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Summary

Summary

Glue is present everywhere in modern everyday life and mostly we are only aware of it once
it fails. While sticking objects together with the help of glue is a century old technique,
adhesives have faced a boom in the last century. Our modern society increasingly relies on
synthetic adhesives to produce products ranging from smart phones to cars. Over 50% of
Henkels 16 billion euro revenue stems from adhesive technology. ! But there remain
challenges to the use of adhesives like the long term stability or the difficulties in gluing wet
surfaces. Some of this research is focused on studying adhesion in nature and adapting the
principles to synthetic materials. Here, adhesion of both natural and synthetic systems was
studied on a single molecule level. Therefore, atomic force microscope (AFM) based single
molecule force spectroscopy experiments were chosen. With the AFM forces on the
piconewton scale in physiological conditions with a single polypeptide can be measured to

understand both natural and synthetic adhesion phenomena in more detail.

In this study single molecule force probes were used to study the desorption kinetics of
single polyhomopeptide chains on hydrophobic surfaces to learn more about the stability of
non-covalent adhesives bonds. It was possible to determine all relevant kinetic parameters,
namely the polymer contour length L., the adsorption free energy per monomer A, the Kuhn
or persistence length depending on the polymer model and the monomeric desorption rate
ko, due to employing two complementary experimental protocols. On one hand standard
constant velocity experiments and on the other hand waiting time experiments at constant
distance. The kinetics of the biopolymers exhibited a power law dependence on chain
length and a high cooperativity of the chain lead to slowed down dynamics compared to the

desorption of monomeric amino acids.

In a next step a more biological system, namely the adhesion of different polyhomopeptides
on a supported zwitterionic lipid bilayer was investigated. This is important to understand the
mechanism underlying the adhesion of membrane proteins to different kinds of biological
membranes. Together with experiments performed with a peripheral membrane protein, the
result underlines the importance of aromatic amino acids for strong interactions between

proteins and zwitterionic membranes.

Finally a mussel inspired dendritic adhesive was investigated. The extraordinary adhesive
properties of mussels are attributed to catechols, but a lot of questions remain about the
molecular mechanism. Here, the adhesion of mussel inspired dendritic adhesives to metal
oxides was studied. High forces in the range of half a nN were needed to desorb a single
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Summary

dopamine with a catechol group from a titanium dioxide surface at low pH. Using
hyperbranched polyglycerols (hPG) with several catecholic endgroups enhances the
adhesion to TiO, and multivalent adhesion of forces over 1nN were observed. Therefore
hyperbranched polyglycerols with added catecholic endgroups are a promising candidate for

durable surface coatings in agueous environment.
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1. Introduction

1 Introduction

Adhesives are part of nearly all modern products. The global market for adhesives was 8977
kilo tons in 2013, which corresponds to 1.5 kg per person. > While sticking objects together
with the help of glue is a century old technique, adhesives have faced a boom in the last
century. More than 120,000 years ago in the middle Pleistocene spears were glued together
by beach tar. ® For a long time adhesives were limited to naturally occurring ones like the
collagen harvested by boiling animal bones or tissue. In the 1930s the adhesive industry was
revolutionized by the advent of polymer science. Synthetic adhesives like epoxy and later
polyurethane were developed and started to replace welding or mechanical fasting. Today
nearly all objects we use on a day to day basis contain glue, from our mobile phone to credit
cards or cars. The advantages of adhesives are the large available variety with different
properties, the low price, the new techniques to precisely glue very small objects of different
materials and the low weight in conjunction with new materials. This is especially important

when making cars or airplanes more energy efficient.

But there remain challenges to the use of adhesives. There is the need to prepare clean and
dry surfaces. Often time, pressure or heat is needed for curing. Another challenge is the long
term stability. Most adhesives rely on a large number of covalent bonds that once broken
cannot form anew. Large effort is made to develop self-healing adhesives were bonds once
broken can form again. * Some of this research is focused on studying adhesion in nature
and adapting the principles to synthetic materials. ° While the human adhesive industry is
quite young, nature had millions of years of trial and error to find solutions for adhesive
problems. Examples range from spiders to geckos or marine organisms. ° Especially
interesting is how the mytilus edulis blue mussel is able to cling to diverse surfaces like rocks
or ship hulls during adverse conditions namely the wet basic environment and high drift
forces. It has been found that the mussel foot proteins are rich in dopa ’, a post-translational
modification of tyrosine. This lead to the discovery that the catechol group contained in dopa
can reversibly bind to oxide surfaces and withstand forces nearly as well as covalent bonds.
Therefore it is a promising approach to add catechol as a functional group to polymer
architectures which could be utilized as underwater adhesives, as surface coatings or as

biomedical adhesives.

