cause adhesion to hydrophilic substrates could be less numerous
(smaller density) on the bacterial surface. ii) The formation of hydrogen bonds between bacterial
surface polymers and hydrophilic substrates is less likely than the tethering of proteins via the
hydrophobic interaction.

A combination of the two reasons is possible and further improvements of our model will help to
distinguish between both. It should be mentioned that the large increase of adhesion forces on
hydrophilic substrates with prolonged contact time is a hint towards reason ii) because obviously,
a reservoir of additional bacterial surface polymers that may bind to hydrophilic substrates exists.
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Figure 4: Adhesion forces of individual S. carnosus cells as well as S. aureus wild type and mutant
cells to hydrophobized Si wafers. Each point in the figure depicts the mean adhesion force
and the standard deviation of an individual cell with at least 50 (S. aureus strains) or at
least 30 (S. carnosus) force/distance curves. The red lines show the median (solid line)
as well as the first and the third quartiles (dashed lines) of the mean adhesion forces. S.
carnosus data taken from ref. [The2014].

Part 2

In the second part of this study, we investigate the adhesion of S. aureus to abiotic substrates by
comparing the adhesion of wild type cells to the adhesion of apathogenic S. carnosus cells and to
S. aureus mutant cells exhibiting changes in surface polymer properties. To identify differences
between the strains, we compare the adhesion of a large number of single cells on hydrophilic and
hydrophobized Si wafers. On both substrates, we use a surface contact time of zero seconds and
additionally, 5s of surface delay on hydrophilic substrates due to the strong dependence of adhesion
forces to hydrophilic substrates on the contact time.

S. aureus adhesion to hydrophobic substrates. Figure 4 depicts the adhesion forces of 25
S. aureus wild type cells compared to 28 S. carnosus cells, 17 S. aureus AsrtA cells, 16 S. aureus
AtagO cells and 18 S. aureus Adlt cells to OTS substrates.

Obviously, adhesion forces of different cells of one and the same strain vary significantly. For
instance S. aureus wild type cells seem to divide into cells that adhere with a force between 5nN
and 25nN to hydrophobized Si wafers and cells that exhibit higher adhesion forces between 35nN
and 50 nN. Strong variation between adhesion forces of different cells of the same strain have been
described earlier and might be called ‘individuality’ of bacterial cells [Bea2013b, The2014, Van2015].
However, by comparing a relatively large number of individual cells, distinct differences can be
identified, see fig. 4: i) On hydrophobic substrates pathogenic S. aureus cells (median at 13.5nN)
adhere way stronger than apathogenic S. carnosus cells (median at 2nN). ii) Also S. aureus AsrtA
cells (median at 3.2nN) exhibit a decreased adhesion capability and adhere only slightly stronger
than apathogenic S. carnosus cells. iii) TagO (median at 7nN) and dlt (median at 6.6 nN) mutant
cells exhibit similar binding strengths to hydrophobic surfaces, yet adhere significantly weaker as
compared to wild type strain cells.

S. aureus wild type cells on hydrophobized Si wafers. S. aureus wild type cells adhering to
hydrophobized Si wafers cover a huge range of adhesion forces and the force values seem to exhibit
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a bimodal distribution. At the moment we are not able to distinguish if this distribution emerges
in our measurements by chance and vanishes for larger sample sizes or if the bimodal distribution
has a biological reason. From a biological point of view, a possible explanation might be that
some cells form a polysaccharides capsule. Several S. aureus strains are able to produce capsular
polysaccharides and capsules may influence adhesion properties [Wil1983, O’R2004]. However, the
capsule is usually produced in late growth phase and as we are using predominantly exponential
growth phase cells an influence of capsule polysaccharides in our measurements is highly speculative
at the moment. Therefore, further research will be necessary at this point.

S. aureus wild type vs S. aureus AsrtA. S. aureus AsrtA cells lack the cell wall anchored
proteins, thus features a reduced protein surface density. By assuming that a decreased polymer
density results in a decreased number of tethering polymers during the adhesion process (which is
reasonable), the smaller adhesion force of S. aureus AsrtA nicely corroborates the results of part 1
by evidencing the importance of the pure number of tethered polymers for the adhesive strength.

