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“...One is reminded of the story of the drunk who, one dark night, lost
his keys. He is seen looking for them under a street light. When asked
where he lost them, he points across the street, where all is dark. “Why,
then, are you looking for them here?” He replies, “Because there is
more light here”. Until more searching is done in the darkness, our
understanding of the hydrophobic effect must be considered quite

incomplete.”

Walter Kauzman, Nature, 325 (1987)

“I know a man who grabbed a cat by the tail and learned 40 per cent

more about cats than the man who didn’t.”

Mark Twain,

cited by Carlos Bustamante, Nature, 1 (2000)
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Summary

Although many factors influence the adhesive strength of attached interfaces, the cohesive
strength of a material, or the stability of a protein’s functional structure, these properties are
all ultimately limited by the forces needed to break molecular bonds.

In the current study, with the aid of AFM-based dynamic force spectroscopy in combination
with theoretical methods, we will develop a more and more refined understanding of
hydrophobic phenomena comprising adhesion, aging, hydration and self-assembly. Therefore,
we have designed a single molecule sensor which is capable of measuring equilibrium forces
and free energies per length between individual polymers and different solid/liquid interfaces
in a variety of solutions. The small size of the system allows a direct comparison with all-
atomistic molecular dynamics simulations. Our approach similar to a “nano-peel test”
demonstrates negligible friction and a high in-plane mobility of the adherent polymers.
Surprisingly, most material properties like roughness, conductivity, surface potential and even
composition hardly influence single molecule adhesion under equilibrium conditions. A
comparison of molecular adsorption free energies, surface potential differences and the
surface energies at different points in time reveal a clear relation between these quantities and
the process of material aging. We will demonstrate that chemical modifications in particular
those which alter the surface wettability are in fact capable of fine-tuning the surface adhesion
of polymers. Wettability and other directly solvent-related properties, such as ion
concentration have the greatest effect observed. We identify an ion-specific dependence
(Hofmeister effect) of the desorption forces which is pronounced at high ionic strength. Here,
the quasi infinite dilution of the polymer under investigation allows to access the whole
soluble concentration range for ions.

The hydrophobic effect can be defined in terms of the thermodynamics associated with the
transfer of a molecule into aqueous environment. In a thermodynamic analysis, we are able to
reproduce characteristic temperature signatures including entropy and enthalpy convergence
for amphiphilic proteins. In addition, an ion specific shift in these convergence temperatures
is detected, when the polymers are pulled into electrolyte solution, which can be linked to the
hydration behavior of the ions and the ion-specific (Hofmeister) series.

Based on these findings, we show that a single protein molecule can undergo a
conformational transition induced by a surface depending on the substrate hydrophobicity and
facilitated by increased temperature as well as by the presence of ions. Here, the structure of
an amylodogenic spider silk protein and its stability is analyzed and compared to the
properties of its assembled fibrous form.

Moreover, our molecular force sensors are also applied to translate cosolute binding equilibria
into measurable forces and so to determine binding parameters such as the distances between
neighbouring binding sites, binding free energies and association constants.

All these findings will help to attain a predictive understanding of the hydrophobic and
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related effects and guide the development of functionalized nano-materials in contact with
polymer solutions. Single molecule force sensors like those presented here might evolve to
become a powerful tool in materials- and surface science, capable of meeting the growing
requirements for analytic instrumentation in nanotechnology.



Introduction and Outline

Hydrophobic phenomena play a crucial role
in self-assembly processes over multiple
length scales, from the microscopic origins
of inert gas solubility in water, to the
mesoscopic organization of proteins and
surfactant structures, to macroscopic phase
separation ). Today these phenomena, such
as the tendency for oil and water to

segregate, are important in  diverse
applications: from the cleaning of laundry, to
the creation of micro-emulsions in materials
research, to the folding of proteins into
The

hydrophobicity quite possibly starts with the

functional complexes. science of
similia similibus solvuntur or like-likes-like
principle of solubility and miscibility that is
a traditional part of physical chemistry and,
before that, alchemy **!. Nowadays, studies
of the hydrophobic effect are at the boundary
line between physical chemistry and
biophysics, with focus on water structure and

thermodynamics.

Figure 0.1.1: Expansion of a drug coated vascular stent
graft. (A) The stent expansion with a balloon catheter
takes only a few milliseconds. The high strains and forces
that are acting on the device cause the applied coating to
fail. The SEM image in (B) shows the brittle coating of 1%
Rapamycin on the electropolished strut surface after
expansion.

In particular, hydrophobically driven

adhesion of macromolecules onto surfaces

plays a vital role in biological processes and
for the
materials.

biocompatibility of engineered

For example, the adhesion
between a cell and the surface of a cell
growth support is determined by adherent
integrins and other adhesion promoting
molecules. In this case geometry, polarity
and wettability of a surface determine the
efficiency of cell attachment, growth and

finally differentiation *7).

In implant technology, biomaterial-related
infections pose serious problems and are the
main cause of implant failure. Treatment of
infected implants most commonly includes
long-term application of antibiotics and
frequently results in implant removal. Such
infections start with the initial adhesion of
blood plasma proteins and a subsequently
growth of bacteria often accompanied by the

formation of a biofilm '

. A prominent
approach to inhibiting implant infections is
the local treatment by active agents coated
onto the implant surface or incorporated into
12131 The adhesion of

these coatings has to be designed to keep up

a polymer matrix

the functionality of the drug delivery system
(figure 0.1.1). Therefore, understanding how
to prevent or improve the adhesion of
proteins and other biopolymers to surfaces
conditions is

under physiological

fundamental for the engineering of

biocompatible medical devices and anti-

infective implants '*'71. Given the specific
needs of cardiovascular implants, tissue
engineering templates and  diagnostic

microdevices, there is a new focus on the

design of new materials. Biosurface

engineering utilizes the adjustment of



4

Introduction and Outline

molecular level surface structure to obtain
bioactive materials. Desired functions of
biointerfaces are mainly based on principles
of molecular recognition and adhesion. In
order to wunderstand protein adsorption
of the

with

cosolutes and the
18]

surface
their
biopolymers, proteins,

patterns  the properties

substrate  and interplay
solution conditions have to be considered !
Hydrophobic effects are present in all of
interactions and sometimes

these even

prevailing.

In the first chapter, we will outline the
evolution of the idea of hydrophobicity,
provide basic definitions, and present the
physics of polymer desorption in equilibrium
as well as non-equilibrium. We will further
discuss the equilibrium adsorption isotherm
introduced by Gibbs and Langmuir and
develop a one-dimensional binding model.
Special emphasis will be put on all-atomistic
molecular dynamics simulations as they will
frequently complement our experimental
studies. In preparation for the upcoming
the different

force

chapters, facets of single

molecule spectroscopy  will  be
reviewed. The remainder of this manuscript
is organized as follows: At the beginning of
highlighted by a colored

textbox, a brief abstract will provide an

each chapter,

overview of the main achievements.

Following a short and more specific
introduction to the particular topic, the
will  be

stating

results
After
aspects in chapter 1, we will start with a

experimental present

consecutively. theoretical
thorough characterization of our single
molecule sensors in chapter 2. Chapter 3 will
deal with the different factors that play

important roles in hydrophobically driven

In this
context, special emphasis is put on the aging

polymer adhesion at interfaces.
process of materials and its role in polymer
interaction in chapter 4. In chapter 5 we will
address  entropy  convergence as a
fundamental concept in the description of
hydrophobicity. Finally, the surface induced
folding and unspecific cosolute binding to a
single polymer will be investigated in
chapter 6 and 7. The outlook addresses future
prospects of single molecule sensor
technology and the remaining challenges in

this field of research.



Chapter 1
Armamentarium

1.1 The conceptions of hydrophobicity

The term hydrophobic (water-fearing) was
initially introduced to describe the low
solubility and the unusually strong attraction
between small nonpolar molecules such as
methane in water ('), Hydrophobicity (also
referred to as hydrophobic attraction, force,
bond, hydration effect, etc.) is a familiar
concept in the thermodynamics of non-polar
molecules in aqueous media and is tightly
related to the
convergence in protein folding—the idea that

concept of entropy
the hydrophobic entropy change on folding

nearly vanishes at a universal temperature
[1,20]

As early as 1937, researchers recognized the
complexity of the problem of the low affinity
of nonpolar groups for water and postulated
an entropic origin for the effect because of

21 In a

its strong temperature dependence
landmark paper by Frank and Evans, a first
attempt at providing a detailed theory of the
hydrophobic effect was made **!. Frank and
Evans described water molecules rearranging
around a

into a microscopic ‘‘iceberg’’

nonpolar molecule and discussed the entropic

29

consequences of this ‘‘freezing.”” Several
years later, Klotz developed a general theory
of the bond between two nonpolar molecules
(23 and in 1959, the term ‘‘hydrophobic
bond’> was introduced by Kauzmann to
describe the tendency towards adhesion
between the nonpolar groups of proteins in

[24]

aqueous solution . Kauzmann suggested

that this bond was probably among the most
important factors in the stabilization of
certain folded configurations in native
proteins. However, the use of the word
““bond’’ was soon considered inappropriate,
given that the attraction between nonpolar
groups lacked any of the characteristic
features that distinguish chemical bonds

from van der Waals forces.

In the 1960s there existed the idea, based
of Tanford,
Kauzmann, Nemethy, and Scheraga, that

primarily on the work
there was a hydrophobic bond, viewed as the
spontaneous tendency of nonpolar groups to
adhere in water to minimize their contact
24281 In 1954
noted that the role of water

with water molecules
Kirkwood
molecules in the average attraction between
nonpolar groups might be larger than that of
the direct van der Waals interaction between

(291 Since then, one has to think

these groups
of the hydrophobic forces between particles
as being not only due to the properties of the
particles themselves but rather because of the
characteristics of the suspending solvent

medium.

The concept of hydrophobicity is nowadays

more broadly wused to describe forces
between all kinds of nonpolar objects in
aqueous environments, implying a common
mechanism for protein folding, micellization,
self-assembly of lipids, oil-water demixing,
and thus any supermolecular aggregation in

[30,31]

water The rate of protein folding

remains a very active research area and has
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become one of the primary motivations for
developing an understanding of the

hydrophobic interaction at molecular length

scales, as has been the case since the
pioneering work of Kauzmann ! and
Tanford P2,

Figure 1.1.1: Length scale dependence of hydrophobicity
[1.3334 (A) Water hydrogen bonding patterns simply go
around a small hydrophobic solute (< 1nm, red). The blue
and white particles represent the Oxygen (O) and
hydrogen (H) atoms of the water molecules. The line
indicate the H.bonds (O-H:-O) of no more than 3.5 A in
length. There is an entropic cost to the free energy of
solvation, because the presence of a small hydrophobic
molecule limits the configuration space available for
hydrogen bonding, but the overall amount of hydrogen
bonds remains relatively unchanged. (B) In contrast, the
solvation of extended hydrophobic surfaces has a
disruptive effect on the water structure. Close proximity of
water is energetically unfavorable, because it is impossible
to maintain a hydrogen bond network adjacent to an
extended surface. As a result, water density is depleted
near the surface [%5. lllustration is taken from Chandler et
al. B,

For predicting protein structures and function
the magnitude and nature of the hydrophobic
attraction acting between peptide segments
or a protein and a surface are central issues
that have not been fully resolved yet.
Complications arise when comparing
experimental results that include the ‘‘degree
of the

of hydrophobicity”’ surfaces (as

defined by contact angle measurements ")

9

the effect of surface roughness, and the
possible existence of a layer of gas or
density-depleted water at the hydrophobic
solid—liquid interface 7%

to affect the
[30,41]

which are

assumed forces between

surfaces . One goal of this work is to
different

contributions and to develop a method to

experimentally  isolate  these

study them separately.

Much effort was put in force measurements
between well defined model systems, for
example mica surfaces made hydrophobic or
micrometer-sized plastic beads. However,
these systems are notoriously plagued by
secondary effects, such as bubble adsorption

and cavitation effects [*>*’!

[44]

or compositional
rearrangements . Unfortunately, even if
bubbles and other complications can be
excluded, the very short-ranged portion of
the  hydrophobic

micrometer-sized

attraction between

surfaces could not be

resolved experimentally so far because of

mechanical instabilities of the measuring

[30]

device Likewise, the complex scale

dependence of the hydrophobic effect (figure
1.1.1) makes it nontrivial to relate the force

between micrometer-sized particles to the

[1,33,34,45]

one between molecules . It transpires

that for the understanding of hydrophobically

driven protein collapse [*¢*"]

[2]

and polymer
adhesion * a model system on the molecular

scale is needed 831,

1.2 The role of cosolvents for the
hydrophobic effect
Many of the experimental techniques used to

study biomolecules rely on cosolvents to
crystallize, denature or stabilize proteins,
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thus an understanding of the cosolvent effect
on hydrophobicity is of great practical
importance to protein science. For aqueous
solutions in biology, the situation discussed
above is even more complex, because in
nearly all cases the solvent is in fact an
electrolyte solution, and the presence of ions
gives rise to various effects. Besides the
obvious screening of electrostatic forces,
which only depends on the ionic strength,
there are effects which strongly depend on
the ion type. These effects are commonly
called Hofmeister (or lyotropic) effects 23
and are ubiquitous: they have been observed
for dozens of diverse measurements from
surface tension to bacterial growth 22,
Often these interactions are specific to the
protein and to the particular conditions

[57-61]

employed (pH, temperature) and

become important at moderate to high salt

concentrations (0.01 to 1 M) 7262:63],

It is reasonably well-understood that salts

can affect electrostatic interactions either

through indirect screening of charge-charge

(64951 or by direct binding and

[66]

interactions
neutralization of charged groups . Less
well-understood is the mechanism by which
salts affect the properties of uncharged or
hydrophobic groups in aqueous solution. In
Hofmeister’s pioneering works of the late
19th century, he sorted the common salt ion
pairs into series according to their effect on
and conformational

protein  solubility

stability [©7]

. This ranking for monoatomic
ions correlates with surface charge density
but

polyatomic ions, the underlying mechanisms

and  polarizability, for complex

for the Hofmeister series are less apparent

[68] For example, the guanidinium cation is

an effective protein denaturant, while among

anions, thiocyanate is a strong denaturant,
chloride is essentially “neutral”, and sulfate

stabilizes proteins ).

Quantification of the Hofmeister (solubility)
effect of a salt is usually obtained via linear
regression of the relative solubility of a
chosen solute (e.g., polymers, proteins, or
other organic molecules) versus the salt’s
[70-73], Although
measurements provide useful information on

concentration such
the salting-in and salting-out behavior of
individual types of salt ions, they do not
reveal the mechanism by which salts actually
Recent NMR
studies have argued in favor of direct

modulate solute behavior.

interactions between the salt and the non-
74'76], whilst other views favor
the

hydration shells of the ions and the non-polar
[77]

polar group !

indirect interactions mediated by

solutes One approach attempted by
Ninham and Bostrom et al. describes the
interactions between the ions and a protein
electrostatic

surface by and dispersion

forces. On average, the ions thus “see” a
more or less homogeneous surface. Here,
specificity comes in mainly through the
frequency dependent polarizability of the
jons ["871,

Implicit clues might be obtained from salt
induced changes in other macroscopic
solution properties such as surface tension,
viscosity, partial molar volume and osmotic

[52,80-83] solution

coefficient Changes in
properties largely reflect changes to the
behavior of the solvent, in this case water,
and it seems reasonable therefore to assume
that salts might influence the solubility of
hydrophobic solutes by altering, in some
way, the overall liquid water structure. It is

well-known that ions differ widely in their
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effects on the local water structure 4871

Molecular Dynamics (MD) simulations, for
example, have shown that small (charge-
dense) ions exert strong orientational effects
their first
solvation shell (strongly hydrated), severely

on water molecules within

limiting the latter’s abilities to form
hydrogen bonds with other water molecules
(“structure-maker”, also named
kosmotropes). Larger (charge diffuse) ions
on the other hand, appear to behave more
like hydrophobic solutes, with disturbances
of the water hydrogen bonding network that
is not followed by the formation of stronger
ion—solvent interactions (weakly hydrated,

. .
“Structure-breaker” or chaotropes) P*+58-#1 !

As a consequence, bulk water will repel
(e.g.
air/water or oil/water), and tend to keep
bulk PO

data and MD calculations

chaotropic ions toward interfaces

kosmotropic species in the
Experimental
predict that, in solution, fluoride and chloride
ions remain in the bulk phase, while iodide
and bromide ions approach the air/water

[91-93

interface ] An apparent confirmation of

this process seems to be for example the

asymmetric distribution of halide ions in

[91]

seawater aerosols It has been shown

quite recently that large ions (such as

bromide or iodide) are attracted also to solid
hydrophobic surfaces, smaller anions like

" The term structure maker and breaker is better
understood in terms of the effect of the solutes on the
(don’t

denaturize) the proteins secondary structure, thus

protein stability. Kosmotropes stabilize
tend to precipitate the protein. Chaotropes on the
other hand tend to solubilize the protein and might

even denaturize the protein at higher concentration.

chloride are only weakly adsorbed, and

4 . .
(93941 in  dramatic

cations are repelled
contradiction to the classical view according
to which ions are repelled from non-polar
surfaces due to image-charge effects °°7).
This implies that the hydrophobic effect in
the presence of ions involves ion adsorption
and thus induced electrostatic interactions,
even if the hydrophobic surfaces themselves

are normally electrically neutral.

For a complete analysis, the ions themselves
have to be considered as solutes, which
competitively adsorb at the surface and also

18,79,98
at the macromolecule '%7%-%8

. Remarkably,
there is a strong similarity to the influence
ions have on the surface tension of water
(81.99-1011 " The key to the understanding of
Hofmeister effects is therefore thought to be
related to the ion-induced change of the
of the
layers. Indeed, good progress was made for
interface, and the
trends for the
surface tension and the surface potential are
P31 At solid

surfaces, on the other hand, the Hofmeister

thermodynamics interfacial water
the air-water

experimentally observed
well understood by now

series is unexplained so far, even for model
surfaces. The reason is the complexity of the
interfacial system, where forces of various
and
that
hydrophobic interactions are modified by the

origins are acting. Simulations

experiments consistently show
addition of salt in an ion-specific manner.
The trends on hydrophobic solid surfaces are
similar as for the air-water interface. The van
der Waals or dispersion interaction is
repulsive for all ions and therefore not
responsible for the observed adsorption of
%61 1t follows that ion

adsorption on surfaces is more complicated

ions on surfaces
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and depends on both, the ion interactions

[98] as

with polar and charged surface groups
well as the modified properties of water in
concentrated salt solutions. New insights

can be expected from a fundamental
thermodynamic analysis of the ion-specific
phenomena at these interfaces, like the one

described in chapter 5.