While understanding adhesion in nature can help finding solutions to technical challenges it

is also important to understand the adhesion mechanisms inside our own bodies. Adhesion
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1. Introduction

is on one hand important for platelets in the blood to stick to an injured vessel with the help of
the protein von Willebrand factor but on the other hand inappropriate platelet adhesion to the
cell wall can lead to thrombosis. ° Therefore adhesion has to be finely regulated in many
parts of our body and it is important to understand in which ways and under what
circumstances cells and proteins can adhere. An especially important group of proteins
involved in adhesion are the membrane proteins. Integral membrane proteins make up about
20-30% of all proteins encoded in human DNA *° but about 60% of modern drugs target
membrane proteins since they are essential for cell signaling and transduction. ** The group
of peripheral membrane proteins phospholipase A2 for example is considered as target for

2 and anti atherosclerosis ** drugs. There are indications that inhibition of

anti cancer !
phospholipase A2 alters cell growth and that phospholipase A2 is observed in the synovial
fluid of the joints of arthritic patients. *>** But still there are many open questions about the

molecular mechanisms of the larger number of diverse phospholipases A2.

To be able to systematically develop synthetic biomimetic adhesives or selectively targeted
drugs it is important to understand the adhesion mechanisms on a molecular level. Therefore
single molecule force spectroscopy experiments which allow to measure forces on the
piconewton scale in physiological conditions are an important tool. Here single molecule
force spectroscopy (SMFS) experiments were performed with the atomic force microscope
(AFM). An AFM tip was functionalized with covalently attached biomolecules and forces

were measured between the single biomolecules and surfaces in aqueous solution.

First polyhomopeptides were desorbed from hydrophobic self assembled monolayers to gain
an understanding of the dynamics of polymer adhesion on solid surfaces. For this well

defined system all relevant kinetic parameters could be determined.
Based on these findings more complex systems were studied as follows.

First solid substrate were replaced by zwitterionic phospholipid bilayers. This setup serves as
a simple model system to understand the role that the affinity of the different amino acids for
the zwitterionic bilayer plays in the adhesion of peripheral membrane proteins. To study an
even more biological relevant system, in a next step experiments with a peripheral
membrane protein, the enzyme phospholipase A2, were performed on the zwitterionic
bilayer. Those experiments highlight the important role that aromatic residues play in the

adhesion of proteins to zwitterionic membranes.

As mentioned before it is not only important to understand adhesion in nature but also to
develop new biomimetic materials by taking advantage of existing biological adhesion
mechanisms. The extraordinary strength of the catechol titanium dioxide bond and its ability

to reform after breaking are very promising and have garnered wide interest in the research
12



1. Introduction

community. Still a lot of questions about the adhesion mechanism of catechol remain. Here
the adhesion of the catechol group under different conditions to a metal oxide surface is
studied in single molecule experiments. Furthermore experiments with hyperbranched
polyglycerol functionalized with different amounts of catechol groups were performed. We

investigated their multivalent binding which makes them good candidates for coatings.
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2. Fundamental principles

2 Fundamental principles

2.1 Polymer models

Polymers are macromolecules that consist of many repeating subunits. Biological examples
are polypeptides, polysaccharides or polynucleotides. Synthetic polymers are used in diverse
products such as polyester in textiles or polyethylene for plastic bags. Polymers can consist
of just one type of monomer or they can consist of different monomers for example as
blockcopolymers. The architecture can range from linear polymers to brush polymers,
dendronized polymers, star shaped polymers or dendrimers. This chapter will focus on

polymer models for linear polymers.