S. aureus wild type vs S. carnosus. Two reason may explain the weaker adhesion of ap-
athogenic S. carnosus compared to S. aureus cells. The smaller adhesion forces may be a result of
a smaller density of surface adhesins or the surface polymers of S. carnosus are not specialized to
adhere on hydrophobic substrates. It is known that S. carnosus does not produce a lot of surface
adhesins found in S. aureus [Goel990]. However, as hydrophobic sidegroups are a general property
of proteins, the smaller adhesion capability of S. carnosus is most likely a result of a smaller protein
surface density.

S. aureus wild type vs S. aureus AtagO. S. aureus AtagO cells lack the wall teichoic acids
[Pes1999, Wei2005]. Wall teichoic acids are responsible for the overall negative surface charge of
bacterial cells. The hydrophobized Si wafers also feature a negative surface potential [Bel2008].
Hence, a positive effect on adhesion forces due to removal of the wall teichoic acids would agree
with considerations concerning simple electrostatics. However, the results point towards an oppo-
site effect: S. aureus AtagO cells exhibit decreased adhesion forces compared to wild type cells.
Bacterial adhesion is stronger influenced by the hydrophobicity of a substrates than by charges
[Li2004, The2014] and bacterial adhesion to hydrophobic substrates relies on the binding of surface
proteins [Bea2013a, The2014]. Therefore, the different adhesion forces of AtagO and wild type
cells might implicate that the lacking wall teichoic acids negatively influence the surface density of
proteinaceous adhesins which would cause smaller adhesion forces. Another possible reason is that
wall teichoic acids directly contribute to the adhesion of S. aureus cells to hydrophobic substrates
by tethering to the surface.

S. aureus wild type vs S. aureus Adlt. S. aureus Adlt mutant cells lack the positively charged
d-alanin groups linked to teichoic acids [Pes1999, Wei2005]. Therefore, dlt mutant cells carry a
higher negative surface charge compared to wild type cells. However, as the tagO mutant cells did
not show an increased adhesion capability, it is very unlikely that the decreased adhesion of dlt
mutants is of electrostatic origin. Rather, if wall teichoic acids can tether to the negatively charged
OTS surface (as was proposed in the preceding paragraph to explain the decreased adhesion forces
of AtagO cells), the positively charged d-alanin groups may play an important role by inducing
locally attractive electrostatic interactions. Thus, a direct influence of wall teichoic acids on S.
aureus adhesion to hydrophobic substrates may explain the decreased adhesion of Adlt cells (less
teichoic acids tether due to a decreased electrostatic attraction) and AtagO mutant cells (no wall
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teichoic acids at all).

Additionally, if wall teichoic acids are able to tether directly to the OTS substrate, this might
explain the bimodal distribution of adhesion forces of S. aureus wild type cells to hydrophobic
substrates: Perhaps, the weakly adhering wild type cells lack wall teichoic acids (by chance) and,
thus, feature adhesion forces in the same range as compared to Adlt and AtagO cells, see fig. 4.

Finally, the experimental results concerning the influence of teichoic acids on S. aureus adhesion
to OTS substrates nicely corroborate the results of part 1 by showing that bacterial adhesion can
not be explained by looking at simple DLVO interactions between the entire cell and a substrate.
Rather, it is necessary to inspect molecular details of the bacterium/surface contact to explain
bacterial adhesion.

S. aureus adhesion on hydrophilic substrates. Figure 5 depicts adhesion forces of more
than 15 cells of each of the described strains on hydrophilic Si wafers with surface delay times of
0s and 5s. With 50 force/distance curves per bacterial probe and surface delay time, at least 750
single adhesion force values condense in each histogram.

Also on hydrophilic Si wafers S. aureus wild type cells adhere stronger than apathogenic S. carnosus
cells no matter of the applied contact time. S. carnosus cells do not show any adhesion in more
than 60% of the force curves for zero seconds additional contact time. S. aureus AsrtA cells
adhere only slightly weaker to hydrophilic substrates than wild type cells, especially for a surface
delay of 5s. In particular, the difference in adhesion forces between AsrtA and wild type cells is
significantly smaller compared to hydrophobic substrates, see fig. 5 and fig. 4. S. aureus Adlt
cells adhere weaker than wild type cells to hydrophilic Si substrates and exhibit a similar binding
capability as apathogenic S. carnosus to hydrophilic substrates. Interestingly, tagO mutant cells
show significantly higher adhesion forces, for 0s and 5s surface delay, to hydrophilic substrates as
compared to S. aureus wild type cells.