In a wider sense, with regard to the specific
properties of the Hofmeister salts, this series
can be extended from inorganic to organic

[63,66

cosolutes I The selection of particular

organic molecules as preferred osmotic
regulators in biological systems appears to
have evolved as a strategy to design a
microenvironment  for  macromolecules
compatible with, and even optimal for,
enzymatic catalysis, biological recognition

[102] " Somero

and conformational stability
and co-workers observed that a rather limited
repertoire of small molecular weight organic
compounds constitute the preferred response
to osmotic perturbations in the most diverse

[103.1041 “A number of methylamine

organisms
solutes, such as trimethylamine N-oxide,
sarcosine and betaine, polyols, sugars and
amino acids such as glycine and glutamic
should therefore be added to the

exhibiting

acid,

inorganic  Hofmeister  salts
stabilizing properties, others such as urea to
those having a denaturizing effect on
address the

stabilizing effect of osmolytes namely D-

proteins!®!.  We  therefore

glucose on  hydrophobic interactions

explicitly in chapter 7.

1.3 AFM based force spectroscopy

Single molecule force spectroscopy is a
technique based on the principle of the
atomic force microscope (AFM) of Binnig,
Quate and Gerber "% the

which has opened new perspectives for the

invention of

investigation of surfaces at high lateral and
vertical resolution. Because of the possibility
to use the AFM in aqueous environments it
has become possible to image biological
surfaces such as cells and protein layers at
nm-resolution under physiological
conditions. For a recent review of biological

applications see refs. [106,107].

The detection of ultralow forces is an
additional feature of the AFM. The principle
is illustrated in figure 1.3.2. A soft cantilever
of silicon nitride with a sharp tip of about 10
nm tip radius at its free end is moved along
all three axes and positioned with nanometer
accuracy relative to a sample surface with a
piezoelectric actuator. It can be further used
to contact a molecule on the substrate surface
and to exert a force on it. This applied force
is detected through the bending of the
cantilever by means of an optical lever and a
position sensitive photodiode which allows

down to the
The
limitation in sensitivity of this kind of

forces
[108]

sensing molecular

piconewton range theoretical

experiment is imposed mainly by thermal
fluctuations of the cantilever (see Appendix

A) and is well below typical molecular

[108]

forces The recorded force-separation

traces make intramolecular stabilizing forces,

structural  energy barriers, mechanical

properties, and even the ligand binding to

proteins readily accessible [,
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Laser

Tip with sensor molecule

Piezo actuator

Photodiode ;‘ )

AFM cantilever” __.---~""

AFM cantilever

Figure 1.3.2: Principle of single molecule force spectroscopy (SMFS).

In force spectroscopy experiments so far the

polymer under investigation has been
tethered between cantilever tip and surface
by unspecific attachment to the tip and
substrate surface !''%. This kind of bonding
is strong enough to provide stability for at
least several seconds and has been utilized to
study the reversible unfolding of titin

(1 conformational transitions in

[112]

domains

polysaccharides and specific

interaction forces I

antigen/antibody
Because physisorption, although thermally
stable is in many cases insufficient the
molecule was specifically bound to the
substrate surface via chemical bonds in order
to improve the long-term stability !''*. The
attachment to the AFM tip that “picks up”
the molecule is still unspecific in this case.
This method still suffers from collective
effects

interactions between substrate-grafted chains
[115-117]

arising from confinements and

Typically, less than 1% of the
experimental recordings reflect true single
molecule events due to abundant surface and

multiple-molecule interactions [''®.

Laser

\ Photodiode

Cantilever

NH,
COOH
OH
CH,
CF,4

— /\M/VV\A/\N\NV\;

POVOSPPWPY Surface

hfdrophobic

Figure 1.3.1: Schematic of chemical force microscopy with
functionalized cantilever tips.

There is a wealth of data obtained with
atomic force microscopy (AFM), where the
cantilever tip is coated with polymers to
measure the interaction strength of ligand-

119,12 .
[119:120] 5 the adhesion forces

[121-124]

receptor bonds
from solid substrates . In contrast to

earlier ~measurements on pre-adsorbed

polymer films, the substrate is no longer

shielded by additional surface adsorbed
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polymer chains, and the interaction with the
bare substrate can now be probed. Such
experiments yield interaction forces, but not
free energies related to the thermodynamic
adsorption  equilibrium. Moreover, the
number of interacting polymers is generally
not known in such experiments. A prominent
application of this kind of tip modification
with a uniform layer of chemical functional
groups is chemical force microscopy (figure

1.3.1) [125:126]

Most though
complicated to achieve AFM based single

recently, even more
molecule force spectroscopy (SMFS) has
proven advantages over former approaches
[127]With the stable covalent attachment of
the polymers to the AFM-tips, it became
possible to investigate the adsorption process
of the same set of molecules on a variety of
surfaces and therefore deviations due to
different sample preparations could be ruled
out "] Furthermore, one can successfully
avoid interference with other molecules and
this
sophisticated single molecule studies became

oligomeric  structures. In way

possible, one of them being the realization of

molecular scale machines such as the

optomechanical switching of

poly(azobenzene) which compares to a

photonic muscle or motor, converting optical

into  mechanical work
. 129
contraction [ ].

energy upon

In addition to intramolcular interactions (see
also section 1.6) SMFS can be used to
investigate the equilibrium adhesion of
polymers onto solid substrates and to extract
[130-134]  The

surface energies .
equilibrium forces are characterized by well

binding
defined plateaus in the force extension trace

(71351 Meanwhile  the  electrostatic

contribution to the plateau force could be

136] For

separated.! polyelectrolytes  on
charged surfaces with charge density o, the
of the

sensitive to the salt concentration, and the

electrostatic part interaction is

line charge density of the polymer 1t can be

determined 37

FEl =Fy+4ngk,Tox™ 't (1.1)

Here, lg is the Bjerrum length and «' the
Debye
surfaces, the adsorption force is commonly

length. On uncharged, non-polar
labeled as hydrophobic force. But as it
turned out, the non-electrostatic part of the
desorption force is dominant even in the case
of charged polymers on charged surfaces
[132.137] Such

intramolecular hydrophobic interactions that

intermolecular and
drive e.g. polymer collapse, adhesion, as
well as salt specific effects at interfaces are
far from being understood at the molecular

110,132,138,1
scale[ 0,132,138, 39].

1.4 Thermodynamics of polymer

desorption — Equilibrium theory

In the summarize the

equilibrium theory developed by Staple and

following we

Kreuzer to describe plateau forces like those

measured with AFM. For a detailed
description we refer to [MS8]. In the
measurement  of  plateau  forces  the

experimentally accessible quantities are the
and the
maximum end-to-end length or maximum

constant plateau force Fipes
detachment length L,,.x to which the polymer
can be stretched given its contour length L..
Under equilibrium conditions the occurrence
of plateau forces is a consequence of the fact
that the portion of the polymer remaining
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adsorbed on the surface acts as a monomer
reservoir at constant chemical potential p for
the stretched portion. Thus the slope of the
force is given thermodynamically by

L2/ " (1.2)
oLl;,

as can be shown using the chain rule for
implicit functions and the Gibbs-Duhem

[140] Because the adsorbed portion

equation
of the polymer is not truly infinite we need to
equate its chemical potential with that of the
stretched portion leading to the energy

balance in terms of the Gibbs free energy.

The energy balance between the entire
polymer adsorbed on the surface and the
polymer in solution, completely detached
from the surface is

Gads +W = Gsol (13)

When completely adsorbed on the surface
and when completely detached from it, the
polymer does not experience any force. Thus
Gags and Ggo are the Gibbs free energies
under zero force. The work done to stretch
the molecule to the maximum length before
detachment is

W=w(L,)~F-L

max ) max

(1.4)

To estimate the Gibbs free energies it is
assumed that, adsorbed to the surface, the
polymer is completely confined to a two-
dimensional plane, whereas it has three
degrees of freedom after detachment. To get
some analytical results the freely jointed
chain (FJC) can be used with contour length
L. and N = L./Lx monomers of Kuhn length
Lk. Note that the persistence length and thus
the Kuhn length of a polymer are different

for a molecule adsorbed on a surface from
that in solution. Its Gibbs partition function
reads (with dimension n = 2 or 3)

Zo(F,T,N,n)=z(F,T,n)" (1.5)
with
2(F,T.2) = [exp(BFLY cos $)d ,(1.6)
z(F,T.3) = [sin@exp(BFLY cosO)do  .(1.7)

Thus the Gibbs free energies and entropies at
zero force are:

G *Gpye(F=0,T,n= 2)—N(2)V0 /N
=-NPk,TIn2z - NPV, /N

G, #Grje(F=0,T,n=3)

(1.8)
=-NY%k,Tndr

where N® = LJ/L ¢ @ and N® = LJ/L ¢ @ |
respectively. From the energy balance (eq.
1.3) and the identity (1.4) one gets for the
adsorption energy per unit length:

Vol N % FLyy, /L + (L9 ) k,Tindz

max/

(1.9)
(L) kyTin27

Next we develop a thermodynamic argument
for the maximal length L.« to which the
polymer can be stretched above the surface
before its final bond with the surface is
broken. Again it is considered that the
experiment is done with such slow pulling
that  the
equilibrium. The fact that the pulling force F

speeds system remains in

= Fpes 1s constant implies that the Helmholtz

free energy is linear in the length L
F(T,L)=F®(T,L.)+ Fp,, L ,(1.10)

where F? is the free energy of the adsorbed
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molecule. The maximum length attainable in
equilibrium is given by the condition that the
free energy (1.10) crosses that of the free
molecule.

Adsorption energies are typically in the
range of dispersion forces and hydrogen
bonds, i.e. much less than covalent bonds or
electrostatic forces. The values are somewhat
larger when charges are present on the
polyelectrolyte or on the surface. On the
other hand,
reducing the length of a polymer by one unit

the change of entropy by

is maximally —kgIn3 for a 3-state model, i.e.
Vo = FpesLc 1s a good estimate for the depth of
the surface potential responsible for the
adsorption of the polymer. We will make use
of this relation to determine the adsorption
energies of polymers on different substrates
and under varying solvent conditions.

Weak adsorption or physisorption is not site
specific because it is due to nonspecific
dispersive forces or longer ranged hydrogen
bonds. This that the
corrugation, i.e. the lateral variation of the

implies surface
surface potential, is minimal, and thus the
activation barrier to glide along the surface is
small compared to the depth of the surface
potential. This in turn, suggests that friction
for the motion of the polymer along the
surface is minimal, and maintenance of
equilibrium at low AFM pulling speeds
seems guaranteed throughout the experiment.
The influence of surface corrugation on the
has

simulated"*""'"** (see also section 2.5) and

desorption behavior been
we will examine the influence of the surface

roughness in section 3.1.

As the anchor point of the polymer reaches a
maximum length the polymer detaches itself
from the surface and the force drops to zero:

a region in the mechanical equation of
state has been reached where metastability is
measurements of

observed. As in all

metastability the experimental technique
used determines the outcome to a large
extent. Here we analyze stretching with an
AFM in which the cantilever base is moved
away from the surface with a time
dependence z(t), e.g. at constant velocity.

The force on the molecule is then given by

F(t) = k. (z(6) - L(t)) (1.11)

where k; is the cantilever stiffness and L(t) is
the end-to-end length of that portion of the
polymer detached from the surface. The
change in force over a time interval At
during detachment is then

AF =k (Az - AL) (1.12)

Here Az = z(t + At) — z(t) is the change in the
cantilever position over the time interval At;
if detachment occurs quickly on the
timescale of the changes in z (i.e., for small
velocities) one can take z(t + At) = z(t) and

one obtains:

AF

Q

—k (113
VAR (1.13)

Thus, in a measurement with an

infinitely stiff cantilever the plateau force is

only
expected to drop to zero abruptly (a
discontinuity in the force-extension relation).
For softer cantilevers, for which fluctuations
become substantial, plateau forces decrease
linearly to zero with a slope given by the
cantilever stiffness. A polymer, detached
from the surface, cannot counteract with a
reaction force. This point is reproduced both
calculations

in model and experimental

results, and is discussed in further detail in
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the following sections. Also note, that eq.
(1.13) is valid both for equilibrium and for
non-equilibrium experiments.

A polymer molecule attached to a surface
experiences an attractive potential arising
from bonds with the
backbone. This situation has been modeled

surface along its

as the confinement of the molecule in an

external potential [?*1%],

Staple et al.
that

result for the

developed an approach yields an

analytical equilibrium
statistical mechanics by working in the
Helmholtz ensemble, where one end of the
molecule is fixed at a distance h above the
Thus

stretched to an extent dictated by the surface

surface. part of the molecule is
bond strength: the stronger the bond the
more the molecule outside the surface is
stretched.

Under such conditions a fraction, N’, of the
N monomers of the molecule will be
detached from the wall and the remaining N-
N’ will remain in the confining potential,
gaining an extra energy V,. Relating the
number of monomers N to a contour length

L. = N-b, the partition function is

Lc
Z(L,,L)= % [z, 0)zs(L)dL?
th 0

(1.14)

where Ay, is the thermal wavelength, LC(L) is
the component of that contour length which
i1s desorbed from the surface, and LS =L, -
L") is the component remaining on the
surface; for brevity we omit the explicit
dependence on the temperature T from our
notation. Here Zm(LC(L), L) is the partition
function of the portion of the chain outside
the confining potential, extended to an end-

to-end length h above the surface. Similarly

1k
Zs (L) == [ Z5(L> bl
Lo (1.15)
15 s LS
=— [ 2,,(LY . Dexp| pV,—— ldI
ith 0 Lc

is the partition function of the portion of the
chain in contact with the solid surface,
accounting for the fact that it is free to attain
any orientation and end-to-end length,
gaining an energy Vo/L. per unit length of

the chain in the confining potential.

Thus far the Helmholtz ensemble for an
isolated molecule is considered, with one end
of the molecule constrained to a Length L
above the surface. This choice of ensembles
corresponds to the limit of stiff cantilever
with respect to the molecule being stretched
1441, AFM
molecule is coupled to a cantilever with

In actual experiments the
finite stiffness k¢; to account for this, a
further needed with the
partition function of the cantilever:

convolution is

L,
Z(L,,2) :%J‘Z(LC,L)ZC(Z—L)dL, (1.16)
th 0

where L is the distance of the cantilever from
the substrate and

k.
2

Z.(z-L)= exp(— (z—L)ZJ (1.17)

is the partition function of the cantilever.

The partition functions (1.14) and (1.16)
assume that the polymer is in at least partial
contact with both the AFM cantilever and the
surface; this is the so-called “bridged” or
partially adsorbed state. It is of course also
possible for the polymer to be completely
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removed from the surface. The complete
partition function accounting for these two
states is:

Z,(L.;z2)=Z(L.;2)+Zf. (1.18)

Here the partition function for the completely
desorbed chain is given by:

Zp = Zp(L0)exp(=pF,),  (1.19)

where F, is the Helmholtz free energy
required to remove the polymer from the
surface. Because the free energy change is
due almost entirely to the confining potential
(see last paragraph) it is possible to simplify
the notation by setting Fo = V.

Given the partition function Zy, all desired
quantities including force-extension curves
and fluctuations have been computed in past

N
o

(Le)

Force (Vo / Le)
o 2 SN
o o o o
T T T,
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Length (Lc)

o
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&

o
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T

1

0 025 05 075
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(1431 " An important exception is that

studies
AFM measurements do not yield ensemble
averages of partially adsorbed or completely
Rather, they

measure the sudden desorption of a complete

desorbed (free) polymers.

chain from the surface, visible as a sharp
drop in the force. Thus, in practice it is
useful to directly compare the partition
functions for the partially adsorbed and the
free molecules for the purposes of
determining the force and length. For Z(L;z)
> Zr the polymer is most likely to be found
still in contact with the surface, and we
assign to its partition function the value
Z(L¢;z). In this case the force can be
computed as F = —kgToInZ/0z|r. and the
detachment length is L = z - F/k.. For Z(L.;z)
< Zr , the polymer is most likely detached

from the surface and the force drops to zero.

I
]

(=] - - o]
()] (=] w =
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L L
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0 0.25 0.5 0.75
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Figure 1.4.1: Equilibrium force-separation curves for polymer adsorption with varying parameter values. Figure is taken
from [M8]. The solid curve is common to each panel and has parameters Lc = 100 nm, L, = 0.4 nm, kc = 10 pN/nm, and
Vo/Le = 100 meV/nm. Note that forces are plotted in the natural units of the adsorption strength, Vo/Lc, and lengths are
plotted in units of Lc. Panels (L), (Lp), (k¢), and (Vo) show the variations of the master force-separation curve with each of
those parameters, respectively, and all other parameters fixed as in the solid curve above. The temperature is fixed with T
= 300 K for all curves. Parameters for individual panels are as follows: (L¢): dotted, solid, dashed curves have Lc = 10,
100, 1000 nm. (Lp): solid, dashed, dash-dot curves have L, = 0.4, 4, 40 nm. (kc): dotted, solid, dashed curves have k. = 1,
10, 100 pN/nm. (Vo): dotted, solid, dashed curves have Vo/Lc = 10, 100, 1000 meV/nm, respectively.
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Staple et al. have chosen adsorption
energies Vo, cantilever spring constants ke,
persistence lengths L,, and contour lengths
L. in the range of experiment. The maximum
length attainable before the molecule loses
contact with the surface varies from a small
fraction of to the complete contour length,
depending on the chosen parameters, see
figure 1.4.1. Most important here are the
persistence length and the adsorption energy:
Stiff polymers require only little force to
extend significantly, so polymers with a
large persistence length tend to have large
detachment lengths. Conversely, molecules
that are only weakly bound to the surface
(low adsorption energy) tend to detach
sooner. For all curves, the slope in the
detachment region is -k, as predicted by
theory; the determination of the detachment
slope is the primary effect of the cantilever
spring-constant on the force-extension curve.
Increasing the persistence length steepens the
force-extension curve of the free molecule;
this results in a decreased plateau force for
adsorbed molecules, because at a given
extension the restoring force of the molecule
is much less. Equivalently, the maximum
length increases such that the work required
to remove the polymer from the surface (the
area under the force-extension curve) is still
the adsorption free energy.

We can summarize the main predictions of
the equilibrium model derived by Staple et al
which we will compare to our experimental

results in chapter 2 as follows ['*):

(i) Plateau forces result from the fact that
the portion of the polymer still adsorbed
to the
reservoir at constant chemical potential.

surface acts as a monomer

(i1) In equilibrium, the maximum height

attainable above the surface is controlled
by the crossing of the free energies of the
adsorbed and the free molecule.

(ii1))The maximum height (in equilibrium) is
always less than the contour length.

(1iv) The maximum height and plateau force
determine the strength of adsorption, i.e.
the depth of the surface potential, given
as an energy per unit length of polymer
Vo/Lc = F-Lynax / Le. For spider silk
protein F = 85 pN and L. /L. = 0.5 at
the lowest pulling peed where

equilibrium is maintained. Thus we have

Vo/Le = 0.27 eV/nm.

(v) The slope with which the force decays to
zero after the polymer has ruptured its
last surface bond is always given by the
inverse of the cantilever force constant
whether pulling was done slowly in

equilibrium or fast out of equilibrium.

This fact can serve as an excellent check

on the quality of the experimental results.