2.1.1 Worm like chain and freely jointed chain

The simplest model for a linear chain is an ideal chain. For an ideal chain it is assumed that
there is no interaction between non-neighboring monomers even if they are close to each
other in space. There are different ideal chain models that differ in the assumptions they

make about torsion and bond angles between the monomers.
Freely jointed chain

The freely jointed chain (FJC) model assigns the chain an effective fixed bond length called
Kuhn length and the angles between two Kuhn segments are randomly assigned and equally
likely. The Kuhn segment itself is treated as an inflexible rod. ** The root mean square end-
to-end distance Ry of a FIC is

1
Ry = aNZ (2.1)

where a denotes the Kuhn length and N the number of Kuhn segments. The contour length

L. of the FJC can be expressed as

L. =aN (2.2)

Worm like chain

The worm like chain (WLC) model is a model for relatively stiff polymers for which the
assumption of small bond angles is valid. In contrast to the FJC model the WLC model has a
continuous flexibility, whereas the Kuhn segments in the FJC model are inflexible rods. The

persistence length is a measure for the length of a segment of the chain in which the
15



2. Fundamental principles

monomers are still correlated in their orientation. This means a higher persistence length
indicates a stiffer polymer. The persistence length |, corresponds to half the length of a Kuhn

segment a.

p=a (2.3)

If the chain is stretched by a force the relation between end-to-end distance D and force f for

a FJC can be expressed as ™

D kgT
= coth (k];;‘;") — ;—a (2.4)

For the WLC model there is no analytical solution but an approximation *°

. 1 1
4(1-D/L)? 4

IR

fl, D
P 2,
kT ~ L, (2:5)

ksT denotes the Boltzmann constant times the temperature.

2.1.2 Extended models

While the worm like chain and freely jointed chain are successful in describing the chain
stretching under force in the low and middle force regime, for high forces the observed
experimental behavior diverges from the simple models. The aforementioned models only
treat the entropic elasticity of the chain. But when forces approach the nanonewton range
chemical bonds and angles will be deformed before they break. This can be described as an
additional contribution to the equations by a hookean spring term with the elasticity per

monomer Ks '

D fa kgT  f
L= coth (kBT> fa + Kea (2.6)
l D 1 1
f—pz—+————L (2.7)
5T Lo 4(1-D/L)?* 4 Ksl,

Deviations from those models also occur when there are conformational changes in the
chain during the stretching. A well known example is the B-S transition of double stranded
DNA. *® Furthermore polyethylene glycol (PEG) often used as linker molecule undergoes a
force induced transition between an a-helix and a planar conformation in aqueous

environment. When PEG is used as a linker molecule the conformational transition has to be

16



2. Fundamental principles

included in the polymer model. The ratio of population of the monomers in helical or planar

conformation is Boltzmann distributed with the Gibbs free energy AG. L, and L, denote the

contour length per monomer in planar and helical conformation. *°

B L, Ly, h fa kgT f )8
D =N (o * g 1) (0 (7) ~ 7o) Vg @9

The Gibbs free energy changes with force as follows:
AG = AGy — f(Ly — Ly) (2.9)

with AG, the Gibbs free energy at zero force.

2.1.3 Rouse Model

The Rouse model was the first molecular model to describe polymer dynamics. The Rouse

model is based on a chain with N segments of length a. Instead of stiff rods like in the FIC

those segments are beads interconnected with springs of length a representing the entropic

restoring force of the chain. Each bead experiences its own independent internal friction with

friction coefficient ¢ . The diffusion coefficient of the center of mass of the chain follows as *°:
kgT

The characteristic time the polymer needs to diffuse a distance of the order of its size R is

called Rouse time: *°

= R® = ¢ NR? 2.11
TR - DR - kBT ( . )
2.2 Intermolecular forces and bonds

Our understanding of nature on a fundamental level is based on four distinct types of forces.
The strong and weak interactions are short ranged and act between elementary particles and
are of relevance to nuclear and high energy physics. Gravitational interactions between
masses is weak but has an infinite range, is always attractive, determines the movement of

matter in the universe and makes earth inhabitable. The electromagnetic interactions are the