S. aureus wild type vs S. carnosus. The force spectroscopy data may be again interpreted in
light of the results of part 1 of the study. Comparing adhesion forces of pathogenic S. aureus and
apathogenic S. carnosus on hydrophilic Si wafers, the large difference may, again, attributed to a
smaller polymer density in general or at least a smaller density of polymers specialized to attach
to abiotic substrates in the case of S. carnosus [Goel990].

S. aureus wild type vs S. aureus AsrtA. All the more interesting is the result of the comparison
between wild type cells and AsrtA cells of S. aureus (that lack covalently bound cell wall proteins).
On hydrophilic substrates the difference in adhesion forces between both organisms is much smaller
compared to hydrophobic substrates. In part 1 of our study we speculated about the origin of the
smaller number of tethering bacterial surface polymers on hydrophilic substrates. The latest result
is a clear hint that, at least partially, different bacterial surface polymers mediate adhesion to
hydrophilic and hydrophobic substrates. Furthermore, our results reveal that surface proteins,
covalently linked to the bacterial cell wall, are much less important for the adhesion to hydrophilic
substrates than to hydrophobic substrates. This might be an important result for application
scenarios.

S. aureus wild type vs S. aureus Adlt & AtagO. The mutant cells without d-alanin residues

on teichoic acids (Adlt) respectively without wall teichoic acids (AtagO) enable the investigation
of the influence of charges on the adhesion of S. aureus. In contrast to hydrophobic substrates,
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Figure 5: Adhesion forces of S. aureus wild type and mutant cells as well as S. carnosus cells
adhering to hydrophilic Si wafers with a surface delay of Os and 5s, respectively. Each
histogram contains data of at least 15 different cells with 50 force/distance curves per
contact time and cell.
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we find an influence of the bacterial surface charge on the adhesion of 5. aureus to hydrophilic
substrates.

Adhesion forces of dlt mutant cells are smaller compared to wild type cells. This result agrees
with the increased negative surface charge of these mutant cells and the consequently stronger
electrostatic repulsion between mutant cells and substrate. Yet, adhesion forces of tagO mutant
cells on hydrophilic substrates strongly increased compared to wild type cells. This result also
agrees with the decreased electrostatic repulsion between AtagO cells and hydrophilic substrates.
Furthermore, this result reveals that wall teichoic acids do not contribute directly to the adhesion
of S. aureus to abiotic hydrophilic substrates. At the moment, we are not able to explain the
molecular origin of this result. The reason may be that especially the formation of hydrogen
bonds, that governs the adhesion to hydrophilic substrates, is influenced by changed electrostatic
interactions.

4 Conclusion and outlook

We investigated the adhesion process of S. aureus to abiotic substrates by combining AFM single
cell force spectroscopy with genetic modification tools and computer simulations of the ‘ideal cell’
model. That way, we were able to reveal fundamental properties of S. aureus adhesion and finally,
we might draw a quite complete picture of S. aureus adhesion to abiotic surfaces:

On abiotic substrates bacterial adhesion is solely governed by the binding of bacterial surface poly-
mers. The process of contact formation is governed by thermally fluctuating surface proteins, that
attach a surface and pull the bacterium into close contact, as has been shown in a preceding study
[The2015b]. The snap-in is the more pronounced, the higher the substrate hydrophobicity is.

In this study, we investigated the accomplishment of the adhesion force of S. aureus in presence
and absence of the hydrophobic interaction. We found that adhesion mechanisms differ markedly
depending on the available surface forces.

On hydrophobic substrates, the hydrophobic interaction leads to a fast tethering of a large number
of bacterial surface proteins. The result is a high adhesion force and a very stable (in terms of
reproducibility) adhesion process. This result nicely corroborates, that the snap-in process, that
relies on fast tethering of bacterial surface proteins, predominantly shows up on hydrophobic sub-
strates.

In contrast, on hydrophilic substrates the number of tethering bacterial surface polymers is very
low which causes small adhesion forces and strongly fluctuating force/distance curve shapes. How-
ever, the binding potential between each polymer and a hydrophilic surface is high compared to
hydrophobic substrates. Thus, polymer tethering on hydrophilic substrates relies on the formation
of (multiple) hydrogen bonds between bacterial surface polymers and a hydrophilic substrate.