(vi)Plateau force fluctuations are controlled
by the cantilever stiffness (SF)2 ~ k.kgT.
For typical experiments with k. = 10
pN/nm we get 6F = 6 pN, in agreement
with the experimental force distributions
(cf. section 2.7).

1.5 Non-equilibrium theory

The following nonequilibrium aspects of
polymer desorption are based on theoretical
considerations of Staple et al. (see also
[M9]). If a molecule is quickly removed
from a surface then non-equilibrium effects
arise, which cannot be understood in terms of
thermodynamic  arguments alone. In
analyzing previously published experimental

data on plateau forces, Staple et al. came to
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the conclusion that, contrary to claims in the
literature, most of these experiments were
performed under non-equilibrium conditions.
To account for non-equilibrium effects they
extended the equilibrium model within a

master equation approach [146,147]

Four different non-equilibrium effects can
manifest themselves in pulling a molecule
off a surface: (i) to change the desorbed
contour length LC(L), a bond with the surface
has to be broken, (ii) to completely remove
the molecule from the surface several bonds
have to be broken simultaneously, (iii) for a
new value of LC(L) the end-to-end length L of
the portion of the molecule not in touch with
the surface has to adjust, and similarly (iv)
the end-to-end length 1 of the portion of the
molecule remaining on the surface with
contour length LC(S) =L, — LC(L) must adjust.
Processes (i) and (ii) are bond breaking, (iii)
is internal relaxation with hydrodynamic
damping the dominant effect in solution, and
(iv) is dominated by friction with the surface.
All four phenomena can be adequately
described by Markov processes.

Simultaneous Desorption: Here, we describe
the complete detachment of the polymer
chain from the substrate as a two-state
process. We define P4, the probability that
the polymer is in at least partial contact with
and P = 1 Pags, the
that has
completely removed from the surface. In

the surface,

probability the polymer been

equilibrium these probabilities depend only
on the cantilever position z:

Z(L.;2)

Pl (z) = "0
Z(L;z)+Zp

ads

(1.20)

Out of equilibrium the probabilities P,qs(t)

and Py (t)= 1 P.as(t) obey a master

equation:

dP,
de = Wads/sol (Z)Psol - Wvol/ads (Z)Pads > (1 21)

where Wads/sol (Z) and Wsol/ads

transition rates from the free to partially

(z) are

adsorbed states and vice versa. This equation
follows, given the assumption that adsorption
and desorption of individual monomers is
fast on the timescale of desorption of the
whole chain. For fixed cantilever position z

the master equation (1.21) 1is solvable
analytically:
/4
dPads (t) — ads / sol
Wads/ sol + Wvol/ads
/4
+(Pads (0)+ ads /sol J (1.22)
ads [ sol + Wsol / ads

: CXp(_ (Wads/sol + Wsol/ads )t)

The time evolution P,y(t) for arbitrary
cantilever motion z(t) can be obtained
numerically by repeatedly applying Eqn.
(1.22) over short intervals (short compared to
the rate of change of the cantilever position
z(t)). To complete the model explicit forms
for the rates Wags/sol and Woads are required.

Such rates must satisfy detailed balance:

st/sol(Z)ZF = Wsol/ads (Z)Z(LC’Z) ] (123)

a

and can thus be written in the form:

1-c
Z(L,;z)
Wads/sol (Z) =y (—] 5
Zp
Z(L:z)\ "
Wot/aas (2) = @y [—] . (1.24)
Zp

for0<c<1.



1. Armamentarium

(A
25 T T -
A
20 - 1 4
= : i
- H H
= 1.5F t i 4
< 10° I: l
@ | - o= nm wy t i ]
E 1op v=10"nmw, .: !
w = v=10"nmw, i H
05F — v=10 H i .
1 i
0 1 L ! 1
] 0.25 0.5 0.75 1.0
Length (Lc)
C|
‘;‘ 1.0 T T T 7
o £
c L Y / i |
60.75 1 -
= 3 s i
5 osf v/ 1
- A i
= 1 i
g 0.25+ '.“ i 1
ﬂ‘: 0 1 1 1 -y L
0 0.2 0.4 0.6 0.8 1.0

Detachment length (Lc)

0.6 FA N

0.4}

0.2

Length fluctuations (fVo/Lc)

05
Length (Lc)

1.0 T T T

=

e

Detachment length (Lc)

10 160 10° 10

Pulling speed (nm o)

Figure 1.5.1: Non-equilibrium force-separation curves calculated in a two-state model of simultaneous desorption. The
Figure is taken from [M9]. (A): Force-separation curves, showing an enhancement of the detachment length with pulling
speed. (B): Length fluctuations, revealing a broadening and eventual enhancement of the fluctuations with pulling speed,
centered around the detachment length. (C): Probability distribution of detachment length. All probability densities have
been normalized to have equal maxima for plotting purposes. Common parameters for panels (A)-(C): v = 100, 101, 102 nm
wo, for dashed, dash-dot, dash-dot-dot curves, respectively. All curves have detailed balance exponents ¢ = 0.01. Solid
curves were calculated in equilibrium. (D): Dependence of detachment length on pulling speed. Error bars are computed
as the standard deviation of the distribution as in panel (C); for clarity of the plot these are presented only for one curve (c
= 0.01), but values are representative of all three curves. Parameters: solid, dashed, dash-dot curves have detailed

balance exponents ¢ = 0.01, 0.02, and 0.03, respectively.

It is possible, in general, for such a system to
have asymmetric adsorption/desorption rates.
This asymmetry is captured by an exponent ¢
in the transition rates; this exponent can be
interpreted as the relative degree to which
the applied force affects adsorption or
desorption rates; ¢ = 0.5 represents the case
of symmetric rates, where ¢ < 0.5 and ¢ > 0.5
correspond to the cases where the applied
force primarily affects the adsorption or
desorption rates, respectively.

For the proportionality the simplest possible
choice, was taken, namely that the rates are
linear in an attempt frequency v, and depend
exponentially on a barrier height Q. These

two effects can be combined into a single
effective transition frequency o v
exp(—BQ). In case of the widely used Bell
model for example c is set to zero and in

addition the reverse transition rates Wgol/ads

are neglected. In order to reproduce
experimental data one then introduces an
explicit dependence of the barrier height on
the applied force. Although successful in
intermediate regimes, such models typically
violate detailed balance of desorption and re-
adsorption by neglecting Wso1ads and thus
only account for non-equilibrium processes

but can not reproduce the equilibrium limit.
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This model predicts an enhancement of the
detachment length with velocity (figure
1.5.1). For values of ¢ close to zero we find
that this enhancement is significant and can
cause the detachment length to
asymptotically approach the contour length
of the polymer (figure 1.5.1 (A)). In addition,
the beginning of an enhanced force is visible
in the highest velocity (dash-dot-dot curve)
of figure 1.5.1 (A). In figure 1.5.1 (B) and
(C) we present the non-equilibrium effects
on length fluctuations and detachment length
probability distributions. For intermediate
velocities this dependence appears
logarithmic (figure 1.5.1 (D)). On the other
hand, in the limit of low pulling speed the
detachment length of the polymer must
converge to its equilibrium value. Similarly,
in the limit of high pulling speed the
detachment length approaches the contour
length of the polymer. Thus, the dependence
of detachment length on pulling speed
necessarily varies sigmoidially from its
equilibrium value at zero pulling speed to the
contour length of the polymer at infinite

pulling speed.

To simplify the physics behind the shape of
the sigmoid we note that as you pull fast the
force impulse has to travel down the
backbone of the polymer for it to react
mechanically, i.e. to break the bonds with the
surface as the force signal reaches the end.
The characteristic velocity of this impulse is
vs = ooL.. Looking at the solution for the
detachment length for small and large pulling
speeds it suggests that a reasonable fitting

function is given by

2(h
exp(v/v,)+1

L o, e~ L)

max

(1.25)

with heq = Lo/2.

1.6 Forced unfolding of proteins

In a typical unfolding experiment, which is

always a non-equilibrium process,

mechanical tension is applied to an
individual molecule, and its forced unfolding
is recorded in force-separation-traces. Due to
the energy barriers of the folding potentials
often being close to the thermal energy, both
the extensions and the forces at which these
barriers are overcome are subject to marked
fluctuations caused by external experimental
parameters such as the loading rate, the

[148]

temperature , properties of the solution

and other changes that result in a different

149.1301 " Ag shown previously,

bond strength !
contour length, which is independent of
fluctuations and alterable experimental
parameters, is a more appropriate variable
than separation for the characterization of
molecular energy landscapes and directly
reflects the folding state of the molecule ['*!).
By transforming force-separation-traces into
contour length space, histograms are
obtained that directly represent the energy
barriers. In contrast to force-separation-
traces, such barrier position histograms can
be averaged to investigate details of the
unfolding potential. Averaging in contour
length space preserves the details of the
energy landscape due to the fluctuation
independence of the individual traces in this
representation. With known monomer length,
this new coordinate can be scaled to the
number of polymer units to localize the exact

position of these energy barriers.

Several models have been developed to
describe the elastic response of unfolded
polypeptides in force-separation-traces. By
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solving these relations for contour length,
the transformation function can be obtained
with which the transformation from the
separation space to the contour length space
is performed. One of the most common
models is the worm-like chain model (WLC)
1321 The
entropic elasticity of the unfolded protein is
determined by fitting eq. (1.26) to the
measured traces of force versus separation,
i.e. the
attachment points at the tip apex and at the

introduced by Bustamante et al.

distance between the polymer

surface (which corresponds to the piezo

driving distance minus the tip deflection):
kgT | L 1

1
F(L,L))=—"—| —+—————1(1.26
(Llo)="2 {LC+(1_L/LC)2 J(

with the polymer contour length L¢ and the
persistence length p as fit parameters, kgT is
the thermal energy. A typical value for the
persistence length of a polypeptide which is
a measure of the molecule’s stiffness is 0.5
nm, which is also found in the analysis of the
surface induced folding of engineered spider
silk protein eADF-4 in chapter 6. However,
it has been shown that the persistence length
has to be adjusted to different force regimes
(1531 Hence, modifications to this model like
the quantum mechanical WLC have been
developed that explicitly account for the
backbone elasticity of the polymer and allow
for a more accurate fit in the high force

regime !4,

i L
F(Lc)=27n(L—C—
n=1 0

)" (1.27)
hereby, Lo
represents the linear elastic modulus of the
stretched while  the
coefficients are nonlinear corrections which

is the wunit cell length, vy,

polymer other

become important at the higher force range
probed in the experiments. The result of the
quantum mechanical ab initio calculations at
zero temperature showed already good
agreement with the experimental curves in
the high force regime (> 1 nN) for n = 2 and
the corresponding polynomial representation

reads:

1 2
F(L:)= 7/{%—1} +72(§—C—1] (1.28)

0 0

For peptides the elastic constants were found to
be y;=27.4 nN and y,=109.8 nN [°4,

In each model the force F(L,Lc,...) depends
on the separation L, on the contour length
Lc, and on parameters that are fixed for a
particular experiment, e.g. temperature. Each
data point [F;, Li] from the extension space is
then transformed into contour length space
[Fi,Lci(Fi,Li)] under the constraints F,x,L¢ >
0 and x < L¢. This is possible because for
every value F; there exists only one pair of
variants [L;,L¢i].The transfer function for the
WLC model is obtained simply by solving
eq. (1.26) for the contour length. The derived
distributions of unfolding forces provide
useful information on the unfolding barrier,
the equilibrium rate constants to overcome
this barrier and the potential width in force
direction.

1.7 Probability distributions of unfolding

forces

The process of unfolding a protein can be
described as Markovian (Poisson) process
(1351 that has a force dependent probability
for unfolding dPy/dF. The force dependency
comes from the additional linear potential

due to the external force which causes a tilt
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of the energy landscape, and thus decreases
the probability of bond survival ?” As a
consequence the barrier heights of folding
and unfolding are altered. Under mechanical
tension the unfolding of the peptide is
favored while the refolding is decelerated
(figure 1.7.1). This is the reason why only
unfolding transitions are observed in a
typical SMFS experiment, whereas refolding

has only recently be detectable with much

greater effort 12017,
AR E U
K., = exp(-AGq)
o K
? 4"'\0
|1
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¢ ] |
U lReaction coordinate x
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\
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Figure 1.7.1: Two-dimensional energy landscape projected
on the reaction coordinate x, here the pulling direction. The
external force causes a tilt of the potential and the
(un)folding probability is altered.

To determine the unfolding rate constant k°
and the potential widths Ax, the respective
unfolding force distributions are fit with a
WLC-

spacers as
[158]

two-state model including the
elasticity of the polypeptide
introduced by Evans and Ritchie
this the force-

dependent unfolding rate constant K by

For

purpose, one calculates

using Bell’s equation ["°*1:

kF =0 exl{ﬂJ (1.29)

kBT

where £’ denotes the unfolding rate at zero
force F, Ax is the potential width and kgT is

the thermal energy. The
distribution dPy/dF for a one-barrier binding

ary _ k' [-FAx
dF d%t P kT

-exp| — IdF/ exr{ FAdeF.

probability

potential then reads:

where dF/dt denotes the loading rate. The
loading rate is calculated from a WLC model
with fixed polymer contour lengths obtained
from the transition barrier histogram. The
force-loading rate is determined recursively
from eq. (1.26) with

L+ )
(L) =—Ke

v

z

(1.31)

k is the cantilever spring constant and v, is
the pulling velocity. Substitution of L by t in
eq. (1.11) using eq. (1.31) yields the force as
function of time F(t). After differentiation we
get dF/dt.

Finally, the transition barrier height AG can
be calculated using the Arrhenius equation:

k()
AG - —kBTln[—]
A

with 4 being the Arrhenius pre-factor, which

(1.32)

was determined for proteins to be of the
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order of A=107-10° 481601611 “Thig value

has not been measured with satisfying
precision yet and depends on the corrugation
of the underlying energy surface. We will
make use of eqs. (1.29) - (1.32) in chapter 6
to analyze the folding characteristics and the
energy landscape of a single spider silk
molecule. Alternatively, these information
can be obtained by measuring the unbinding
force as a function of the loading and

applying the Bell-Evans or Kramers model
[161],

_ kT

e I{dF/dt Ax
Ax

0 kBTj (1.33)
Because of the finite probability of the bonds
to dissociate spontaneously, as the molecule
acquires sufficient thermal energy from its
surrounding thermal bath to overcome its
activation barrier, such bonds will fail at any
level of pulling force if a force is applied for
a sufficiently long time span. Hence, as
mentioned above, the strength of such a bond
depends on the time derivative of the force,
the so-called loading rate. Conceptually this
picture is equivalent to the tilting of the
energy landscape by the applied force in
figure 1.7.1 1921,

1.8 Equilibrium theory of cosolute binding

onto a single polymer

It is only recently that the theoretical aspects
of the thermodynamics of the binding of
molecules

small onto a polymer under

(1631 ~ Cosolutes

tension have been discussed
associated with the polymer surface exhibit a
higher concentration along the polymer
contour in comparison to the bulk solution.

The excess of the cosolutes per unit area, the

Gibbs surface excess I, is given by the Gibbs
adsorption isotherm that relates I to the
chemical potential p of the cosolute in
solution and to the surface tension!'®*. To
obtain the one dimensional form of the Gibbs
adsorption isotherm suitable to describe the
adsorption of ligands onto a one-dimensional
polymer, the surface tension is replaced by a
line tension that is related to but not identical
with the pulling force Fpes. In addition, the
surface excess per area is replaced by a
surface excess per length. This yields the
following equation for a single molecule
under fixed desorption force Fpes in line with
eq. (17) from ref. [163]:

r-g/a--°%
0

Fpes

(1.34)

where 71 is the line tension of the polymer. In
order to connect the Gibbs equation with a
physical model for the adsorption process we
split T'into a dimensionless fraction of
binding sites occupied by ligands 0 and an
adsorption site length at saturation d. In the
following, we will use eq. (1.34) to predict
the binding thermodynamics of ligands onto
polymers based on the measured desorption

force (chapter 7).

We can integrate eq. (1.34) to obtain the line
tension T as a function of cosolute chemical
which

cosolute binding without

potential, allows wus to analyze
the need for
theoretical assumptions beyond the existence
of thermodynamic equilibrium. However, we
have to discuss the dependence of 0 itself on
chemical potential of the cosolute. Assuming
negligible cosolute interactions, identical
adsorption sites on the polymer with equal
free energy of adsorption, and no more than

a monolayer of associated cosolutes, this
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relationship is given by the Langmuir
isotherm ['%4);
0= Ka
1+ Ka (1.35)
where a = exp(wkgT) denotes the ligand

activity and K is the association constant of
the ligand to the polymer. K is defined by the
ratio of an adsorption rate constant and a
desorption rate constant, K = Ko, / Ko (cf.
figure 7.1.1). With regard to the AFM
measurements with non-ionic cosolutes, the
above assumptions are not considered to be a
limiting simplification. A discussion of the
validity of the Langmuir model in the case of
electrolyte solutions and charged cosolutes
can be found in ref. [84] and for two domain
ligands in ref. [165].

Substitution of 6 in eq. (1.34) by eq. (1.35)
leads to the analytical solution of the Gibbs
isotherm which reads:

r =—d kT In(1 + Ka) (1.36)

Note that the line tension is not the stretching
force but rather the chemical potential per
unit length of the polymer. Considering the
equilibrium between the surface-adsorbed
polymer state, characterized by ligand
adsorbed

distance ds, and the bulk polymer state,

association constant Kg and
characterized by ligand association constant
K} and adsorbed distance dy, gives rise to the
line tension difference At:

AT

T dg'In(1+aKg)—d;' In(1+akK,) (1.37)
B

This line tension difference is the main
contributing factor to the ligand-activity
dependent contribution to the desorption

force Fpes measured in a single-molecule

experiment. A small correction arises from
the stretching contribution to the line tension
difference which depends on Fpgs. Fitting eq.
(1.37) to the measured forces as a function of
ligand activity allows us to determine the
binding distances dy, ds and the association
constants Ky, and K, especially if results for
different surfaces are fitted simultaneously
with the additional constraint of Ky and d,
being equal for all surfaces tested (see
chapter 7).

The Gibbs free energies of binding to a
single binding site on the polymer can then
be calculated for both states according to

AG = —RT In(K) (1.38)

wherein R is the molar gas constant.

1.9 All atomistic molecular dynamics

simulations

For the case of single-polymer desorption as
performed in a typical AFM experiment, MD
simulations with explicit water can be

performed for exactly the same system
studied experimentally because the number
of water molecules displaced is small and
equilibration is fast [*!. In experiments only
the sum of the various contributions to the
total attractive interaction is measured. In the
simulations, on the other hand, it is possible
to additionally disentangle interactions
between water, solvent, and the surface from

49,1 .
%1661 "However the timescale of

each other !
pulling in simulations is typically of the
order of Ims™ and 5 to 6 orders of magnitude

higher than in the AFM experiment.