17



2. Fundamental principles

basis of all intermolecular forces. In principle to correctly and comprehensively describe
intermolecular forces one would have to solve the Schrodinger equation for all electrons in
the system and compute the forces from electrostatic theory. Since solving the Schrodinger
equation for more than one atom is unpractical, intermolecular forces are grouped together in
categories and described separately. ?° Van der Wall’'s forces are forces between dipoles,
electrostatic interactions are forces between charged particles described by Coulombs law.
Covalent bonds are based on the sharing of an electron pair between atoms or in quantum
mechanics vocabulary are based on overlapping orbitals. Hydrogen bonds are bonds
between electronegative atoms (0, N, F, Cl) and H atoms covalently bound to another of
those electronegative atoms. Hydrogen bonds (5-10 kgT) are stronger than one would
suspect from van der Waals (1 kgT) interactions but weaker and less directional than
covalent bonds (100 kgT). The hydrophobic interaction is not a direct force between two
hydrophobic particles but an indirect result of the waters tendency to preserve its hydrogen

bonds. %

221 Electrostatic forces

Electrostatic forces occur between charged particles. The size and direction of the force

between two charged particles is described by Coulombs law

Q:1Q;

F(r) = —
) ATrE € T2

(2.12)

where Q; and Q, denote the two charges and ¢y and ¢, are the dielectric permittivity constant
of vacuum and the relative permittivity of the medium respectively. The force decays with the
square of the distance similar to the gravitational force. But unlike the gravitational force it
can be attractive or repulsive depending on the sign of the charges. Unlike charges attract
each other and like charges repel each other. This is the reason that in practice the
electrostatic force has a smaller range than the gravitational force despite the same
dependence on distance r. Additional charges in mediums like salt containing buffer or ion

crystals lead to an effective screening of electric fields. *°

2.2.2 Van der Waals forces

In contrast to the electrostatic interaction Van der Waals forces are forces between

uncharged molecules. But even if a molecule has a zero net charge it is possible that the

charges are not uniformly distributed across the molecule. This happens for example if an

atom in a molecule has a higher electronegativity (draws the electrons stronger) than its
18



2. Fundamental principles

bond partner atom. Such molecules have a permanent dipole and are called polar. The

dipole moment u of a molecule is defined as

u = ql (2.13)

Where q is the charge and | the distance between the charges (+q and —q). Even if a
molecule is nonpolar and has no permanent dipole moment the electron distribution
fluctuates in the molecule over time. This means that it can have a nonzero dipole moment at
a certain time. This then leads to a temporary electric field and the charges in neighboring
nonpolar molecules are rearranged according to the electric field. In the second molecule a
dipole is induced by the field and there is an attractive interaction between the two nonpolar
molecules. The strength of the induced dipole dependence on the polarizability a of the

molecule defined as follows:

Uipg = AE (2.14)

Uing is the induced dipole moment and E the electric field. There are three contributions to the

Van der Waals interaction:

e The Keesome interaction between two permanent dipoles

Ey = uiug (2.15)
K 3kT(4meye,)?re '
e The Debye interaction between a permanent dipole and an induced dipole
g, = 2w (2.16)
D™ (4mege,)2re '
e The London dispersion interaction between two nonpolar molecules
B, = -2 (2.17)
L™ 4(4mepe,)?re '

Here h is the Planck constant and v the electronic adsorption frequency.

19



2. Fundamental principles

2.23 Covalent bonds

Covalent bonds between atoms are characterized by the sharing of electron pairs. In the
classical covalent bond each atom donates one electron and then both electrons are shared
by the two atoms. Atoms can form several bonds according to their valency. It is also
possible that multiple covalent bonds are formed with one partner atom if more than two
electrons are shared between the two atoms. Coordinate bonds are covalent bonds where
both shared electrons are donated from one atom. Covalent forces are of short range (0.1-

0.2 nm) and they are highly directional. They are quite strong at about 100 kgT. %

2.2.4 Coordination complex

A coordination complex consists of a usually metallic center ion and the surrounding bound
molecules or ions which are called ligands. In the past it was assumed that complexes are
held together by weak chemical bonds but the understanding today is that coordinate bonds
are in fact covalent and quite strong. The central ion acts as a Lewis acid or a electron pair
acceptor while the ligands are electron pair donors (Lewis base). The coordination number of
the central ion is the number of attached donor atoms. A monodentate ligand is a ligand
which has only one donor atom. Polydentate ligands have several donor atoms that can

coordinate to different sites on the center ion. %

2.25 Hydrophobic interaction

Water molecules are polar molecules and have the ability to form hydrogen bonds between
the electronegative oxygen and the hydrogen of another water molecule. Since the oxygen
has two pairs of available electrons and each water molecule has two hydrogen atoms, one
molecule can bond to up to four other molecules. The hydrogen bonding is the reason for
waters unusually high boiling point for such a small molecule. The intermolecular distance of
a water hydrogen bond is 0.176 nm. Less than what is expected of Van der Waals interaction

(0.26 nm) but longer than a covalent O-H bond (0.1 nm).