The investigation of adhesion forces of different S. aureus mutants on hydrophilic and hydrophobic
substrates revealed that i) bacterial surface polymers mediating adhesion differ, at least partially,
on both substrates. ii) Covalently bound cell wall proteins largely contribute to the adhesion on
hydrophobic substrates and much less on hydrophilic substrates. iii) On hydrophilic substrates,
adhesion forces are influenced by the cell surface charge and iv) on the hydrophobic substrates,
wall teichoic acids seem to contribute directly to the adhesion of S. aureus.

128



ADDENDUM V - Adhesion of Staphylococcus aureus to abiotic surfaces

Furthermore, our study may explain the individuality of bacterial cells: Number and nature of
bacterial surface polymers define the adhesion capability of an individual bacterial cell. Hence,
variations in the surface polymer composition cause bacterial cell individuality.

Finally, the fundamental mechanisms of S. aureus adhesion to abiotic surfaces revealed in this
study, may be translated to other bacterial species as bacterial adhesion in general relies on the
binding of surface polymers. Furthermore, the ideal cell model may be extended to capture the
adhesion on biotic, conditioned substrates.
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Abstract - Bacterial adhesion is a crucial step during the formation of biofilms. Funda-
mental research of bacterial adhesion mechanisms is, hence, of utmost importance. In this
study, we present a single cell force spectroscopy-based method to investigate the contact area
between single bacterial cells and a solid substrates. The technique relies on the strong in-
fluence of the hydrophobic interaction on bacterial adhesion: By crossing a very sharp hy-
drophilic/hydrophobic edge while performing force/distance curves with a single bacterial
probe, a direct measurement of the bacterial contact radius is possible. In this study, we
present a ‘proof of concept’ by showing that we are able to measure the contact radius of single
Staphylococcus carnosus cells.
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1 Introduction

Bacterial adhesion to solid substrates is of utmost importance concerning the formation of biofilms
[Cos1999, Hal2004, Shi2009]. A fundamental understanding of the bacterial adhesion process can
help to control or prevent the attachment of bacterial cells [Hor2010]. AFM force spectroscopy
with bacterial probes lead to an unprecedented expansion of the knowledge of bacterial adhesion
mechanisms [Agu2015, Duf2015]. Most AFM studies concentrate on bacterial adhesion properties
like adhesion forces, rupture length or protein mechanics [Ovc2012, Zen2015, Hei2015]. All these
publications, however, lack the information about the extent of the contact area between bacterial
cells and a substrate. This gap will be filled by our study.

Typical cocci species like Staphylococci exhibit a cell diameter of roughly 1 um. Hence, investi-
gating the bacterial contact area by classical optical microscopy is challenging. Therefore, contact
mechanical modeling was the only way to investigate the contact area of bacterial cells. However,
bacterial adhesion to substrates is governed by the binding of bacterial surface polymers [The2014,
The2015b, Her2015]. Hence, classical contact models, like the Hertz model, are most likely not ap-
propriate to model the complex adhesion mechanics of a bacterial cell [Her1882, Mau1992, Bar2008].
A promising modeling approach was developed by Chen et al., however also this model does not
consider the complexity of the bacterial adhesion process [Che2012].

In this study, we introduce an atomic force microscopy (AFM) based technique to measure the
contact radius of spherical bacterial by using single bacterial probes [The2015a].

The conditio sine qua non of our method is that the bacterial cell to be probed adheres much
stronger to a material B than to a material A and that the transition zone between material A and
B is sufficiently sharp (and exhibits a negligible height difference).

On a straight pathway crossing the transition zone, subsequent force/distance curves recorded by
AFM, such that the contact zone of the bacterial cell gradually probes first only material A, then
variable parts of both materials and finally only material B, enable for the evaluation of the contact
zone.

Bacterial cells, such as Staphylococcus carnosus, bind much stronger to hydrophobic than to
hydrophilic substrates [Bea2013a, The2014, The2015b]. This is a consequence of the excessive
binding of bacterial surface proteins on hydrophobic substrates via the hydrophobic interaction
[VanOss2006, Bea2013a, The2014, The2015b]. In contrast, on hydrophilic substrates, macromolec-
ular tethering is much less likely. Thus, in the case of bacteria, material A is a hydrophilic and
material B a hydrophobic surface.