In the former Derjaguin-Landau-Verwey-
Overbeek (DLVO) approach "®"! the force
between uncharged bodies immersed in water
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is explained solely in terms of dispersion
or van der Waals interactions. Nowadays,
solvent mediated effects are thought to play
an equally or even more important role P%>!,

Insight into the interplay between the

different contributions and thus into the

nanoscopic  mechanism underlying the
hydrophobic effect can be gained from
simulations: in ref. [49] Horinek et al.
how the

contributions stemming from the interactions

showed various  energetic
between peptide (P), surface (S), and water
(W) atoms sum up to the total desorption
energy per peptide monomer, U, according to
U =Upp + Upwt+ Uwwt+ Ups +Uws (figure
1.9.1). We knowingly call the resulting
interaction a free energy of desorption to
distinguish it from the standard adsorption
free energy. As will be discussed in more
detail later on, the desorption force measured
with the AFM

response in the stretched state, whereas the

includes the polymeric
reference state of the ordinary polymer
adsorption scenario is the strain free polymer
configuration in solution. However, as we
will show in the following, this difference is
generally small and makes a distinction
become redundant (see also eq. (1.9)).

We distinguish process I, in which the
peptide is brought from the adsorbed state to
a state that is stretched between surface and
terminal peptide group that closely mimics
the SMFS experiment. In process II the
peptide is transferred from the adsorbed state
to an unperturbed bulk state, which correctly
describes the thermodynamic adsorption
equilibrium of a peptide in solution. For both
processes I and II the water—water and
peptide—surface contributions to the internal

energy, Uww and Upg, are positive and larger

than the resulting total energy U and free
energy A. Both the van der Waals interaction
between surface and peptide (included by
means of the simulation force field in a
heuristic fashion'*"!) and the solvation energy
are thus important. However, they are
considerably compensated by the water—
surface and peptide— water contributions,
Uws and Upy. Interestingly, the peptide—
peptide interaction, Upp, often neglected in
theoretical considerations, is quite large and
differs in sign between the two desorption

scenarios.
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Figure 1.9.1: Decomposition of the total internal energy
per monomer, U, into the contributions from interactions
between peptide (P), surface (S), and water (W) for three
different temperatures and compared with the free energy
A. The figure is derived from ref. [49].The upper histogram
gives the energy cost for desorbing peptide fragment 3 into
a stretched conformation (process 1), similar to the AFM
experiment, and the lower histogram has the totally
relaxed and solvated peptide conformation as the
reference state, as applicable to equilibrium adsorption
from a bulk solution (process Il). In both cases, the various
internal energy contributions are larger in magnitude than
the total internal energy U, which is similar for both
scenarios.
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From the free energy A it follows that the
A)/T is
(unfavorable) for process I, i.e. the system

entropy S = (U - negative
loses entropy as the peptide is brought into
the stretched conformation, but is positive
(favorable) for process II, i.e., the system
gains entropy as the peptide leaves the
surface adsorbed state. This difference in
entropy can be explained by the
conformational entropy of the peptide, which
is maximal in the bulk state, intermediate in
the surface-adsorbed state, and minimal in
the stretched state. We will discuss this
unfavorable entropy observed in the AFM
experiment again in chapter 5 when we

elucidate the origins of entropy convergence.

Horinek et al. stated that the good agreement
between Upg + Uws and U is most likely
coincidental *°!. Tt is related to the fact that
the peptide—peptide interaction Upp in the
present case almost exactly cancels the water
contributions Upw + Uww. However, the
comparison of our experimental desorption
forces with these simulations necessitates
several simplifications and assumptions. (i)
Because of simulation time constraints,
pulling rates in the simulations are orders of
magnitude higher than in experiments.
Therefore, a direct comparison of desorption
forces from simulation and experiment is
only justified if thermal equilibrium is
achieved in the pulling simulations. By
carefully considering different desorption
rates and comparing with static simulations,
that
equilibrated very fast on simulation time
1 This

situation was very different on hydrophilic

it was shown adsorbed peptides

scales on hydrophobic surfaces

surfaces, where equilibration could not be
achieved on the nano-second time scale and

equilibrium desorption free energies could
not be determined by simulations. (ii) In the
simulations the peptide strand is necessarily
much shorter than in the experiment.

Force (pN)

o

|}
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. i 1l z
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Figure 1.9.2: Desorption force Fpes of three eADF-4
fragments on hydrophobic diamond as a function of AFM
tip separation L obtained with static simulations (blue
points), where the restrain potential acting on the first
amino acid is at a constant position for 8 ns, and two
dynamic pulling simulations (black and red curves), where
the restrain potential is moved away from the surface at a
rate of vo =0.1 m/s. The sequence of each fragment is
given in terms of the one-letter amino-acid notation in each
plot. The average desorption forces from static simulations
are 54 pN for fragment 1, 64 pN for fragment 2, and 40 pN
for fragment 3. The figure is taken from ref. [96].

While in the experiment the already desorbed
peptide strand acts as a flexible tether that
averages out the force acting on the AFM
cantilever, leading to flat force plateaus, in
the simulations the molecular tether is much
shorter. As a consequence the sequence

dependence of the adsorption strength is
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clearly resolved with a spiky force
response that is related to the hydrophobicity
variation, as has been demonstrated for a
monomer of spider silk eADF-4 (C16),
which was split into three pieces for
computational efficiency (figure 1.9.2).

The unexpected simulation result is that
almost a complete cancellation of individual
energy contributions takes place, meaning
that the hydrophobic effect results from
subtle balancing. Specifically, both the water
structural forces and the direct dispersion
interactions between polymer and surface
contribute  significantly to the total
hydrophobic attraction. Understanding
hydrophobicity thus involves unraveling the
interplay between those two factors. This is
done experimentally by employing single
molecule sensors characterized in the next
chapter to study hydrophobic hydration as
well as dispersive forces in more detail
(chapter 3).



Chapter 2

Single Molecule Adhesion
Mechanics

In this chapter we characterize the molecular
single polymer
covalently bound to an AFM cantilever tip.
The equilibrium desorption provides sharply

sensor consisting of a

peaked force and length distributions. The
characteristic  detachment length of a
recombinant protein is used to unambiguously
identify the probe molecule. Tip passivation
and equilibrium conditions make the study of
desorption energies possible. Our
investigation of the nano-tribology of
individual molecules on corrugated surfaces
reveals the absence of any notably friction on
the molecular scale as long as velocity
independent force plateaus are observed.

free

Apart from its value as a model system with

well characterized and easily tunable
parameters to study hydrophobic phenomena,
this kind of molecular sensor device is of
direct relevance for a number of technical
applications. Among them the adhesion of
solid

particular interest as it becomes more and

polymers onto substrates is of

more important in modern technologies,
especially to create new composite materials,
resins or sensor devices such as lab-on-chip
applications. In most composite materials
proper adhesion strength in between the
composites is crucial for the functionality of
the compound. For example the adhesion of
varnish has to be extremely strong, while
adhesion of active agents onto drug eluting
should be and the
adsorption of proteins onto the walls of

implants reversible

biomedical devices for in vitro diagnostic
systems should not take place at all. In
addition, most materials such as glues should
their
environment or like in medical technology

keep up functionality in aqueous
even work at physiological conditions, which
underlines the importance of the influence of
water and salt. Up to now it has not been
possible to calculate or predict the adhesion
of a compound of materials due to the
complex interplay of interactions. Therefore,
we have had to rely on destructive testing
methods for the

coatings 17 In the following we will use

adhesion of polymer

a single molecule sensor to investigate

polymer-surface  interactions on  the
molecular scale. We will show that we
overcome all limitations that made force

measurements across liquids by AFM “an art

form” ©°*: The main challenges with single
molecule experiments on hydrophobic
substrates are the unspecific interaction

between AFM-tip and substrate, aggregation
of the hydrophobic polymers and adsorption
of contaminants present in air or dispersed in
solution (most contaminations will quickly
settle on the water-substrate interface).
Finally, air bubbles are of importance — they
influence the

hydrophobicity!'®”-!7!.

considerably long range

Despite these
challenging problems the need for detailed
single molecule investigations which are
comparable to theory justifies the effort as
the hydrophobic effect manifests itself in

many fields, already described in the
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introductory section and section 1.1.

2.1 Equilibrium desorption of a single

molecule

The covalent attachment of single polymers
onto an AFM-tip via flexible linkers of
poly(ethylene glycol) (PEG) 7174
described in detail in the Materials and
Methods section (Appendix C). PEG itself

has already been studied extensively in
[175

is

SMEFS experiments ['"*]. Covalent attachment
of the polymer via a peptide bond provided

the long-term stability necessary to measure

|
. |
|
!

Substrate

for hours with one and the same molecule
under different conditions. The principle of
measurement is illustrated in figure 2.1.1
where a single polymer is covalently
attached to an AFM-tip, brought into contact
with a solid substrate in electrolyte solution
and then pulled from the solid surface. In the
following, we call the combination of AFM-
tip and single polymer the molecular sensor.
Before describing the influence of various
salts and polymer and surface properties on
the adhesion, we

give a thorough

characterization of our molecular probes.

NHS

Separation (L)

Figure 2.1.1: Scheme of a single molecule desorption measurement in electrolyte solution (left) and sensor coupling

chemistry (right).

Figure 2.1.2 (A) shows the superposition of
twenty representative force separation traces
obtained by SMFES of eADF-4 (Cjq) %77 a
genetically engineered variant of the spider
silk protein ADF4 (Araneus diadematus
fibroin) of the garden cross spider (see
section D.2) in aqueous NaCl solution on
hydrogenated diamond. They have a regular
sequence, a defined length and can readily be
purified in adequate quantities !'””). Adhesion
measurement of the single molecule at the
interface is not disturbed by cavitation as it

is in more macroscopic force detecting

devices.’"!

For low separations, there is strong direct
tip-surface interaction, which is difficult to
and undesired in

interpret the present

context. It can be suppressed or even
prevented by tip passivation (see section
2.6). For separations above approximately 50
nm, the force becomes independent of the
separation until it abruptly drops to the zero
line when the polymer finally detaches from

the surface in a single step (detachment or
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rupture length). The constant plateau force in
the middle region of the force-separation
curve in figure 2.1.2 (A) comes from
attractive polymer-surface interactions. The
area under the plateau corresponds to the
desorption free energy per unit length (see

next paragraph).

0 50 100 150 200 250 3001350 200 220 240 260 280
Separation (nm) Desorption length (nm)
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Figure 2.1.2: Equilibrium desorption of a polymer from a
solid substrate. (A) Superposition of 20 typical force-
separation traces of eADF-4 on H-terminated diamond.
The detachment of the molecule from the surface is
indicated by a sudden drop of the force plateau to the zero
line (at around 230 nm). The area under the sigmoidal fit to
the trace (orange) gives the adsorption free energy per
molecule. (B) The Gaussian distributed desorption length
is sharply peaked and reproduces the molecular length of
eADF-4 (plus PEG spacer) very well. (C) The mean
desorption force derived from distributions of likewise
Gaussian shape (D) is independent of pulling speed.

A multi
separation trace would indicate desorption of

step appearance of the force

multiple molecules starting with the shortest
and ending with the longest molecule. The
detection of only a single plateau in all force-
separation traces confirms that we have by
preparation only one molecule attached at the
tip apex. This allowed recording up to 2000

force extension traces with one and the

same molecule in various buffers. The long-
term stability of the sensor reached by
covalent bonds allowed a direct comparison
of the desorption forces under different
buffer conditions. The analysis of several
hundred of single step traces yielded sharply
peaked plateau force distributions (figure
2.1.2 (D)) and desorption lengths (figure
2.1.2 (B)). By taking advantage of this
characteristic, the genetically engineered
spider silk molecule is clearly identified by
its well defined length. The desorption length
of eADF-4 is Gaussian distributed (figure
2.1.2 (B)) and sharply peaked. The mean
desorption length of 231 nm amounts to 89%
of the expected polymer contour length of
eADF-4 of 210 nm (assuming a length of
0.365 nm for each of the 575 amino acids)
plus 49 nm PEG spacer length in its fully
stretched conformation (136 CH,CH,O-
monomers with 0.36 nm per monomer in the
which is almost

all-trans conformation,

exclusively occupied at forces above 60 pN)
[175] " Considering the polydispersity of the
PEG linker of about 1.13, this is in good

with
(see

agreement previous  theoretical
1.5). The slight

deviation from the total contour length is

estimates section
caused by conformational chain fluctuations
during desorption. The defined length of the
protein provides a good finger print of the
investigated polymer and allows an
unambiguous characterization of the acting
forces. Upon restriction to plateaus with the
expected rupture length plus minus 50% very
small force distributions with an error of less

than 10% are obtained (figure 2.1.2).

The observation of velocity independent
plateaus of constant force is the hallmark of
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pulling a single molecule from the surface
in thermodynamic equilibrium. This is in
contrast to the stretching of individual
fixed between AFM tip and

substrate via covalent bonds, receptor-ligand

molecules

binding or polymer entanglement, which

takes place under non-equilibrium conditions
[145,178]

There have been previous attempts to explain
the occurrence of force plateaus in single
chain desorption experiments: one is based
on pulling a charged chain from a charged

B34171 " and another is based on the

surface !
rate of extension [13*180] Chatellier, et al.
describe  the

polyelectrolyte chain off a charged surface
[134]

pulling of a single

using scaling arguments . They argued
that the force profile reaches a plateau for
beyond the Debye
length of the solution. The magnitude of the

extensions screening
plateau force is indicative of the energy
required to transfer monomers to the bulk
solution from the electrical double layer near
the surface. These explanations have been
experimentally verified using AFM on
adsorbed
surfaces. Hugel et al. showed the dependence

polyelectrolytes onto charged
of the magnitude of the force plateau upon

the polymer charge and electrolyte
concentration. In a generalized theoretical
treatment, Haupt et al. described the force
profile of a single chain which adsorbs onto
[180] A4

separation rates which are faster than the rate

a surface in a series of loops

of dissociation of the monomer-surface

contact, the force profiles appear as a
consecutive series of Langevin events, each
corresponding to the stretching of an isolated
loop of the chain. However, at slower

separation rates where the monomer-surface

contact has enough time to detach and re-
form many times on the time scale of the
pulling experiment, the force measured
provides information about the strength of
the contacts averaged over the length of the
chain. In other words, if the rate of
withdrawal of the AFM tip is slow on the
scale of the internal relaxation times in
which the polymer chain relaxes to its
internal free-energy minimum, the force will
be constant, in line with the theoretical
considerations of Staple et al. (section 1.4).
Furthermore, these authors claimed a relation
between the appearance of plateaus in the
force-separation traces and the conditions of
the suspending liquid being “poor” for the

solvation of the molecule ',

In the following, we will reconsider the
requirements for the force being independent of
separation based on our experiments with
different polymers on various substrates under
varying solvent conditions. As can be seen from
Figure 2.1.2 (C) and (D), the mean force
obtained from Gaussian distributions is not rate
dependent, but rather stays constant over a wide
range of pulling speeds. This observation
already points to a negligible molecular friction
and absent energy dissipation of eADF-4 on H-

terminated diamond.

This finding is corroborated in figure 2.1.3,
where a single eADF-4 molecule is partially
desorbed from a diamond surface and
afterwards readsorbed. Starting with the
molecule in its adsorbed state, the AFM tip
was moved away from the surface, leaving
about 120 nm of the polymer chain (about

half the polymer contour length) adsorbed at
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the surface (time index O s). The tip was
further retracted 80 nm with 1 pum/s (1) and
moved again the same distance towards the
surface with the same velocity (2). We then
waited for 7 seconds (0 pm/s) while the
molecule was stretched between surface and
tip apex (3). Finally, we performed another
retract-approach cycle over a distance of 80
nm at a third velocity of 4 pm/s (4)-(5).
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Figure 2.1.3: Velocity independence of equilibrium
desorption force. (A) Scheme of a retract approach cycle
with eADF-4 bound to the AFM tip and adsorbed onto the
substrate. (B) During desorption, the force plateau is
neither affected by pulling speed nor by pulling direction.
(C) The movement of the piezo actuator. A negative slope
indicates the approach of cantilever and surface, a positive
slope represents the retract phase.

During this procedure the recorded plateau
force remained constant until the force
suddenly dropped to the zero line in a single

step indicating a single protein detaching
from the surface.
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Figure 2.1.4: Variation of the detachment slope with
cantilever spring constant ke. (A) With increasing stiffness
of the cantilever, the slope of the retraction curve becomes
steeper and (B) the average value is shifted to higher
values. (C) Detachment slope as a function of the
cantilever spring constant k.. The graph depicts 45
different desorption experiments of eADF-4 with varying
PEG linker length, salt concentration and temperature. The
slope equals -k¢ regardless of the experimental conditions.
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Figure 2.2.1: Dependence of the desorption length on the
pulling velocity. For each experiment with different velocity
the superposition of 20 typical retract curves is shown.
With increasing retract speed the plateau elongates and
the measured detachment length Lmax approaches the
contour length L. of protein plus linker. The data

acquisition rate of 5-106 Hz was kept constant.

Note that the recorded force likewise acts on
the cantilever during re-adsorption (v-) as it
does during desorption (v+) and is therefore
not only independent from pulling velocity,
but also from pulling direction. These results
imply that the adsorbed chain section reaches
of the
experiment, and define the observed force

equilibrium on the time scales
plateaus as equilibrium desorption. As long
as velocity independent force plateaus are
and

obtained, molecular friction is low

lateral movement is not constrained.

In addition, the
thermodynamic equilibrium model (section

prediction of the

1.4) was tested by plotting the average

detachment slope as a function of the
estimated spring constant k. for 45 different
experiments and cantilevers with bound
eADF-4, respectively (figure 2.1.4). The
detachment slope reflects the cantilever
spring constant one to one independently of
the length of linker used, of the pulling
velocity (500 or 1000 nm/s), of the ionic
strength of the electrolyte solution (ranging
from 20 to 500 mM) and of the temperature

(25 to 47 °C).

2.2 Indications of non-equilibrium effects

We now address the situation where internal
relaxation times are slow on the timescale of
pulling the polymer off the surface. In this
as discussed non-

case, in section 1.5,

equilibrium effects will show wup: The
maximum detachment length increases with
pulling speed in a characteristic sigmoid
shape, from its equilibrium value to the full
contour length. At the highest pulling speeds
there is a terminal enhancement of the force

(see figure 2.2.1).

For the experimental data on eADF-4 a least
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squares fit (eq. 1.25) with heq = Lc/2 allows
us to determine the relaxation time of the
polymer. We measure L, =226 + 9 nm and vy
= 565 + 145 nm/s (see figure 2.2.2). This
implies that the relaxation time © = o' =
Lc/vs = 0.4 s. Its persistence length of 0.4 nm
is much shorter than for DNA with 40 nm,
making it more flexible and thus much
slower in its relaxation. The relaxation time
for DNA has been estimated to be of the
order of 10 s "1 and a value of 2:10” s
has also been measured with SMFS ['1],
(Furthermore, the relaxation time measured
for DNA was with respect to stretching
(local deformations), whereas the relaxation
time presented here is measured with respect
to a desorption process involving the whole
chain.)