The hydrogen bonds are energetically very favorable. When a nonpolar molecule or surface
comes into contact with water, it is still energetically favorable to preserve most of the
hydrogen bonds between water molecules by re-orientating the water molecules in the
vicinity of the nonpolar molecule. This hydrophobic solvation leads to a more ordered
conformation with a loss in entropy. This is the reason for the low solubility of nonpolar
molecules in water as well as the dewetting tendency of water to minimize contact area to

nonpolar surfaces.

20



2. Fundamental principles

Between hydrophobic molecules and surfaces in water a strong attraction can be observed.
It was originally proposed that this is some sort of hydrophobic bond. But it is not a bond as
such but a rearrangement of the overlapping solvation zones of the hydrophobic particles. In

this sense the hydrophobic interaction is mainly an entropic phenomenon. %

2.2.6 Adhesion and interfacial energy

The work of adhesion is defined as the work needed to separate unit areas of surfaces from
contact to infinity in vacuum. If the surfaces are identical the term is cohesion instead of
adhesion. Adhesion is the sum of different interactions like covalent bonds, electrostatic
interactions, Van der Waals interactions, hydrogen bonds or steric interactions. Separating to
bodies A and B requires work to create the two surfaces with surface energy in vacuum vy.
Separating to bodies A and B in a solution C can be understood as creating surfaces A and
B in vacuum and bringing surfaces A and B in contact with C from the vacuum. This can be

expressed in the Dupre equation:

Wape = Wap + Wee — Wae — Wee = Yac + VYec — Yas (2.18)

where y,5 denotes the interfacial energy between medium A and B. This formalism can also
be used to describe the wetting of surfaces, solid (S), with a liquid (L) in a gas phase (G) in

the Young and Young- Dupre equations with the equilibrium contact angle ©: %°

Vs + V1gCos 0 = ys¢ (2.19)

YLG(]‘ + COSG) = WSLG (220)

2.3 Bonds under force

Understanding molecular binding and unbinding transitions is important for all chemical
reactions. In the 1940s Kramer developed a reaction rate theory that is still in use today. The
bond is understood as a local free energy minimum. For unbinding an energy barrier has to
be overcome. Kramer treated this escape as a diffusive flux of the thermalized states
undergoing Brownian motion. Kramer calculated the rate of escape of an overdamped

particle as:

21



2. Fundamental principles

KoK
NO07b —AU/kpT (2.21)

2mn

Where k, is the curvature of the energy landscape at the bound state, x;, the curvature of the
energy landcape at the barrier, n the damping coefficient and AU the energy difference

between bound state and the barrier. %

2.3.1 Bell Model

Bell studied how the transition rate changed with an external force perturbating the energy
landscape. He described that the force tilts the energy landscape along the reaction

coordinate x. When a sufficiently large force is applied the energy minimum vanishes. This is

the case for f = i—U, where xg is the distance between the bound state and barrier. The

B
lifetime 7 respectively the transition rate k can be described as:

T = 1o BU*p )/ kBT (2.22)
k = koe®*s/)/ksT (2.23)
ko = Ae=AU/kBT (2.24)

where A is the attempt frequency and 7, the inverse attempt frequency. %

2.3.2 Loading rate dependence

For experiments of constant force the mean lifetime of a bond can be described as in
equation (2.22). In a lot of experimental setups the force is not constant but varies with time.
The change of the force in time is called loading rate re. The transition rate k(F) as described

in (2.23) itself is independent of the loading rate or the force history of the bond it depends
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2. Fundamental principles

only on the instantaneous force. But the probability that the system is still in the bound state
at a certain time depends on the force history and thus on the loading rate. Here it becomes
important how the force is applied to the bond. In AFM (atomic force microscope)
experiments the force is applied via a soft cantilever with a spring constant k; . Furthermore
there are typically biomolecules and chemical linkers between the cantilever tip and the bond

that have nonlinear loading dynamics. See chapter 2.1 for details.

d
apon(t) = _koff(t)pon(t) (2.25)