We prepared a substrate with a sharp transition (width of transition zone less than 20 nm) between
a strong hydrophobic and very hydrophilic surface and performed single cell force spectroscopy
experiments with consecutive force/distance curves on slightly varying positions while crossing
the hydrophilic/hydrophobic transition zone. The experimental procedure will cause the behavior
sketched in fig. 1: Almost no binding will occur on the hydrophilic surface resulting in small adhe-
sion forces as well as small adhesion energies. By approaching the hydrophobicity transition zone,
first macromolecules reaching the surface on the hydrophobic part, likely attach the surface. This
causes an increase in adhesion force and energy. In the following, the larger the part of the cell body
is that is placed above the hydrophobic part of the surface, the more macromolecules attach and the
stronger is the adhesion. Adhesion force and energy reach a plateau value if the whole contact area,
that means all macromolecules reaching the bottom, are positioned over the hydrophobic surface.
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Figure 1: Illustration of the experimental setup to measure the contact radius of a spherical bacte-
rial cell. The contact area is indicated by the black circle. A substrate with an extremely
sharp transition zone between a very hydrophilic and a strongly hydrophobic surface
is produced. Consecutive force/distance measurements with single bacterial probes on
slightly varying x-positions enable for the investigation of the bacterial contact radius.
Adhesion on the hydrophilic surface is weak due to a low number of tethering macro-
molecules, the higher the portion of the cell above the hydrophobic surface is, the more
macromolecules (proteins) bind to the surface and the higher is the measured adhesion
strength. Adhesion reaches a maximum, as soon as the entire contact area is positioned
above the hydrophobic surface. Finally, the progression of adhesion force and energy is a
function of the bacterial ‘interaction radius’.
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By plotting adhesion forces or adhesion energies against the horizontal position of bacterial probe
the radius of the contact zone or rather, of the ‘interaction zone’ can be evaluated.

To deepen the understanding of the experimental results, we modeled the experimental approach.
Thereby, a bacterial cell is assumed to be an inelastic sphere that is covered with elastic polymers.
The polymers represent bacterial surface macromolecules that enable for the adhesion on substrates.
The interaction between bacterial surface polymers and substrates is modeled via square poten-
tials. Subsequently, the experimental procedure is modeled by simulating force/distance curves
for a bacterial cell that crosses the transition between two surfaces with different polymer/surface
interactions.

2 Experimental

2.1 Bacteria and bacterial probes

For the experiments, freshly prepared Staphylococcus carnosus (strain TM300) cells in exponential
growth phase were used [Sch1982, Goel1990]. The bacteria were cultured on blood agar plates.
The day before each experiment one colony was transferred into 5ml TSB medium and cultured
at 37°C overnight. Before the experiments, 40 ul of the overnight culture were transferred into
4ml of fresh TSB medium and cultured for another 2.5hours. Then, bacteria were washed three
times using phosphate buffered saline (PBS, pH 7.3, ionic strength 0.1728 mol/1 at 20 °C) to remove
extracellular material. Subsequently, a single bacterial cell was attached to a polydopamin coated
tipless AFM cantilever (MLCT-0 from Bruker-Nano, nominal spring constant of 0.03 N/m) using
a micromanipulator (Narishige Group, Tokyo, Japan) according to a protocol published elsewhere
[The2015a).

2.2 Substrate preparation

Silicon (Si) wafers (Siltronic AG, Burghausen, Germany) with a native oxide layer (d=1.7(2) nm)
were partially covered with a self-assembling monolayer of CHs-terminated octadecyltrichlorosilane
molecules (OTS, Sigma-Aldrich, St. Louis, MO, USA) in the following way:

An area of the wafer was masked with a thin polymer film exhibiting a very distinct edge. Then, the
uncovered area of the wafer was silanized according to a standard protocol [Les2015]. Subsequently,
the polymer film was removed by thoroughly rinsing the wafer with another solvent (e.g. toluene,
chloroform).

2.3 Measuring procedure and data fitting

We investigated the quality of the hydrophilic/hydrophobic edge, by scanning the wafer surfaces
with an atomic force mircoscope (Bioscope Catalyst, Bruker-Nano, Santa Barbara, CA) using
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different scan sizes and PeakForce QNM mode™. The surface hydrophobicities were studied by
water contact angle measurements using a costume-made setup.