We find that weakly adsorbed polymers,
such as spider silk, are well described by a
local equilibrium while in contact with a
solid surface. In this situation the dominant
effect is the
detachment of the chain from the surface,
which is well described as a two-state
Markov Although the
experimentally observed dependence of the

non-equilibrium complete

Process.

detachment length on pulling speed is

logarithmic, the complete dependence is
necessarily sigmoidal: it must converge to
the equilibrium limit and contour length of
the polymer in the limits of low and high

pulling speed, respectively.
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Figure 2.2.2: Detachment length as a function of pulling
velocity. The red curve is a fit of eq. (1.25) to the
experimental data with Lc = 226 £ 9 nm and vs = 565 £ 145

nm/s.

2.3 Desorption free energy of single

polymers

Due to the equilibration on experimental
timescales, the forced desorption can be
directly related to the adsorption equilibrium
of polymers and their adsorption free energy
[49,132]. The

conditions allow free energies of adsorption

experimental  equilibrium
to be extracted from the measured traces in a
simple manner, forming the area under the
force plateau (figure 2.3.1). For a better
comparability, this energy is given in units of
kgT per monomer and amino acid,
respectively (1 kgT equals about 2.4 kJ
Aside

conformational contribution related to the

mol™). from a small entropic
polymeric force response (cf. eq. (1.9)), the
average adsorption free energy per amino

acid amounts to:

W=F -1 2.1)
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The monomer length for allylamine is | =
0.25 nm and for an amino acid 1 = 0.37 nm
[132,133]
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Figure 2.3.1: Molecular desorption free energy. A Typical
AFM force-separation trace for the desorption of eADF-4
from polished 316L in PBS at 36.5°C is shown. The step
height of a sigmoidal fit to the trace directly corresponds to
the desorption force in thermal equilibrium, while the area
under the force plateau corresponds to the desorption free
energy of the molecule (W). The inset shows the Gaussian
distribution of desorption forces obtained from 150
approach-retract cycles.

2.4 Macromolecular friction of single
polymers on solid surfaces

In the case of negligible friction, the polymer
maximizes its contact area to the surface
under the constraint that its end is attached to
the AFM tip. Here, we presume that the
system is given enough time to equilibrate as
evidenced by our experiments. For
unfavorable entropies balancing enthalpies
favorable for adsorption, the polymer might
exhibit a more complex conformation when
making contact with the surface. Partially
folded segments forming loops in solution
perpendicular to the surface plane are
therefore not considered in the following

discussion and we can define an angle

¢ between the desorbed part of the polymer
and the surface normal (figure 2.4.1). The
polymer will be peeled off vertically in case
of wvertical cantilever motion. For non-
negligible friction, the angle ¢ will deviate
from zero. For a constant tip velocity v, the
sliding friction coefficient per unit length {
can be estimated from the experimental

datal'**

— VzéLC
w

¥ (2.2)
where L is the contour length on the surface
and W is the adsorption free energy of the
polymer per unit length. Thus, y is a
measure of the ratio of friction vs. adsorption
strength and thus of the angle ¢ between
polymer chain and surface normal. Figure
2.4.1 illustrates both scenarios: low friction

(blue) and high friction (green).

An important result of ref. [141] is that, as
soon as ¢ deviates detectably from zero, no
plateau force will be measured. This is the
case for y < 0.1. The upper limit of the
friction coefficient becomes (nax = 1.3-10°%
kg/s. The fact that in our observations the
force-separation traces always exhibit perfect
plateaus on all surfaces comprising polished
and microporous steel (see also section 3.1)
signifies that the polymer can freely glide
desorbed

polymer chain stays almost vertically (¢ = 0)

over the surface and that the

aligned between tip and surface (figure 2.4.1
(A), blue trace).

In case of a corrugated surface a nonzero
attachment angle is of particular interest: as
can be seen from Figure 2.4.1 (B) the
molecule fills the pores of the rough surface
as long as the angle ¢ is very small (blue
trace). However at a higher friction (which
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was not observed in the present case) the
polymer would desorb from concave regions
on the surface during movement and thus
leave uncovered voids at the topographic pits
(green trace). The latter mechanism has a
significant impact on the failure of an
adhesive joint at the material interface.

=
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Figure 2.4.1: Schematic view of the desorption of a
polymer along its contour on (A) polished and (B) rough
steel (cf. figure 3.1.1). The polymer is drawn to scale,
assuming a length of 0.4 nm for an amino acid of a
polypeptide. The polymers are desorbed by an AFM tip
that moves perpendicularly away from the surface
(direction of the red arrows). For both surfaces we show
the low friction case (a, ¢ = 0) and the high friction case
(b, ¢ > 0). Note that molecular friction depends on the
length of the adsorbed polymer chain.

In summary, Figure 2.4.1 illustrates our

picture for the case of a polished (top) and a
rough substrate (bottom) with a low (¢ = 0)
and high (¢ > 0) friction coefficient. At low
friction, the number of contact sites per
monomer is about the same on both surfaces.

The derived picture is supported by our
previous finding that the plateau force is
independent of pulling velocity and pulling
direction, which hints at a negligible friction
on the molecular scale.

2.5 A comparison to MD-simulations

Further evidence for the absence of friction
in the SMFS data is drawn from fully
atomistic molecular dynamics simulations
with explicit water. The lateral motion of
spider silk fragments under the influence of
an AFM tip was studied on hydrogenated
(hydrophobic) and oxidized (hydrophilic)

diamond surfaces [4*%%],

The hydrophobic surface serves as a model
system for surfaces that do not bear any local
binding sites, whereas the hydrophilic
surface provides local binding sites in the
form of hydroxyl groups. These have the
ability to form localized hydrogen bonds
with the spider silk molecule. From the

11 it was inferred that in

simulation results !
SMFS experiments of eADF-4 composed of
575 amino acids with a total contour length L
= 210 nm with a pulling rate of 1 pum/s the
expected friction forces are 2 fN on the
hydrophobic surface and 60 fN on the
The

hydrogen bonding sites on the surface thus

hydrophilic  surface. presence of
results in a 30-fold increase in the friction
force, but friction effects still remain a
overall

negligible contribution to the

desorption force.

The typical adsorption free energies of 7-8
kT surprisingly
consistent with recent MD simulations **1,
The
experiments and simulations showed that the

in our experiment are

remarkable  agreement  between

latter are well capable of capturing the
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essence of the hydrophobic attraction and
that this combined approach is well suited to
solve the puzzle that hydrophicity still

presents.

2.6 Sensor passivation - Suppression of

unspecific tip adhesion

The fact that simultaneous interactions of the
polymer with two surfaces — the substrate
and the cantilever tip - have to be considered
gives rise to differential adhesion aspects

results 1131,

which might obscure the
Moreover, the strong interaction between the
tip and the hydrophobic surface may mask
the desorption event of a single sensor
molecule. In the present study, unspecific

interactions between the AFM-tip and the

underlying substrate are suppressed by
passivation of the tip with PEG. PEG is well
known to prevent polymers such as

polypeptides to adsorb onto PEG-grafted
surfaces '**l. The efficiency of this
protection layer depends on the grafting
density, molecular weight and temperature
[183-186] "Eisure 2.6.1 shows the effect of PEG
spacers differing in molecular weight on the
suppression of this wunspecific adhesion.
Clearly, PEG with a molecular weight of 6
kg mol™ or 10 kg mol' can significantly
reduce the adhesion peak. In addition, by the
use of spacers the probe molecule shifts
away from the tip apex, increasing the
separation at which the force drops to zero.
Furthermore the sharpness of the distribution
increases with spacer length, likely attributed
to the

underlying PEG layer.

passivating properties of the
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Figure 2.6.1: Tip passivation with PEG. We show four
different desorption experiments with eADF-4 in 20 mM
phosphate buffer. The cantilever is brought into contact
with the surface (grey trace). Then the tip is retracted and
the desorption force and rupture length of the molecule are
measured (blue trace). We used different molar masses of
PEG ranging from 2 to 10 kg mol'. The upper force-
extension trace represents measurements with the protein
directly coupled to the tip without spacers. As depicted by
the corresponding length histograms in the right panel, the
use of longer spacers not only causes the rupture length to
increase but also results in a sharper rupture length
distribution. Traces are vertically offset by 1 nN.

As might have been expected, the attraction
of the probe molecule onto the tip surface
resulted in a shortening of the detected
detachment lengths and in a broadening of
the distributions, as observed here for the
bare tip or the low molecular weight PEG.
Furthermore, the adsorption of and
contamination with molecules from solution
would result in a notable unspecific adhesion
peak. Both can be successfully prevented by

passivation with long enough PEG spacers.
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2.7 Error estimate for SMFS experiments

In figure 2.7.1 (A) a couple of force-
extension traces for the desorption of the
polymers at different days and for different
cantilevers are shown with the corresponding
The solid
substrate is an H-terminated diamond surface

desorption force distributions.

with a contact angle of about 80°, while the
spider silk protein in this case is the eADF-4
motive. We used the 6 kg mol' PEG,
because we got a much better yield of single
molecules attached to the AFM-tip than with
the 10 kg mol' PEG. The distribution of
detachment lengths is always similar to the
one shown in Figure 2.6.1 for the 6 kg/mol
PEG. Shorter plateaus might result from
strong unspecific adhesion of parts of the
chain to the cantilever, or from an attachment
at a larger end distance, e.g. one of the 18
glutamines contained in eADF-4 or an amine
group in the centre region in case of
poly(allylamine) (PAAm).

Relative values: When using one and the
than
experiment, any systematic error can be

same cantilever for more one
neglected, unless different cantilevers are
compared (see last paragraph). The only
remaining uncertainty still to be considered
originates from the statistical nature of the
desorption process. The statistics of the
desorption process yields a Gaussian
distribution of forces with a typical full
width at half maximum of less than 2% for
100 recorded force plateaus, which is the
minimum number of plateaus we used for

one data point.
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Figure 2.7.1: Data scattering due to cantilever calibration.
(A) Different colors mark different experiments performed
in 0.5 M NaCl solution with 6 kg mol-* PEG linker. Each
represented by a typical force-separation curve and force
distribution. Traces are vertically offset by 2 nN. (B) The
variation of the desorption forces from the experiments
shown in (A). The dashed line marks the force average.
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Absolute  values: 1f we  compare proximity to equilibrium this system can be
experiments from different days with treated with MD simulations. The latter

different cantilevers the deviation between
experiments is higher than the error from the
because of the

force  distributions,

uncertainties in the determination of the
spring constant and invOLS. When averaging
over at least five indentations, the contribution
from the determination of the invOLS is less
than 1%.

uncertainty in the determination of the cantilever

The main error stems from the
spring constant. When two different cantilevers
were used the standard deviation of two data
points according to the theory of small samples
is £13% with a probability of 95.5% to find the
true value within this range. If five experiments
(instead of two) were carried out under exact the
same conditions but again with different
cantilevers the deviation was reduced to an
uncertainty of +10%. Finally, we performed
one experiment seven times with different
cantilevers. Figure 2.7.1 (B) displays the
result of seven experiments and allows
estimating the deviation in this case to be

about 8%.

2.8 Concluding remarks

To gain a basic understanding of the

interactions at the molecular level we
developed an AFM-based molecular sensor
which is capable of measuring forces
between an individual polymer and different
surfaces in a variety of different solutions.
Measurements with one and the same
molecule allows us to track the influence of
various parameters on the interaction
between a single polymer and an interface
independently from each other and to
determine adhesion forces, surface binding
coefficients. In

energies and friction

addition, due to its small size and the

allow extracting all different contributions to
the adhesion free energy and provide a
completely new insight into the interactions
at the molecular level. Passivation of the tip
interference  of  the

surface avoids

direct  tip-substrate
These

well

measurements by
interactions or cavitation effects.

molecular  sensors have  been

characterized and statistical uncertainties for
the results can be given.



Chapter 3

Hydrophobic Interactions at
the Solid-Liquid Interface

The nanostructure of materials is supposed to
affect polymer adhesion at the solid/liquid
interface by variations of the exposed surface
area. In contrast, our studies on the adhesion of
single spider silk proteins onto smooth and
rough steel surfaces show no effect of the
surface morphology. This is explained by the
negligible friction and the high in-plane
mobility discussed in the previous chapter. We
delineate further properties that determine
single molecule adhesion onto solid substrates
in aqueous environment. Wettability as well as
electrical properties of the substrate and the
polymer are varied. In addition, we study the
influence of the solvent composition, in
particular the effect of ions, on the molecular
adhesion at the solid-liquid interface.
Surprisingly, the polymer and surface related
properties account for only small changes in
adhesion force, while dissolved ions show a
much larger ion-specific (Hofmeister) effect.
These results point at the energy of solvation as
the most important contribution to adhesion for
a wide variety of polymers and substrate
materials.

Nanoscopic  modifications of  surface

properties are state of the art in many fields,
through

ranging from materials science,

medicine, to nutrition science. They aim at

controlling the interaction of
macromolecules at the solid/aqueous
interface. Colloid stabilization, polymeric
lubrication, adhesive bonding and drug

release, to name but a few, make use of
nano-structures and chemical modifications

to design molecular adhesion properties.
Understanding how to prevent or enhance the
adhesion of proteins and other biopolymers
onto surfaces under physiological conditions
is fundamental for the engineering of
biocompatible medical devices and anti-

infective implants *>* A prominent
approach to improve biocompatibility
involves introducing surface functional

groups by chemical treatments modifying

[17,187,188]

polymer affinity In addition,

surface geometry, polarity and wettability are
known to play an important role in polymer

adhesion [*1%121]

Up to now studies on the influence of surface

structure on polymer, cell or bacteria

adhesion have focused on the number of cells

[189,190] the and

or  organisms mass
conformation of polypeptides''*""'**! and the
interactions of polymer layers with a solid
121-124] Tpe

desorption kinetics under force for different

substrate.! adsorption  and

surface morphologies have not to our

knowledge been systematically addressed at

the single molecule level. Common

techniques for measuring adhesion properties
comprise surface plasmon resonance (SPR)
[193], total internal reflection fluorescence
(TIRF) U194, [195]

ellipsometry , neutron
reflectometry

[196] [197]

and radio labeling
These bulk studies scrutinize the amount of

proteins adsorbed at the surface for example
in dependence on the surface charge !'9*'%%],
the ion exchange capacity and the protein

[198]

isoelectrical point as well as the effect of
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. 196-2
surface chemistry [7¢-20%

[191,201,202]

and roughness
. Based on experiments such as
tensiometry and goniometry and SPR with
polymer solutions other authors previously
emphasized the role of solvent in adhesion

[198-200]

phenomena Here we determine

complementary parameters, namely the
adhesion force and the adhesion free energy
of individual polymers. There is a wealth of
data obtained with AFM,
cantilever tip is coated with polymers to
solid

. Such experiments yield

where the

measure the adhesion forces from
substrates %%
interaction forces, but not free energies
related to the thermodynamic adsorption
equilibrium. Moreover, the number of
interacting polymers is generally not known
SMFS has been used

previously to determine the influence of

surfactants 2% ],

[132,134,137]

in such experiments.

contributions
[130.138.204]

charge

, and polymer design
the adhesion strength. The results point to a
contribution of the

considerable non-

electrostatic interactions of hydrophobic

origin to these adhesion phenomena.

3.1 Effect of surface roughness

To elucidate the influence of the surface
structure on polymer-surface interactions, we
single eADF-4
PBS
(Dulbecco’s phosphate buffered saline) at

performed SMFS on a

molecule in  aqueous solution
36.5°C, and determined its adsorption free
energy on polished and microporous steel
surfaces. Stainless steel is one of the most
prevalent implantable materials, in particular
in cardiologic and orthopedic interventions
(2951 Microporous steel surfaces, like those
investigated here, are a promising approach

for controlled drug deposition and retarded

drug release 2%,

Figure 3.1.1 (A) and (F) show electron
micrographs of polished and microporous
surgical stainless steel 316L, respectively, at
1200x magnification. Polishing of the steel
blanks resulted in smooth and homogeneous
surfaces with no greater cavities. Some pits
that appear as darker spots surrounded by
brighter rings are similar in size to the
particles of the polish, and can be attributed
AFM
experiments the approach of the cantilever to

to abrasion. Because in the
the sample surface was monitored by optical
microscopy of comparable magnification,
SMFS
experiments. In contrast to polished 316L,

those pits were avoided in

the microporous surface exhibits sharp edges

and pore-like structures uniformly

The
topography on smaller scales was obtained

distributed over the whole surface.

with an AFM on the same samples used for
SMFS,
differences in

and confirmed the considerable
topography  for  the
investigated specimens (figure 3.1.1 (B),
(G)). The values of the root mean square
(RMS) roughness, Ry, were determined from
50 um x 50 pm sized AFM height images.
For polished and microporous steel, Ry was
13 nm and 494 nm, respectively. Cross-
section profiles of the two steel surfaces at
the micrometer scale are depicted in figure
3.1.1 (C) and (H), and at the nanoscale in
figure 3.1.1 (D) and (I). They illustrate that
the difference in roughness continues on the
molecular length scale (of the order of the
Kuhn length of the polymer) that is supposed
to affect the interaction of biopolymers with
the surface due to an increased effective
and surface  tension,

surface area

respectively.[?*!
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Figure 3.1.1: SEM (A) and AFM images (B) of a polished
surface of surgical stainless steel blanks. The
corresponding profile for a 50 X 50 um? area image (B) is
depicted in (C) and for a detailed scan of 200 x 200 nm? in
(D). The inset in (C) shows a zoom into the height scale.
(E) Superposition of 20 force plateaus of eADF-4 on
polished steel. The corresponding images for a
microporous stainless steel surface are illustrated in (F) -

(J).

To separate the contribution of surface
morphology from that of surface chemistry,
the
composition of polished and microporous
316L by energy-dispersive X-ray (EDX)
spectroscopy. Besides a small fraction of

we  confirmed identical  surface

alumina and oxygen which originates from
the use of Al,O3 as sandblasting material, the
chemical composition was identical to the
polished specimen (figure 3.1.2).
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Figure 3.1.2: EDX analysis of surgical stainless steel after
surface treatments. (A) spectra of polished and (B)
sandblasted steel samples. The blue arrows indicate the
changes upon surface treatment.

The binding of the polymer to metal is
expected to occur mainly via hydrogen
bonds. These bonds have a typical strength
of several kgT, and a typical time scale for
bond breaking that is low enough to allow
for equilibrium conditions to be achieved in
the
points with higher adhesion strength and

single-molecule experiment. Pinning
much slower dynamics would be necessary
to observe friction effects at the single-
molecule level. As we do not observe friction
effects on surfaces of either roughness, we
can conclude that a boss or a dip in the
does not create where

surface spots,

increased hydrogen bonding can strongly



49 3. Hydrophobic Interactions at the Solid-Liquid Interface

bind an amino acid of the protein and thus
increase the adsorption force.

From a macroscopic point of view, an
increase in the effective surface area by
increasing the surface roughness is supposed
to enhance adhesion in different ways. For
example, the mechanical anchoring via
surface voids and pores is often associated
with a stabilization caused by polymer
entanglement.'*"”] Entanglement, mechanical
and diffusive adhesion describe interactions
in a polymer film and do not apply to an
isolated molecule.