For a force ramp with the substitution TidF =dt and p,,(0) =1 one can calculate the
F

probability to remain bound up to the force f as:

Pon(f) = exp [_%fofkoff(f)df] (2.26)
The most probable rupture force f is then determined by ‘”E—'}lfﬂ =0
k(g =1z dlr;’;(f ) (2.27)
-
for the Bell model (2.23) this gives
fr= %Tln kZFk’fT] (2.28)

With flexible linkers the loading rate will not be constant during the experiment but it itself will

be a function of force. 2*
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2. Fundamental principles

2.3.3 The rebinding rate

The simple Bell model is a two state model with an unbinding rate k(F). The rebinding rate is
assumed to be zero. If rebinding is considered, the model evolves to a two state process with

time dependent rates:

d
%pon(t) = _koff(t)pon(t) + kon(t)poff(t) (2.29)
d
Epoff(t) = koff(t)pon(t) - kon(t)poff(t) (2.30)

with the probabilities at time zero p,,(0) =1, p,rr(0) = 0 and py, () + posr(t) = 1.

If the system is driven slow enough that equilibrium can be assumed the equations (2.29)
and (2.33) simplify to:

koff(t)pon(t) = kon(t)poff(t) (2-31)
This is the principle of detailed balance. The number of transitions per unit time from one
state to the other and vice versa are equal.

The rebinding rate is suppressed for systems far from equilibrium (e.g. high loading rate) or if

a soft linker molecule is used. %°

2.3.4 Multiple Bonds under force

Multivalency is common in nature were multiple ligands enhance binding between molecules

or cells. Multiple bonds are ideally arranged in series or parallel.

Multiple uncorrelated bonds in parallel carry only the Nth part of the force. The lifetime of the
multiple bond cluster can be seen as sum of lifetimes for each step in the unbinding pathway
N to N-1 and so forth. The rate of transition from N to N-1 bonds is enhanced compared to a

single bond by the increased number of bonds available for unbinding.
fxg
kn-n-1(f) = Nkoexp |=— (2.32)

NkgT
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The failure of the first bond will increase the load on the remaining bonds. For fast loading
rates the remaining bonds will fail soon after. So the rupture force of N bonds in the kinetic
regime of fast loading rates is less than N times the rupture force of one. On the other hand
in the equilibrium regime when the loading rate is small at each step there is finite probability
of rebinding. That can lead to strong enhancement in lifetime of the multiple bonds compared

to a single one.

In the case of bonds arranged in series the bonds feel the full force. Examples of bonds
arranged in series are the monomers of a macromolecular chain held together by bonds or
domains in a protein that unfold under force. The unbinding rate is enhanced by the number

of bonds that means a series of N bonds fails faster than a single bond. *°

knon-1(f) = Nkoexp [I]:Bi? (2.33)

Data taken under most experimental conditions are harder to interpret as the above
discussed cases imply. In most cases the partition of the force and the degree of

cooperativity among the binding sites is unknown.

2.3.5 Determining Bond valency

Determining the bond valency of an AFM experiment is important in correctly interpreting the
results. In some cases the valency of an interaction is apparent in the force-distance trace of
an AFM experiment for example if the force drops to zero in a stepwise manner. But

sometimes this is not readily apparent.

In a lot of AFM force spectroscopy measurements it is desired that a single molecule is
measured. This is achieved by diluting the available molecules or binding sites. Experimental
setups either bond the probe molecules directly to the tip or spread them on the surface and
pick them up with the tip. In both cases it is important to limit the number of possible binding
sites. If Poisson statistic are assumed the number of curves with interaction events (Ng)
compared to the total number of collected curves (Ny) give an estimate on how probable it is

to measure single molecule events: *°
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x_: - <(1\1/\:Zt>_1 - 1) " (1 - Nt/Ntot) (2.34)

So according to Poisson statistics when only 10% of the measured curve give adhesion
events then the probability that those are single molecule events is 94.8%. For 20% the
probability is 89%, for 50% events 69%, for 90% 25.6%. Poisson statistics are more accurate

for a low probability of bond formation.

Getfert et al. % studied hidden multiple bonds in AFM force spectroscopy experiments by
comparing a numerically solved model with experimental data. The model includes probe
molecules covalently attached to the tip (R=15nm) via linkers (I=30nm). The number of
linkers on