Subsequently, to reveal the interaction radius of single bacterial cells, force/distance curves were
recorded in PBS at room temperature using a Bioscope Catalyst and single bacterial probes of S.
carnosus cells. In the first step, the surface was covered with approx. 8 ml of PBS and placed under
the AFM in such a way that the interface between bare silicon and OTS was in the middle of the
scan area. Then, the cantilever holder for measurements in liquid was mounted on the AFM and
the cantilever carrying a single bacterial probe was approached towards the surface. Subsequently,
consecutive force/distance curves were recorded starting on the hydrophilic surface. The x-position
of the cantilever (i.e. the bacterium) was changed by 10nm in between each two force/distance
curves and force measurements were carried out until the whole bacterium was placed above the
hydrophobic substrate. At every position, one force/distance curve with a ramp size of 800 nm and
a ramp velocity of 800 nm/s was recorded. In one passage, 200 force/distance curves were recorded,
hence, the total movement in x-direction was 2 um. To guarantee for high lateral precision, the
cantilever must not be withdrawn during this procedure.

For each force/distance curve, adhesion force as well as adhesion energy were calculated as described
before [The2015a]. These values were plotted against the x-position of the bacterial probe and fitted
using function 1. Fitting procedure was implemented with a Matlab script (MathWorks, Natick,
MA, USA) using a non-linear least square fit with a trust-region algorithm.

Fpin forz < xzg—1r

(r2 ~arccos(1— M) —(z—zo)~\/2~r~(r+(z—zo)) - (r+(z—zg))2) . w

+Fin forzg—r <z < x9

Fpit(z) = (1)
(=2 = (2 - arccos (1= ===20)) = (= (@ = m0)) - V2 7 (= (@~ 20) — (0= (@ = 20))? ) ) - TrmezFmin

+Fmin forzog <z <xz9+7

Frmax foraxz >xo+r

The fundamental idea of equation 1 is a circle of radius r crossing a straight line (in the experiment
represented by the transition between bare Si and OTS) at positionzg in positive x-direction.
The function gives the fraction of the circular area that has crossed the line as a function of the
movement x. Thereby, the fraction of the area before crossing the line is weighted with Fj;p,
whereas the fraction after crossing the line is weighted with Fj,q,.

The fitting parameters are the minimal force of adhesion F;, (present on the hydrophilic Si
surface), the maximum adhesion force F,,,,; (on the hydrophobic OTS surface), the position of the
interface xp and the radius r of the interaction area (that is assumed to be circular).

To account for the exact orientation of the hydrophilic/hydrophobic transition zone, we performed
the described procedure two times (i.e. the hydrophilic/hydrophobic edge was crossed two times),
while the pathway in both series were perpendicular to each other, see fig. 2. If the bacterial
cell crosses the transition by an angle 6, the measured interaction radius is larger than the ‘real’
radius. Using the values of two series, 71 and ro (with 61 + 62 = 90°), it is tan(f;) = r1/r2 and
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Figure 2: Sketch of the experimental procedure. Two series of measurements are performed per-
pendicular to each other. The angles 6; and 65 depict the angle between each pathway
and the hydrophilic/hydrophobic transition.

the ‘real’ radius 7 of the bacterial interaction area then reads to rg = r1/sin(61). Note that these
calculations base on an assumed circular-shaped interaction area.

3 Results and Discussion

3.1 The hydrophilic/hydrophobic substrate

AFM images of the Si based substrate revealed a transition zone of 30 nm between the hydrophilic
and the hydrophobic part of the substrate, see fig. 3C. By taking into account that the AFM tip
used to scan the surface (scanasyst-air, Bruker-Nano, Santa Barbara, CA) has a nominal radius
of 2nm and a maximum radius of 12 nm, the transition zone features a ‘real’ width d of less than
26 nm. The difference in height between the lower hydrophilic and the higher hydrophobic part was
1.8nm. Water contact angle measurements revealed an advancing water contact angle of 112(3)°
on the hydrophobic part of the surface and 8(2)° on the hydrophilic part. Surface roughness (rms)
was determined to 0.09(2) nm on the Si surface and 0.12(2) nm on the OTS surface, thus the ‘half
and half’ wafer features the same surface characteristics as a native Si wafer or a fully covered OTS
wafer [Les2015]. The hydrophilic/hydrophobic transition zone is straight on length scales of 10 pum,
see fig 3A. Figure 3B shows a 1x1 um scan of the edge, representing the ‘view’ of a S. carnosus cell,
that features a typical cell diameter of 1 um.