Here, we probe the

influence of surface structure on the
dispersive adhesion of a single polymer. The
seemingly counterintuitive result points to a
with
negligible topographic and friction effects on
The

reported influence of surface structure on

molecular adhesion mechanism

interactions at the molecular scale.

cell adhesion or on the adherence of an
applied coating might therefore be related to
cell morphology, to the mechanical interlock
of the adhesive material that fills the voids or
pores of the surface, to the stabilization by
polymer entanglement or to the occurrence
of specific bonds, but, as we have shown
here, not to

single polymer-substrate

interactions.

3.2 Impact of substrate hydrophobicity
(wettability) on molecular adhesion

In order to achieve a continuously tunable

wettability while keeping the element
composition as constant as possible, we
varied the composition of self-assembled
(SAM) of alkanethiol with
different end groups 2?1 namely OH and

CH; (see Materials and Methods section for

monolayers

details). = The  surface

increased with increasing CHj-termination

hydrophobicity
and resulted in higher contact angles.
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Figure 3.2.1: Influence of substrate wettability on adhesion
forces. Desorption forces of PAAm on alkanethiol SAMs of
different hydrophobicity in NaCl solution (for the size of the
error bars see 2.7). The amount of CHs groups is
increased from the left to the right and results in an
increase in contact angle.

As molecular sensor we apply
poly(allylamine) (PAAm) (2102111 pAAm is
widely used as gene carrier and phosphate
binding agent in pharmaceutical therapy

[212213] “Moreover it effectively immobilizes

cells [214,215].

In contrast to the slightly
negatively charged and mildly hydrophobic
eADF-4, PAAm is

positively charged. Both polymers

hydrophilic and
have
similar molecular weights around 50 kDa
(see Materials and Methods section for
details). Figure 3.2.1 shows the desorption
forces of PAAm in dependence on the
contact angles given by an increased CHj;-
termination. The desorption force increases
monotonically with rising contact angle. The
energy cost (per monomer) can be estimated
from the slope to 0.031 = 0.003 kgT/° -

assuming a linear dependence.



3.3 Influence of substrate electronic properties on single polymer adhesion 43

3.3 Influence of substrate electronic

properties on single polymer adhesion

In the also

composition of surface, polymer and solvent

following, we vary the

in order to achieve significant changes of

adhesion forces and free energies,
respectively.  We  thereby focus on
hydrophobicity and electrical properties.

Apart from conductive polished stainless
(316L)
poly(tetrafluorethylene)

steel and insulating

(PTFE), we
investigate polycrystalline diamond, which is

modified to
[216,217]

chemically adjust its

conductivity Oxidized diamond is

isolating  while hydrogenated diamond

exhibits p-type conductivity 2%,

In figure 3.3.1 four substrates with highly
different electrical properties and wettability
are investigated (different colors of the bars).
The contact angles are given in table 3.3.1
and the electrical properties range from
isolating (PTFE, O-diamond) to
(H-diamond) to
(stainless steel). The successful modification

semi-
conductive conductive
of the diamond material by oxidation and
hydrogenation was confirmed using Kelvin
microscopy (KPFM) [22%]
patterned surface with both terminations (see

probe on a
section 4.2). All substrates in figure 3.3.1
(A) are probed with one and the same AFM-
tip and sensor molecule, respectively. First,
we applied the same polymer (PAAm) as in
the previous section. The observed changes
in adhesion force are resolvable within the
resolution limit of our measurement. It is the
chemical modification of the diamond
material resulting in different conductivity,
wettability and surface potential, which in

particular leads to detectable changes in

adsorption forces. Surprisingly, however,

the forces and adsorption free energies do
not differ by more than 6 % (table 3.3.1).
The difference between the insulating and
highly hydrophobic PTFE and the conductive
and hydrophilic steel is a little larger, but
also less than 15%. Therefore, in case of

PAAm molecules in water the

hardly
investigated surface properties.

single

adhesion is influenced by the

Regardless of the considerable differences of
the substrate materials and the polymers
used, the observed changes are unexpectedly
small. The variable composition of PTFE,
steel, H- and O-terminated diamond, as well
as the resulting difference of electronic and
not manifest

wetting  properties, do

themselves in different desorption free
energies. Even the different termination of
diamond, which leads to a pronounced
variation in the surface potential, results in
only a tiny change in the desorption free

energy of no more than 1 kgT per monomer.

Table 3.3.1: Adsorption free energies and static water
contact angle of PAAm recorded in PBS at 36.5 °C for
different substrate materials.

Adsorption free

Substrate Contact angle [°]

energy [ksT]
O-terminated diamond 7.7+0.1 4715
H-terminated diamond 7.3+0.1 5343
Polished steel 316L 7.8£0.3 7613
PTFE 7.9+0.2 13019
Only in the case of SAMs does the
systematical alteration of surface

hydrophobicity upon the replacement of OH
groups by CHj groups (all other properties
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being equal) lead to a little stronger effect
on the adhesion strength (figure 3.2.1).

What could be the reason for the surprisingly

weak — and sometimes even absent -
influence of surface properties such as
conductivity, = wettability = and  surface

potential on single polymer adhesion? One
that the
surface energy of a more polar surface

possible explanation is higher
(which facilitates the wetting of the surface
formerly occupied by the adsorbed molecule
and favors desorption), simultaneously leads
interaction
(which

two

to an increased dispersive

between surface and polymer

These
and dispersion)

hampers desorption).

contributions (solvation
could in part compensate each other, making

the energy of solvation a decisive quantity.

This argument is underlined by previous
studies on the non-uniform increase of the
plateau height with the number of adsorbed
carboxymethycellulose molecules ' In
brief, these authors explain that the polymer-
water interface is increased as the chain is
pulled monomer by monomer out of the
polymer film. For the case of separated
molecules, the plateau height would simply
be the plateau height for a single molecule
times the number of molecules that are
desorbed at a time and would result in a
discrete distribution of equal step heights.
Instead, a significant lower step height is
observed for the second simultaneous
desorption event, further decreasing with the
number of additional plateaus. The force
increment with the number of molecules
could be explained by a simple geometric
model based on polymer bundle formation
upon H-bonding. The packaging minimizes
the surface area of the molecules which is

exposed to the solvent. The good agreement
of this model with the experimental data
suggested solvation forces to be dominating.
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Figure 3.3.1: (A) Desorption forces in H20 for PAAm on
surfaces varying in their conductivity, wettability and
surface potential. (B) The same experiment as in (A) for
eADF-4 to indicate the effect of polymer composition on
the desorption forces. (C) Measurements in PBS delineate
the influence of ions on the desorption forces obtained with
PAAm (compare to (A)).

Finally, we speculate that for many systems
in aqueous environment (like the ones
investigated here), the adsorbed amount of
polymer as well as the adhesion of coatings

is only marginally determined by the
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adsorption strength of a single polymer, but
much more by cohesion effects. As described
earlier, previous SMFS studies showed that
the adsorption strength of polymers roughly
is proportional to the number of chains
which are desorbed in parallel ['?%221:222]
Hence, the cohesion of a couple of polymers,
which have to be desorbed in parallel, will
increase the adhesion

already strength

significantly.

3.4 Contribution of polymer composition

to single molecule adhesion

As surface properties played only a minor
role in single polymer adhesion for the
positively charged and hydrophilic PAAm,
we used mildly hydrophobic eADF-4 bearing
only a few negative charges to test the same
substrate materials again for their polymer
affinity. The results are depicted in Figure
3.3.1 (B). Within the uncertainties of our
measurement, the forces needed to desorb the
polymers from the surfaces in water are the
same for PAAm (A) and eADF-4 (B). As the
highly unequal polymers PAAm and eADF-4
did not show any differences despite a force
resolution of about 3 pN (i.e. less than 4 %
of the measured total values), we argue that
both the investigated substrate properties
(conductivity, wettability, surface potential)
as well as the

polymer  properties

(hydrophobicity, charge) play only an
ancillary role in the equilibrium desorption
process in aqueous environment (at least as
long as the polymers are highly mobile in the
plane of the substrate, i.e. as long as we

observe plateaus of constant force).

3.5 Effect of ions on single polymer

adhesion — The Hofmeister effect

Finally, we tried to provoke a significant
change in single polymer adhesion by adding
salts to the solvent. Instead of using pure
water, we measured in isotonic PBS solution
with Mg®" and Ca®", which contains 142 mM
chloride salts and 10 mM phosphate salts. As
in the previous section, we measured with
PAAm on steel, PTFE, H-terminated and O-
terminated diamond. Figure 3.3.1 (C) shows
an increase of about 10% (compared to (A)
and (B)) on all but the PTFE substrate. This
represents a large change in force and
desorption free energy compared to the
variation of the parameters discussed above
namely the composition of the substrate or
Note that for PTFE the
desorption force remains unaffected.

the polymer.

This noteworthy effect of around 10% due to
the presence of ions in the solvent points to
either an electrostatic (screening) or
solvation effect. The amine groups of the
polycation PAAm are partially protonated
(about 80% of the monomers) and therefore
positively charged at physiological pH [*2.
The spider silk motif C16 of eADF-4
exhibits only 16 amino acid residues that can
dissociate in aqueous environment and
become negatively charged. In the following
we provide two arguments as to why

electrostatics does not explain  our

observations. Firstly, the different surfaces
are affected by ion adsorption at the
solid/electrolyte interface in different ways.
Metal oxides, for example, have a strong
from  solution.

affinity  for  cations

Hydrogenated diamond, on the other hand,

preferentially binds anions to its surface *'*],
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In our experiments, however, we observe
the same trend upon the addition of salt for
both surfaces. Secondly, the measurement on
the mildly negatively charged spider silk
eADF-4 should reverse the effect compared
to the positively charged PAAm in the case
of pure electrostatic interaction. Again, this
is in clear contrast to the experimental
The
comparable magnitude is measured for both

observations. same increase of
polymers. Accordingly, another mechanism
is needed to account for the higher forces in
the presence of ions. The ions in the PBS

buffer can have a stabilizing effect on the

water structure and therefore act as
kosmotropic  Hofmeister  salts. It is
noteworthy that kosmotropic co-solvents

which are excluded from the protein surface
and cause proteins to favorably interact, to
assemble and finally to salt-out, can render

surfaces highly protein-resistant if
immobilized on that surface ?*!. In addition,
this effect is closely linked to the

hydrophobic effect, which together with the
presence of salt, accounted for the most
pronounced effect on single polymer
adhesion in the present case. However, this
salt dependent effect is absent on PTFE for
both eADF-4 and PAAm — one reason could
be the fluorophobic properties of PTFE
which might lead to a negligible ion

and therefore an undisturbed
[224]

interaction,
water structure

Figure 3.5.1 illustrates the effect of salt
concentrations. The desorption force stays
constant at concentrations of up to 1M before
the forces increase non-monotonically. The
different for different
kosmotropic phosphate has a stronger effect

increase is salts,

compared to chloride salt.
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Figure 3.5.1: Increase of the desorption force of eADF-4
on H-diamond with salt concentration. The slope is non-
monotonic and is more pronounced at concentrations
above 500mM. The force increment is larger for the more
kosmotropic phosphate salt compared to chloride. Data
points are obtained with one and the same cantilever.

Next we compared the effect of different
salts on the desorption force. We chose ionic
strengths of 0.5 M and 5 M because the salt
effect increases with salt concentration. All
possible charge effects are screened and the
salts are still not precipitating at these
concentrations.
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Figure 3.5.2: The desorption force of eADF-4 on diamond
in sodium salt solutions. At a concentration of 0.5 M there
is no measurable influence of the ions (grey bars),
whereas a clear impact of the anions becomes visible at 5
M (orange bars). The trend follows the Hofmeister series.

The comparison of the forces acting at
different salt concentrations of our solutes
demonstrates that Hofmeister effects are
either not present or very weak at medium
salt concentration, but are very strong in the
high salt regime (figures 3.5.1 and 3.5.2). As
expected, the strong kosmotrope phosphate
considerably increases the desorption force,
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while the less kosmotropic chloride has a
still more stabilizing effect than iodide.
Figure 3.5.3 depicts the Hofmeister series for
anions, measured by desorption of spider silk
protein eADF-4 from H-diamond at high
ionic strength. It is noteworthy that we also
observe an effect from the exchange of the
cation: potassium seems to have a more
effect on the
attraction of the protein with the surface than

stabilizing hydrophobic
sodium. This effect is in agreement with the
stabilizing power of anions and cations in
salting out proteins as given by hundreds of
publications (see ref. [52] and references
therein), here from ref. [56]:
CO;* > S04 > H,PO, >F >Cl >Br >
NO; >1 >ClO4 >SCN .
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Figure 3.5.3: Anionic Hofmeister series for desorption of
eADF-4 from H-diamond and comparison of single
molecule desorption and bulk experiments. The salt
concentration is 5M. Desorption forces (circles) for eADF-
4 from H-terminated diamond, change in ProtL mid-
denaturing temperatures, AT, upon addition of 0.8 M salt
(triangles) 1621 and relative solubility of benzene in 1 M salt
(squares) [73],

The average adsorption free energy per
amino acid at SM is abaut 8 kgT, 9 kgT and
10 kgT for Nal, NaCl and NaH,PO,,
respectively (ksT = 4.2 pNnm at a
temperature of 300K). The stabilizing energy
(the additional adsorption free energy upon

the addition of salt) for the 5 M phosphate

buffer is even as high as 14 kgT per amino
acid. This energy gain is compared to typical
equilibrium energies for protein folding **°!
and huge in comparison to the unzipping of
coiled coils with an energy of about 0.5 kgT

226

per amino aci I In contrast, the water-

water interaction has an energy of up to 10

ksT at room temperature!”’.

Typical concentrations of salts used to drive
many biochemical laboratory processes are
in the molar range. For example, 2 M
(NH4)2SO4 (~ 50% saturated) is a typical
concentration to precipitate proteins and 3 M
guanidine chloride (GdmCl) is a typical
protein denaturing solution **”). We state that
these concentrations are substantially higher
than under most physiological conditions.
The total ionic strength of physiological
serum is about 0.15 mol 1'1, however the
ionic strength in ion channels can be of

several mol 1" 691,
We checked this series on a second
engineered spider silk eADF-3

((QAQ)sNR3), revealing a similar general
trend **¥ (figure 3.5.4). What is the effect of
the polymer’s hydrophobicity on the
desorption force? The protein eADF-3 is less
hydrophobic than eADF-4 !'"72%] namely -
0.92 for Cijs and -0.46 for (QAQ)sNR3
(calculated after Kyte et al.’*%)), and is
supposed to lead to a stronger adhesion. We
therefore expect a higher desorption force for
eADF-4 on a hydrophobic substrate (all
charges should be screened). The stabilizing
power of the Hofmeister ions however is
comparable as shown in figure 3.5.4. Note
that the measurements have been performed
with different cantilever and an additional
uncertainty of at least 13% has to be
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considered. This indicates again the minor
role of the polymer composition for this kind
of hydrophobic attraction of a single
molecule on a surface (compare to section
3.4). These findings are in agreement with
solubility studies where the Setchenow
constants which describe the solubility of a
solute in electrolyte solution in dependence
of the ionic strength, are usually highly
correlated with one another, even though
they are derived from solubility studies of

(1661~ And consistent

quite different solutes
with this, the regression studies of Schumpe
et al. invoke only an additive constant to
account for differences in solutes ', Our
result indicate once more that the identity of
the solute is of secondary importance in
determining their sensitivity to the presence

of salts.
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Figure 3.5.4: Effect of polymer hydrophobicity on
Hofmeister effect. Desorption forces of hydrophobic eADF-
4 on diamond in the electrolyte solutions (blue) are shown
together with desorption forces of the less hydrophobic
eADF-3 (black).

In figure 3.5.3 we compare our results with

studies on the effect of Hofmeister ions on

73]

solubility! and

]

protein protein

denaturation®? corresponding to

observations made in solution. As mentioned

before, the general trend at high salt

concentration is the same. However, the
that the

stabilizing effect is much more pronounced

absolute values demonstrate
in the bulk experiments. This might be due to
the extremely low concentration of proteins
in our experiment, (in general an isolated
molecule at the cantilever tip), which would
mean that salting out or denaturation would
be a very cooperative effect (comparable to
the critical micelle concentration of lipids in

[232)) " Another reason might be the

water
regulation of water structural, dispersive and
cosolute forces at the surface that has been

discussed already in section 3.3.
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Figure 3.5.5: Comparison of desorption forces of eADF-4
on hydrophobic diamond in aqueous salt solutions and the
respective contact angles.

Finally, we compare the desorption forces

obtained on hydrophobic diamond for
different salts at high ionic strength with the
respective  contact angles representing
surface tension. As one can see from figure
3.5.5, the trend is almost the same for static
forces

This

similarity corroborates previous observations

contact angles and desorption

measured on the same surfaces.

of a close relation between hydrophobic

effects and surface tension measurements
[81,101]
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3.6 Influence of solvent pH

In order to elucidate the role of the pH of the

aqueous media for the polymer-surface
interaction and to ensure that the observed
changes in adhesion force in case of different
salt solutions are not just the result of a
change of the dissociation of chemical group
accompanying a change in pH, we varied the
pH by changing the salt solution of moderate
ionic strength (500 mM). Note that not only
the pH of the buffer solution is changed, but
also the size, polarity and valency of the
3.5.1). But at

concentrations electrostatic interactions are

anion (figure these
screened and ion-specific effects are minor

(cf. section 3.5).
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Figure 3.6.1: Desorption force independence from solution
pH. The forces remain constant throughout the pH range
covered by different salts at 500 mM concentration.

We can exclude any considerable influence
of the
attraction of the polymers. The electrostatic

solvent pH on the hydrophobic

forces due to the effect of pH on the line
charge density of the polymer i.e. a different
degree of dissociation of side groups, results
in no measurable effect, as could be expected
from the small number of possible charges of
the proteins investigated here. The influence
of pH only becomes relevant in case of
highly charged polymers (polyelectrolytes)

on charged surfaces [''*],

3.7 Concluding remarks

Our AFM-based single molecule approach
similar to a “nano-peel test” demonstrates
negligible friction effects on the adhesion of
single polymers on surgical stainless steel
independent of the nano-scale roughness.
This “sliding adhesion” manifests itself in
similar adsorption free energies per molecule
regardless of the surface roughness. The
experiments clearly show an equilibrium
situation, despite the formation of hydrogen
bonds
Moreover, we used the single molecule

between polymer and surface.

sensors to determine single polymer adhesion
in terms of their adsorption free energies
onto various substrate materials.
Surprisingly, most material properties like
roughness, conductivity, surface potential
and even composition hardly influence single
adhesion  under

molecule equilibrium

conditions. Directly solvent-related

properties, such as wettability and ion
concentration have a much greater effect, but
still less than 50%. The reason for the very
similar adhesion forces might be a
compensation of solvent-surface interactions
and dispersive forces between polymer and
Our that

chemical modifications are in fact capable of

surface. findings demonstrate
fine-tuning the surface adhesion of polymers,
but as long as the polymers are mobile in the
plane of the substrate (which has always
been the case for the wide variety of
substrates investigated here), these effects

are marginal.

We could clearly identify an ion-specific
dependence of the desorption forces. Are the
presented results just a new manifestation of
the Hofmeister effect? In principle yes, but
this system offers a completely new quality
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of data which can not be obtained by any
other method: i) The small size of the system
allows a direct comparison with MD-
simulations (cf. 1.3 and 2.4), ii) the quasi
infinite dilution of polymer allows to access
the whole soluble concentration range for
ions, iii) distributions of physical values are
obtained, different populations are therefore
not hidden in average values, iv) the effect of
salt and polymer hydrophobicity can be
investigated separately. For these reasons
such experiments are expected to lead to a
better understanding of Hofmeister and
hydrophobic effects. Of course, more
measurements at many different salt
concentrations and with various ions and
polymers are necessary to put existing
theoretical models to test and to allow for
new (unified) descriptions.



Chapter 4

Aging of Hydrophobic and
Hydrophilic Diamond

In the following, dynamic force spectroscopy
with a single polymer sensor demonstrates that
hydrogenation and oxidation of polycrystalline
diamond control  molecular
adhesion in terms of adsorption free energies.
We find that aging considerably changes these

effectively

properties and originates from the rapid
formation of a thin (< 2 nm), extremely
resistant contamination
degradation of the artificial surface termination
on longer time scales. This aging also affects
the wettability, morphology and the electrical

properties of the surfaces.

layer as well as

As the size of devices diminishes to the
nano-scale, effective control of their surface
properties becomes more and more important
to ensure their prolonged performance. At
the nano-scale
differ

including conductivity,

interfacial properties can

from the macroscopic properties
electron affinity,
surface potential and reactivity ***!. Here we
use our single molecule sensors to study
molecular adsorption free energies in liquid
under variable conditions over longer periods
of time. The nano-scale precision and the
excellent sensitivity to surface properties
already exemplified in the previous chapter
are demonstrated by the investigation of the
aging of diamond, which was chemically
modified to control its conductivity, surface

potential and wettability.

Diamond exhibits extraordinary mechanical
properties and is chemically inert as well as
biocompatible. It is therefore suitable for

[216,234]

biomedical applications as cell

2172351 and as refinement of

[236,237]

growth support !
medical indwelling devices In
addition to the

characteristics,

exceptional  material

hydrogenated  diamond
exhibits p-type surface conductivity, whereas
oxidized diamond is insulating '), These
electronic properties have advanced the
further
sensor devices,
sensors **81 biosensors and 1on-

sensitive field effect transistors (ISFET) in
[218,241,242

development of diamond-based

electrochemical
[239,240]

such as

bioelectronics I The application of
diamond-based devices that take advantage
of diamond’s unique surface properties, be it
in air, in aqueous solution or even in blood,
necessitates stable surface conditions and
interfacial properties in order to ensure the
long lasting functionality of the device. It has
just been the limited chemical stability under
physiological conditions that has hampered
the implementation of silicon and other
semiconductive material in similar devices.
Implanted medical devices should stay intact
for months or even years without the need
restricted

for removal due to

biocompatibility and foreign body reactions.

4.1 Alteration of adhesion properties of

PAAM onto diamond over time

We utilize SMFS in order to determine the
adsorption free energy of PAAm on diamond
of different

(figure

and

(A)).

termination
4.1.1

surfaces

different age
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Figure 4.1.1: Consistency of adsorption free energy and contact angle alterations over time. (A) Typical force-separation
traces recorded on freshly hydrogenated diamond (black) and on a contamination layer on the same surface (red). The
desorption force was determined by the step height of sigmoidal fit-function to the force-separation trace (blue line). (B)
The force distributions for PAAm on H-terminated (black) and O-terminated diamond (blue) are Gaussian and sharply
peaked. These distributions point at a uniform contamination coverage of the surface. (C) Adsorption free energies per
monomer from SMFS (top) and contact angles (bottom) for PAAm on H-terminated (black) and O-terminated diamond
(blue) on the same surface (1) half a year old, (2) cleaned, with renewed termination and (3) again 2 months later (cf.
Figure 4.1.2 A). The forces on both surfaces were recorded with the same single polymer sensor.

The distribution of plateau forces for H- and
O-terminated diamond are given in figure
4.1.1 (B))." The general observed trend of

measuring higher adsorption forces and

i Cluster formation of adsorbates on the surface can
be excluded because we do neither observe an
inhomogeneous coverage of the surface in the AFM
images nor a broadening of the force distributions or
the existence of two or more peaks in our force
histograms (Figure 1C). On the contrary, the recorded
force histograms are always sharp, only the mean
value is shifted. For that reason we assume a uniform
distribution of contaminants on the C-H and C-O
surface.

therefore free energies on freshly prepared,

hydrophobic diamond compared  to
hydrophilic diamond is even reversed after
two months and can be restored after new
termination. These adsorption free energies
per monomer on both kinds of terminations
mirror the change of the contact angle, thus
wettability (figure 4.1.1 (C)). Moreover,
there is a relation between the adsorption
free energies and the surface energy of
diamond as revealed by contact angle
measurements with varying reference liquids
on the same surfaces of different termination
and age (table 4.1.1). Higher surface energies

correspond to lower adsorption free energies.
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Table 4.1.1: Adsorption free energies W per unit length for
PAAm recorded in PBS at 36.5 °C with SMFS and surface
energy ys on hydrogenated and oxidized diamond from
contact angles: cleaned (2) and half year old (1) (compare
to figure 1D)

Substrate vsmdm?  W[10°mJm7]
O-term. diamond (2) 77.8+0.7 78.1+1.1
H-term. diamond (1) 54.9+1.2 84.1+0.6
H-term. diamond (2) 18.8+1.3 88.7£1.0

4.2 Change of diamond surface potential

over time

Surface potential scans of the patterned C-
H/C-O surface over a period of nearly one
year corroborate our findings. For a new
sample the surface topography of a square
area of 50 pm scan size (figure 4.2.1 (A))
obtained by Kelvin probe force microscopy
(KPFM) exhibits a mean roughness of less
than 3 nm. The surface potential image of the
same section of a new specimen reveals a
regular pattern of dark (oxygen terminated,
C-0) spots on a bright (hydrogen terminated,
C-H) background (figure 4.2.1 (B)). Along
the cross-section profile, the surface
potential difference drops from 240 mV in
the C-H region to about -50 mV in the C-O
regions. This decrease in potential of 290
mV corresponds to a higher work function of
the C-O surface compared to the C-H regions
and is in good quantitative agreement with

previous studies on
q 24l

single crystalline
. The KPFM data clearly shows
that we succeeded in generating a dense and

diamon

uniform surface coverage with H- and O-
atoms, respectively.
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Figure 4.2.1: Oxidized and hydrogenated checker board
diamond surface. Topography (A) and surface potential (B)
of a polycrystalline diamond with oxygen (dark) and
hydrogen (bright) termination obtained by KPFM. Pictures
were taken two hours after processing. The corresponding
cross sections (C) and (D) are recorded along the blue
lines in (A) and (B). The white and grey areas in the
potential profile mark the C-H and C-O regions,
respectively. (E) Histogram of a KPFM surface potential
image of a C-O/C-H patterned diamond sample. Two sharp
peaks in the potential distribution indicate the uniformity of
the surface termination.

It is noteworthy that the potential across the
C-H/C-O boundary exhibits a pronounced
slope over about 1.5 pm distance instead of a
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steep decay (indicated by a red vertical
line in the potential profile in figure 4.2.1
(D)). This trace appearance is not the result
of a limited lateral resolution of the KPFM
measurement, since that can be estimated as

10nm) with z
[244]

5z for z > 3 nm (here: z =
the
Accordingly, our resolution is about 50 nm,

being tip-surface  separation

ﬂ -
o0 o] B g
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which is an order of magnitude smaller than
the measured decay length. Two possible
explanations of such a potential decay across
the

boundary are a stray capacitance of the
[245]

several micrometers from material

cantilever and a charge depletion region
at the C-H/C-O interface **¥),
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Figure 4.2.2: Time dependent change of contact angles and surface potential. (A) Static water contact angle on H-
terminated (black) and O-terminated (blue) diamond over time. 260 days after the initial treatment of the surfaces, the
termination was renewed. The red arrows indicate the points in time when SMFS was conducted on these surfaces. (B)
Time dependent decay of the surface potential difference on C-H/C-O patterned diamond. (C) Surface potential images
obtained using KPFM of a C-H/C-O surface over time (same color scale for all images (i)-(v)). (D) The same surface as in

(C,v) after mechanical cleaning.

We analyzed the time dependent change of
the measured static contact angle on
hydrogenated (black) and oxidized (blue)
diamond in more detail over a time period of
several hundred days (figure 4.2.2 (A)). The
aging effect on wettability for both diamond
surfaces starts immediately after surface
treatment and saturates after the first 50

days. Both surfaces were stored in vacuum™
except for the time span during the SMFS

measurements that were performed in

i Contamination by oil from the vacuum pump was
excluded. Control experiments on samples stored

under ambient conditions gave similar results,

however we concede that the storage in vacuum
might slow down the contamination process.
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electrolyte solution. The hydrophobicity of
the H-terminated surface decreased nearly
exponentially during half a year. 260 days
after the initial termination of the substrate,
the termination was renewed, which resulted
in a rise of the contact angle to almost the
starting level followed by a similar
exponential decay over time. This behavior
is likewise observed for the O-terminated
diamond but with the opposite sign. After
half a year, they approach the same value
although the contact angle initially differed

by more than 70 °.

As depicted in Figure 4.2.2 (B), the decay of
the surface potential difference between C-H
and C-O regions over time is similar to that
of the contact angles. The early surface
potential difference of 290 mV is even
inverted after 300 days of storage. Figure
4.2.2 (C) (1)-(v) illustrates the aging effect on
of both
terminations. The sharp contrast of the dark
C-O and the bright C-H regions is blurred
with time. The final potential difference of -

the surface contact potential

20 mV barely reproduces the surface pattern.

Considering the origin of this aging process
likewise observed in SMFS and contact angle
measurements, one can think of two possible
mechanisms, which can act on both surfaces,
namely i) contaminations that cover the
surface (such a molecule-thin adsorbate layer
was previously verified on hydrogenated

) [246

diamond I and ii) the conversion of the

artificial surface termination which has been

predicted theoretically 247-2*%,

4.3 Origins of the diamond aging process

Figure 4.3.1 (A) shows a typical tapping
AFM
diamond surface after 50 days. For all other

mode image of an O-terminated
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Figure 4.3.1: Contamination layer on H- and O-terminated
diamond. (A) Intermittent contact-mode AFM height image
of a 50 mm_50 mm surface area of O-terminated
polycrystalline diamond. (B-F) The same surface area
after scraping, using contact-mode scanning in the central
square with maximal load. Images of the amplitude signal
(B), topography (C), and the surface potential (E) are
shown. Topography and surface potential cross-sections
along the white lines are depicted in (D) and (F),
respectively. A surface-potential image of an H-terminated
diamond after scratching of a square area of 20-mm edge
size is shown in (G) and the corresponding potential cross-
section in (H).

images in figure 4.3.1, possible persistent
pollutants that were still present on the
diamond surface despite thorough ultrasonic
cleaning were scraped off using contact
mode AFM. One can clearly identify a height
difference

in the topography image by
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observing the darker contrast compared to
the surrounding area and two brighter bands
indicating accumulated material on both
sides of the scan lines (figure 4.3.1 (C), (D)).
The height difference is between 1 nm and 2
nm. The amplitude image (figure 4.3.1 (B))
reveals a granular structure of the topmost
surface layer while the exposed surface
underneath is very smooth. Finally, the
KPFM image (figure 4.3.1 (E), (F)) shows a
uniform square of lower potential in the
scratched area a more
The

surface potential difference between the

surrounded by

inhomogeneous potential landscape.
covered and the cleaned surface area is about
40 mV. We utilized the same procedure on
and found a

H-terminated diamond

mechanically removable thin layer with
comparable characteristics as well. But in
contrast to the O-terminated diamond, the
surface potential image shows a higher
surface potential of the exposed square area
compared to the covered surface (figure 4.3.1
(G), (H)). Despite the different sign, the
potential difference (70 mV) is of the same
order of magnitude in both cases. Rezek and
Nebel concluded that the thin layer of non-
diamond material they observed after high
temperature hydrogen plasma treatment was
restricted to hydrogenated diamond and
originated from a carbon deposit generated
during the plasma cooling process ***!. In the
light of our new experiments, it transpires
that besides this

during processing, an

possible contamination
additional
contamination layer is continuously formed
over time which likewise affects the
hydrophobic C-H as well as the hydrophilic
C-O surfaces. This layer is highly resistant to
common chemical cleaning procedures in
both cases.

Mechanical cleaning on the other hand could
cleanse the samples from at least most of the
surface adsorbates and resulted in a visibly
reversed surface potential of the nearly one
year old patterned surfaces (figure 4.2.2 (D)).
The surface potential difference of this
cleaned sample (-70 mV after 300 days) is
considerably different from the initial state
(290 mV). Mechanical cleaning of 13-day
old sample surfaces however, restored the
surface potentials of C-H and C-O areas
completely (data not shown). This inversion
clearly proves that besides a contamination

the artificial surface termination is also

affected Dby
conversion of surface functional groups.

thermodynamically  driven

To further investigate the nature of aging of
the surface termination on diamond, we
revisited the change of contact angle over
time after eliminating most of the chemical
resistant  contamination layer through
mechanical cleaning of the surface (figure
4.3.2). This allows for the separation of the
influence of pollutants from that of the
thermodynamically driven conversion of
surface groups and thus for the time resolved
observation of the surface stability. For two
different diamond surfaces (A) and (B)
terminated with hydrogen, contact angles
were immediately measured after surface
processing of 87+4 ° (A) and 78+2 ° (B).
Despite ultrasonic cleaning, the contact angle
decreased to 6445 ° (A) after one month of
storage and 65+2 ° (B) after eight months.
After the contamination layer was removed
using mechanical cleaning, the contact angle
of the one-month old sample reversed to
80+2 ° (A), slightly below the initial value.
Eight months after processing, the contact

angle upon mechanical cleaning did not
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recover, but even further decrease to 49+2 °
(B). Also, in the case of the O-terminated
specimen (C), the contact angle increased
from 12+2 ° to 6144 ° after eight months and
then dropped to 41+2 ° after mechanical
cleaning, far above the initial value.

(ii) (iii)

A.g,.._
...Aﬁ..gn

— D -

Figure 4.3.2: Effect of contamination and degradation on
contact angles. Static water contact angles on H-
terminated (A), (B) and O-terminated (C) diamond
immediately after surface termination (i), several months
after initial processing (ii), and finally mechanically cleaned
to remove any contamination layer present on the surface

(ii).

These results are consistent with the
observed inversion of the surface potential
and indicate a degradation of the artificially
produced termination of diamond that is time
dependent and affects C-H as well as C-O
contrast to the

groups. However, in

formation of the surface-covering
contamination layer that starts immediately
after the of the

modification, the conversion of surface

processing surface

groups takes longer to become effective.

4.4 Concluding remarks

In summary, we conclude that oxidation ana
hydrogenation of polycrystalline diamond

surfaces  effectively control molecular

57
adhesion in terms of adsorption free
energies. However this artificial termination
exhibits aging that also affects the

wettability, morphology and the electrical
properties of the surfaces. Our long-term
observations reveal the origin and the time
scales of the aging process. We were able to
identify two significant contributions to
aging — the physisorption of atmospheric
adsorbates on the time scale of days and
conversion of surface chemical groups on the
time scale of months. The differences in
adsorption free energy per length, the surface
potential differences and the surface energies
at the respective points in time reveal a clear

relation between these quantities.

Our
extraordinary sensitivity to changes of the

single molecule sensor proved

surface conditions and 1is therefore a
necessary complementary technique to
contact angle measurements. The Ilatter

necessitates a rather flat, dry and clean
surface area suitable for at least a 1 pl
SMFS

requirements but allows for the observation

droplet. is not limited by these

under physiological “real life” conditions on
nanometer-sized structures.






Chapter 5

Hydrophobicity and the Concept

of Entropy Convergence

Characterization of the hydration
thermodynamics is among the major objectives
when it comes to understand the stability of
proteins in biological systems. To bridge the
gap between the previously studied solvation
of small non-polar model compounds and the
hydrophobic attraction in protein folding we
use our single molecule sensors to investigate
the hydrophobic hydration thermodynamics of
macromolecules.  This  method
analyzing the influence of chain entropy on

allows

basic thermodynamic parameters. We find that
the phenomena of entropy and enthalpy
convergence inherently coupled to
hydrophobic hydration on nanometer length
scale is still observable in the case of polymers
that the convergence
temperatures are shifted to the biological
relevant regime. Solvent additives such as salts

and characteristic

strongly affect the hydration thermodynamics
and reveal a connection of the hydrophobic and
the Hofmeister effect in terms of an ion
specific shift of the particular convergence
temperatures.

Despite many decades of research on
hydrophobic attraction, our understanding of
key phenomena of hydrophobic origin is still
incomplete. Surprisingly, these include the
effects of changing even the most elementary
such as

thermodynamic variables

temperature or key solution properties, such
as salt concentration and composition Z**1,
Following the convention of several previous

[1231.230] " \we define the hydrophobic

authors
effect

associated with the transfer of a molecule

in terms of the thermodynamics

into aqueous environment.

One of the most astonishing observations
associated with the hydrophobic effect is that
the entropies of transfer of non-polar
molecules from either the gas, liquid or solid
phase into water converge at a common

[1,20]

temperature Similar behavior was

noticed in microcalorimetry experiments on
unfolding of several globular proteins *2°!],
This analogy supported the hydrophobic core
model of protein folding: during unfolding
predominantly  nonpolar  residues are
transferred from a mostly nonpolar protein
[252.253]  Although other
interactions, such as electrostatic interactions
mediated)

hydrogen bonding, cannot be neglected in a

core into water

and intramolecular (or water
complete treatment of the thermodynamic
stability of amphiphilic molecules such as
proteins and their assemblies. Nevertheless, a
predictive understanding of the stability of
hydrated

necessitates a

amphiphilic macromolecules

thorough  quantitative

description of hydrophobic driving forces as

a major contributing factor 2*%2°%,

Hydrophobic temperature signatures, namely
entropy and enthalpy convergence are the

prime target of studies of hydrophobic

phenomena . The most successful

explanation for this convergence in case of
small molecules has related the convergence

temperature to the equation of state of pure

[

water Convergence, however, is not

expected to be universal, but depends on the

33]

size of the solute **!. Small solutes can be
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accommodated in the open hydrogen-
bonded

molecular-scale

structure of liquid water by

thermal fluctuations,
whereas the hydration of larger solutes
requires the formation of an interface similar

B9 (see

to the vapor-liquid interface of water
figure 1.1.1).

proteins, due to this length scale dependence

In the context of soluble
the applicability of entropy convergence has
been questioned ***°!. Here, we investigate
the hydration thermodynamics of
macromolecules with the help of single
molecule sensors and find that the basic
concept of entropy and enthalpy convergence
is still applicable at these length scales. The
measured ion specific shift of convergence
relates  the

temperatures hydrophobic

attraction to the Hofmeister effect.