In the transition zone, the surface hydrophobicity may not rise to its maximum (OTS) value
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0 200 400 600 800
X /nm
Figure 3: AFM images of the hydrophilic/hydrophobic transition zone taken with PeakForce QNM
mode™. Images were recorded with a scan size of 10 pm and a scan rate of 0.33 Hz A) as

well as 1 pm and 0.65Hz B). C) Scan line perpendicular to the hydrophilic/hydrophobic
edge indicating the width of the transition zone d ~26 nm.
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Figure 4: Sketch to illustrate the influence of the width d of the transition zone on the measurement
of the bacterial contact radius r. The circles denote different position of the bacterial
contact area while crossing the hydrophilic/hydrophobic transition zone. Transition zone
and bacterial contact area are not to scale.

instantaneously. Rather, intermediate hydrophobicities might be present. Therefore, the width of
the transition zone may lead to an overestimation of the bacterial interaction radius, see fig. 4:
The adhesion force of a bacterium with a contact radius r that crosses the hydrophilic/hydrophobic
transition zone starts to rise as soon as its contact area hits the transition zone (circle 1). After
the contact area (respectively the bacterium) was moved by a distance of 2r, the bacterium does
not touch the hydrophilic part of the substrate anymore (circle 2). However, because the surface
hydrophobicity may not reach its maximum yet (due to the transition zone), further movement of
the bacterium in x direction may results in a further increase of the adhesion force. The adhesion
force reaches its maximum as soon as the entire bacterial contact area probes only the hydrophobic
part of the substrate (circle 3), i.e. after a distance of 2r + d (circle 3 relative to circle 1). This
distance reflects the diameter of the bacterial contact area measured according to our method.
Hence, the radius of the bacterial contact area may be overestimated by half of the width of the
transition zone (up to 13nm in our case).

3.2 Direct investigation of the bacterial interaction zone

Figure 5A depicts a typical measurement of adhesion forces against x-position of a bacterial probe
during the transition from the hydrophilic to the hydrophobic substrate area. Adhesion forces
clearly show the expected trend: Almost no adhesion occurs on the hydrophilic part of the sub-
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strate, then adhesion forces rise while the bacterial cell crosses the hydrophilic/hydrophobic tran-
sition zone and reach a saturation value as soon as the cell only probes the hydrophobic part of
the surface. Thereby, on hydrophobic substrates adhesion forces are roughly an order of magnitude
higher compared to the ones on hydrophilic substrates [Bea2013a, The2014, EIK2015].

For every bacterial probe, the hydrophilic/hydrophobic transition zone was crossed two times on
pathways that are perpendicular to each other. S. carnosus features robust adhesion mechanisms
that withstand multiple adhesion events probed by AFM force spectroscopy [The2014]. Neverthe-
less, if adhesion forces changed significantly between the first and the second pathway, the respective
bacterial probe was discarded.

The interaction radii (r; and r9) determined for each of the two pathways vary depending on the
exact orientation of the hydrophilic/hydrophobic transition (i.e. on #; and 6, see fig. 2). However,
according to describes procedure, we are able to calculate the ‘real’ contact radius rg of a single
bacterial cell.

Figure 5B shows the interaction radii of nine different bacterial cells. The values were calculated
by using adhesion force data as well as adhesion energy values. The errors of the radii are defined
by the 95% confident interval of the respective fit. Note that all radii might be overestimated by
up to 13nm as described in the preceding paragraph.

We find interaction radii that differ strongly between different cells. This in accordance with results
concerning adhesion force measurements, that revealed an individual adhesion behavior of bacterial
cells [Bea2013b, The2014, Van2015]. Different adhesion behavior were attributed to differences in
amount and nature of bacterial surface polymers [The2014]. The same explanation may be applied
to explain the varying interaction radii of bacterial cell. Thus, our results match the general as-
sumption, that bacterial adhesion is mediated solely by bacterial surface polymers.

A comparison between the contact radius values determined using adhesion forces and adhesion
energies reveals two possible outcomes within the experimental error: i) The interaction radii are
equal, ii) the contact radius defined by the adhesion energy exceeds the radius of the adhesion force.
Both cases may be understood in terms of the polymeric nature of bacterial adhesion: In case i)
the bacterial surface polymers that contribute to the overall adhesion force contribute equally to
the adhesion energy. In the second case, bacterial surface polymers exist, that contribute to the
adhesion energy, but not to the adhesion force. This can be explained by some long or very soft
polymers that start contributing to the overall force between bacterium and surface after the max-
imum force value (taken as adhesion force) was reached.

The measured contact radii exhibit values between 20nm and 300nm. Thus, the contact radii
determined with our method are in the same range as compared to values according to the ‘elastic
deformation model’ [Che2012].

4 Simulation

Bacterial adhesion is based on the binding of surface macromolecules [Hor2010, Bea2013a, The2014,
The2015b]. Hence, a simple, but reasonable model treats a bacterium as a sphere covered by ideal
polymers [The2014, The2015b]. In this model, the potential energy of the polymers is calculated
according to the worm-like chain model above a certain threshold and according to an entropic
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Figure 5: A) Adhesion forces as function of position crossing the hydrophilic/hydrophobic transi-
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tion zone. Insets depict representative force/distance curves (blue: approach part, red:
retraction part). B) Interaction radii of nine different bacterial cells calculated using
adhesion forces (closed symbols) and adhesion energies (open symbols). The error bars
of the radii depict the limits of the 95% confidence bands of the fits. Note that all radii
might be overestimated by up to 13 nm.



ADDENDUM VI - Direct measurement of the contact radius of cocci bacteria

A) experiment simulation
0.4 nN
100 nm

B) =

Z 1.0 —100
< te ***’ik%****wﬁ 7 S
O el B
205 o 50 &
c )
) c
n o
% 0.0 0 8
<" 5
0 500 1000 <

x-Position / nm

Figure 6: Experimental procedure adapted in numerical simulations. Comparison between an ex-
emplary experimental and simulated force/distance curve A). Progression of adhesion
forces and energies of simulated force/distance curves during the transition from low to
high adhesion area B).

spring below [Mar1995, Rub2003]. The threshold length accounts for the spatial expansion of
polymers and is, in our model, taken as twice the radius of gyration of an ideal linear polymer.
The polymers can bind to a surface in close proximity via a square potential. To reproduce the
experimental situation, different adhesion forces are incorporated by two different depths of the
square potential. In the simulation, the transition between low and high adhesion area is assumed
to change instantaneously. The model is analyzed using a Monte Carlo algorithm.

In order to understand the experimental results in more detail, we tried to remodel the experimental
approach for one specific cell. Figure 6A shows a comparison between an experimental and a
simulated force/distance curve. Our model is able to reproduce the basic shape of the experimental
force/distance curves as well as the fundamental magnitudes adhesion force and rupture length. We
used the configuration of the simulated force/distance curve in fig. 6A to adapt the experimental
procedure and simulate force/distance curves for a bacterium that crosses a transition between an
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area with low and high adhesion forces, see fig. 6B.

By fitting eq. 1 to the progression of the adhesion forces of the simulated force/distance curves we
find an interaction radius of 151(12) nm for the simulated bacterial cell. The corresponding real cell
to the mimicked force/distance curves exhibited an interactions radius of only 90nm (bacterium
number 9 in fig. 5B). In the simulation, the bacterial surface polymers are equally distributed on
the cell surface. Hence, a possible explanation for the difference between experiment and simulation
is, that in the natural system adhesion polymers are not equally distributed. This could mean, that
the bacterial surface polymers form cluster on the cell wall. Cluster formation of surface adhesins
has been described for different microbial organisms [Dup2010]. This could also account for the
very small interaction radius of cell no. 1 in the experimental data, see fig. 5B.

5 Conclusion and Outlook

Our study describes a method to determine the interaction radius of a single bacterial cell. We
find large differences between different, individual bacterial cells, even of one and the same culture.
We attribute the differences to individual properties (spatial distribution, mechanical properties,
density) of bacterial surface polymers. However, the interpretation of the experimental results is
not straightforward, in general. Also, the experimental setup needs further improvement. For in-
stance, the angle of the hydrophilic/hydrophobic transition zone should be adjusted in a controlled
manner. That way, the assumption of a circular shaped interaction radius (that might not be a
hundred percent true for bacterial cells) would be obsolete and, furthermore, by turning the hy-
drophilic/hydrophobic edge relative to the bacterial cell, the interaction zone could be gauged in
different directions. Finally, by performing further measurements accompanied by computer simu-
lations, our technique can open a window into the molecular world of bacterial surface contact.
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