5.1 Universal convergence for different
types of polymers
On the example of three different polymers,

PAAm, poly(Glu), eADF-4, we
investigate the influence of the polymer

and

composition on hydration thermodynamics as
well as the effect of dissolved ions.

Measurements were performed in water or
aqueous solution of NaCl or K,HPO, at
different temperatures and constant pressure.
Pulling at one end of the polymer stretches
the molecule during desorption into a fully
extended conformation in solution, and thus
successfully avoids coiling or aggregation of
parts of the polymer. This can be verified by
the sharp distribution of detachment length
that
length of the polymer (comparable to figure
2.1.2).

approximates the expected contour
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Figure 5.1.1: (A) free energy (B) entropy and (C) enthalpy
change upon solvation of spider silk eADF-4 (black),
poly(Glu) (violet), and PAAm (green) in water at varying

temperature.

The difference in free energy, AG, controls

the transfer of the polymer from the
solid/liquid interface into solution and can be
separated into an entropy difference, AS = -
0/0T-AG, and an enthalpy difference AH =
AG-TAS. As can be seen from figure 5.1.1,
unfavorable enthalpy changes (figure 5.1.1
©)
hydration and are partly compensated by

(figure 5.1.1

dominate the room-temperature

favorable entropy changes
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(B))." In and

enthalpies

addition, the
of hydrophobic hydration are

entropies

strongly temperature dependent. The entropy
with
temperature leading to the reversed situation

difference decreases rapidly
with unfavorable entropy dominating the free
energy, partly compensated by a favorable
enthalpy change.” Thus AH which is positive
and reasonable large in magnitude, decreases
with temperature and becomes even negative
at above 320 K. Accordingly, AG would also
decreases with temperature. On the other
hand, a process that requires specific spatial
organization of hydrogen bonding patterns
comprises an important entropic component
and AG increases with temperature if the

dominant B,

entropic cost becomes
Together the resulting free energy cost AG of
hydration is non-monotonic and the resulting
solubility represented by AG/T '*°°! exhibits
a solubility maximum in the range 313-316

K (figure 5.1.2).

As expected the temperature dependence
varies with varying degree of polar groups.
The mildly hydrophobic eADF-4 with a large
number of non-polar amino acid residues
exhibits a greater sensitivity on temperature
than Poly(Glu) or PAAm. The entropy

¥ The predominant enthalpic role in hydrophobic
hydration at room temperature for the amphiphilic
molecules is replaced by dominating entropies in the
case of the model compounds which are almost
exclusively of nonpolar character.

¥ The reason for this is that the free energy of a
process involving significant changes in the number
of molecule interactions, such as the breaking of
hydrogen bonds is dominated by its enthalpic
component. With a sufficient increase in temperature,
however the extent of hydrogen bonding between
water molecules

diminishes, and maintaining

hydrogen bonds becomes less important.

variations from one polymer to another are

small in a limited temperature range around
Ts* = 311 K, close to the temperatures at
which they become zero. The enthalpy
changes likewise converge around Ty* = 311
K. The this

convergence is by now well understood
[1,252

origin of approximate

I 1t is a typical feature of hydrophobic

hydration and is common to both the

small hydrophobic model

[256

hydration of

], alkanes
259]

compounds such as rare gases

[257] [258

, alcohols % and cyclic dipeptides !

as well as protein unfolding thermodynamics
[260]
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Figure 5.1.2: Massieu-Planck function for the solvation of
eADF-4 (black), Poly(Glu) (violet), and PAAm (green)

which is related to the solubility maximum of the polymers.

Our results show that this characteristic
fingerprint of hydrophobic hydration is also
present in the forced hydration of proteins
and polymers from a nonpolar surface into
water. However, Ts* and Ty* are shifted to
compared to the
Most
interestingly, the resulting range for these

lower temperatures

hydration of small molecules.
exceptional temperatures around 311 K in

the case of polymers lies well in the

biologically functional regime.

The fact that Ty* and Tg* are almost the
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same for polymer hydration indicates that
polar and non-polar interactions are similarly
important, in concert with calorimetry data
on protein stability, which likewise provided
equal convergence temperatures for AH and
AS Y In contrast, it was shown for the
solvation of small particles which were
almost exclusively non-polar in nature, that
with decreasing polar content, Ty* shifts to
lower temperatures, away from Tg* ',
Hence, the relative position of Ty* and Tg*
can be taken as indication of the partial polar
contribution to the hydrophobic attraction.
Based on the
compounds with varying amount of non-

solvation experiments of

polar groups it has been hypothesized that
the hydrophobic (non-polar) contribution to
AH and AS at their respective convergence
temperatures are zero, because at these
temperatures the solvation process obviously
becomes independent of the variable non-
polar contribution. AH at Ty* (AH*) can then
be attributed to polar and van der Waals
interactions, while the value of AS at Tg*
(AS*)
configurational entropy. As we are solvating

can be attributed primarily to
a long polymer in an extended conformation,
AS* will include not only AS of hydration of
the polar groups, but also translational and
vibrational contributions, and contributions
from internal and overall molecular rotations.
In the present case both contributions, AH
and AS are large in magnitude, however the
net effect is small compared to the total
values and hints towards a subtle balance of
the enthalpic and entropic changes (figure
5.1.3), in with MD
simulations on the hydrophobic effect on

polymer desorption %1,

agreement recent
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Figure 5.1.3: Massieu-Planck function and its constituting
enthalpy and entropy change for the hydrophobic hydration
of eADF-4 in water. Ts® and Tu0 represent the
temperatures of zero entropy and enthalpy, respectively.
At Ts%, AG has its minimum, AG/T becomes minimal for
T=Tx0. AS and AH/T are large in magnitude, but are nearly
cancelling each other and result in only a small net effect
in terms of AG/T.

Care must be taken in applying former
conclusions derived from model compound
data to larger systems such as proteins [**).
[33] argued that for
10 A

convergence does not occur, and therefore

Huang and Chandler

species larger than ~ entropy
proteins would not exhibit this phenomenon.
In our approach, the external force which
transfers the molecule from the surface
adsorbed state into the stretched state in
solution prevents the formation of a coil
conformation and might provide a small
surface curvature of the molecule small
enough to ensure hydrophobic hydration
below the critical length scale. The amino
acids are pulled one by one from the
interface. This opens an avenue to the
systematic investigation of the contribution
of different amino acids to the hydropobic
attraction of proteins, as we show here on the
example of poly(Glu), or the evaluation of
the net effect of a specific protein sequence

like in case of eADF-4.

The forced desorption at nearly infinite
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dilution (single molecular Ilevel) avoids

clumping or clustering of residues. Such
in bulk
solution and in effect produces hydrophobic

clustering however does occur
units of various sizes. As a consequence

convergence might occur at lower
temperature or might even be no more

detectable 3!,

5.2 lon induced shift in convergence

temperatures

It has been hypothesized that the effect of
ions might be reflected in either the absence
of convergence temperatures or a shift of
these temperatures compared to pure water
[2° 'In the following, we will put this
hypothesis to the proof. We measured the
free energy of solvation for eADF-4 from
hydrophobic, hydrogenated diamond into
aqueous solution of NaCl and K,HPO, at
different salt concentrations (50 mM and 500
mM) and varying temperature. The free
energy of hydration increases with increasing
salt concentration, in line with previous
theoretical considerations (figure 5.2.1 (A))
(2341 In both salt solutions up to 300 K, the
free energy of transfer is composed of
favorable  entropies and  unfavorable
enthalpies. We find the strengthening of the
hydrophobic attraction in this temperature
range to be predominantly enthalpic in origin
and entropic at higher temperatures (figure

5.2.1 (B), (O)).
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Figure 5.2.1: (A) free energy, (B) entropy, and (C)
enthalpy change upon solvation of spider silk eADF-4 in
water (black) and aqueous solution of NaCl (50 mM, bright
blue, 500 mM, dark blue) and K:HPO4 (50 mM, orange,
500 mM, red).

Salt effects on the hydrophobic interaction
have been the subject of several recent
and molecular dynamics
[130.166.249.262,263] T oir

results on the hydrophobic attraction for

experimental
simulation studies
molecular sized solutes in NaCl solutions are
consistent with our finding of the hydration
of small solutes in NaCl solution being
prevalently enthalpic in origin at room
temperature.

This

justifies the comparison of the
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additional entropic cost AS caused by the
salt in our single molecule experiments with
the entropic change AS®" associated with the
water structural changes upon ion addition.
The latter was found to be related to the
kosmotropicity of the ion, as reviewed in ™).
If one isolates the entropy changes related to
the ions by subtracting the hydration
with  eADF-4 in

electrolyte solution from those in water, it

entropies  obtained
becomes apparent that the resulting AAS
related to the presence of K,HPOs is
negative over almost the whole accessible
temperature range (figure 5.2.2).

400 — NaCl (50 mM)
= NaCl (500 mM)

— — KzHPO4 (50 mM)
Tt KzHPQ4 (500 mM)
w0 200

E

= =

<

-200 1 I 1

260 280 300 320

Temperature (K)

Figure 5.2.2: Difference in entropy change between the
hydrophobic hydration of eADF-4 in electrolyte solution
and pure water (AAS) which is linked to the structural
entropy change of water upon solvation of the respective
salt ions (ASStr). AAS for K2HPO4 is negative throughout
the relevant temperature range, marking it kosmotropic,
whereas AAS for NaCl changes sign at 312 K and must be
considered as chaotropic below this temperature. The
color code is the same as in the previous figure.

Negative values for AS®" define the ion as
kosmotropic (strongly hydrated, stabilizing
protein structure), whereas positive values
are typical for chaotropic ions (weakly
hydrated, destabilizing). In case of NaCl we
face a very interesting behavior, the
corresponding values for AS®" are highly

temperature dependent and change sign at

about 312 K. This implies that NaCl can act

as chaotropic as well as kosmotropic

cosolvent, depending on the current
temperature. The values found for NaCl and
K,;HPO,4 are in fairly good agreement with
the values for the structural entropy change
listed in reference [89] and citations therein.
This surprising result may shed some light
on the controversy of how to characterize
NacCl

chaotropic and sometimes kosmotropic in

which is sometimes considered

nature.

The difference in their attractive interactions
with water manifests itself in different values
for AS for NaCl and K,HPO,4 along with
different temperature dependencies. These
properties also arise from the particular
positions of the entropy convergence
temperatures. This gives rise to the idea of
using Ts* as indicator for the stabilizing
properties of a specific ion in solution.
Accordingly, the classification as
kosmotrope or chaotrope could be done
based on the position of Ts*. The Hofmeister
series ranks salts, in part, according to the
reduction of solubility of nonpolar
compounds or protein stability. A future
verification of an analogy between additional
salts of this series and the shift in Tg* could

corroborate our assumption.

5.3 Concluding remarks

In summary, the interactions of non-polar

model solutes such as cylic dipeptides,

alkanes, alcohols etc. are intermolecular,
while those in a protein are intramolecular
and thus largely dependent on the chain
entropy. Former theoretical considerations
on the hydrophobic hydration of model

solutes in accord with experimental results



5.3 Concluding remarks

have formed the basis for thermodynamic
treatment of the hydrophobic attraction.
However there is quite a gap to the stability
analysis of proteins. The polypeptide
backbone with enormous steric effects could
easily interfere with the concept of entropy
convergence. Evidently, this is not the case.
We were able to reproduce characteristic
temperature signatures including entropy and
enthalpy convergence for amphiphilic
proteins and homopolymers. In addition an
ion specific shift in these convergence
temperatures was detected, when the
polymers were pulled into electrolyte
solution, which could be linked to the
hydration behavior of the ions and the
Hofmeister series. In the next chapter we will
use the effect of temperature and salt on the
hydrophobic forces to control protein folding
at surfaces. Further studies of this sort will
contribute to a better understanding of the
functional temperature ranges of biophysical
structures and aqueous phase nanotechnology
designed by analogy with the molecular
machinery of biophysics.

65






Chapter 6

Surface Induced Protein
Folding

Amyloidogenic peptides are well known due to
their tight to protein-misfolding
diseases, but they do also often have regular
biological function. Even though the ability to
adopt amyloid conformation is supposed to be

relation

generic, the propensity to do so can vary
markedly depending on the environment. In
this chapter we take advantage of our single
molecule sensors to ensure that the populations
of the different conformational states are not
affected by possible oligomeric precursors
from solution. that
formation within a single spider silk protein is

We prove structure
induced in the vicinity of surfaces with high
surface energy, and can be prohibited in the
presence of hydrophobic surfaces. This
transition from the unstructured native state
into the final fold is also facilitated by adding
salts as well as by rising temperature. Finally,
the molecular structure at the surface and its
stability are determined, which show striking
with  the
amyloidogenic

conformation of
their fibrilar

similarities
peptides in
assemblies.

Amyloidosis is a mechanism that underlies
many protein-misfolding diseases, it is
initiated by a structural transition from
natively unfolded to B-sheet conformation
followed by a nucleation dependent
(2041 The ability of

peptides to form amyloid structures is not

aggregation process

restricted to those proteins associated with
recognized clinical disorders, including type

II diabetes, Alzheimer, Parkinson’s, prion,

[265]

and Huntington disease , but is also

present in  high-performance
silk

formation is

protein

[266,267]

nanomaterials such as In

addition, amyloid now

recognized as a generic feature of

polypeptides of diverse amino acid

(2681 " Evidence has accumulated

sequences
that the formation of this secondary structure
can be induced within the protein in the

vicinity of a surface such as

[269-271]

a lipid
membrane

Figure 6.0.1: Schematic of the structure of the molecular
assemblies within an amyloid fibril. Multiple peptides adopt
a cross B-structure. On larger scale the B-sheet structures
are twisted.

The final fibrous form of amyloids is easy to
observe and the growth of fibers on surfaces
has already been followed in real time 272,
But not much is known about the early
ordered structures and their initial assembly.
These ideas are motivating the investigation
of the most elementary steps in the folding
process, namely the role of the individual

[273-277]

molecule, by both experimental and
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theoretical approach *’%. Investigations so
far have focused on the molecule’s properties
within the fibrilar assemblies. In contrast, we
use SMFS to measure with a single spider
silk protein on different substrate materials
under various solvent conditions. We
investigate the surface induced structure
formation of eADF-4. The protein is natively
unfolded in solution, but adopts p-sheet
structure when assembled into fibrils 2%,
However, little is known about the folded
structure of the individual protein, because
neither natural nor engineered spider-silk

have been crystallized so far.

> Protein

Separation

Figure 6.0.1: Sketch of a single molecule desorption
experiment of eADF-4 attached to the AFM tip via a PEG
linker (not to scale). Here the molecule exhibits B-sheet
structure on the solid surface.

For the following experiments a single
eADF-4 molecule was used as molecular
sensor (figure 6.0.1) to measure in solution
of varying temperature ranging from 20 to 70
°C. As described earlier, the tip with the
protein was brought in contact with the solid
for one second to adsorb and possibly to
form its secondary structure before being
retracted. This is done several hundred times
to analyze the stochastic nature of desorption

and eventually of mechanical unfolding.

According to the common practice, the
forced desorption of eADF-4 from its N-
terminal to its C-terminal end upon retraction
of the cantilever at a velocity of 1 pm/s
occurred close to equilibrium under most
conditions as indicated by the observed
velocity independent force plateaus (figure
6.1.1) "1 A plateau length equal to the
contour length of the polymer (like in most
traces in figure 6.1.1), is indicative of
missing stable structural features that resist

forces higher than the plateau force.

6.1 Temperature facilitated folding of

eADF-4 on hydrophilic steel surfaces

The traces above 48 °C in figure 6.1.1 are

qualitatively different. Here, a regular
pattern of peaks with amplitudes ranging
from 70 to 200 pN appear on top of the
They are  the
characteristic finger print for unfolding of
(18] The
observation of the full contour length of
eADF-4 at 48°C indicates the complete

unfolding of all secondary structures.

desorption  plateau.

secondary structural elements



6.1 Temperature facilitated folding of eADF-4 at hydrophilic steel surfaces 69
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Figure 6.1.1: Force-extension traces of a single eADF-4 molecule in water at varying temperatures (top) and phosphate
concentrations (bottom) desorbed from stainless steel (A) and hydrogenated diamond (B). The increased plateau height
for the desorption at 5M salt concentration (B, bottom) stems from the larger desorption free energy at high ionic strength.

A detailed analysis of these peaks allows
extracting both, distances to the transition
state and transition energies and hence
enables us to deduce the secondary structure
of eADF-4 and its stability, as will be
discussed in the following.

Before we have a closer look at the structure
itself, we discuss the conditions for the
structural transition. All the data in figure
6.1.1 (A) were recorded with one and the
same AFM tip and covalently attached
eADF-4 molecule, respectively. The only
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parameter that was changed was the
solution temperature. We can therefore note
the temperature around 48 °C as the

transition temperature for structure formation
on hydrophilic stainless steel. Figure 6.1.1
(B) depicts the
hydrophobic, hydrogenated diamond. Even

same experiments on
up to 63°C no conformational transition is
observed. So the structure is not preformed
in solution, but is truly induced by close
contact with the substrate material, the polar
character (and thus high interfacial energy)
of which is most probably the reason for the

structural rearrangement of the spider silk
The
determined from contact angle measurements
to be for steel 38.0+1.8 mIm™ and 18.8+1.3
mJm™ for hydrogenated diamond (compare

molecule. surface  energy  was

to section 4.1). As can be seen from the

bottom part of figure 6.1.1, not only

temperature, but also a higher ionic strength
of phosphate of about 100 mM is capable to
facilitate the transition in line with previous

[279

bulk experiments *”°! but again only on the

hydrophilic metal substrate.
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Figure 6.1.2: Analysis of the surface induced eADF-4 structure at elevated temperature. (A) Superposition of 20 force-
extension curves of eADF-4 with odd peaks being marked in color. The traces were recorded in salt solution on steel
(316L) at room temperature. (B) Averaged barrier position histogram obtained by transformation of each of the 15
unfolding peaks with a persistence length of 5.1 A into contour length space and averaging the 20 resulting barrier position
histograms for each peak. (C) Unfolding force distributions and normalized unfolding probability density for three
sequential unfolding barriers (same color coding). The shaded area in the lower force regime illustrates the resolution limit
of the instrumentation. The best fit to the data (solid black) reveals two discrete barrier binding potentials: a low force
unbinding ~ 75 pN (dashed) and high force unbinding ~ 90 pN (dotted). (D) Energy landscape of eADF-4 unfolding.

features

What the characteristic

underlying the surface induced structure of

are contour length space and obtained area-

normalized histograms that directly represent

the
contour which constitute an energy barrier

eADF-4? Following previously described locations

[151]

particular along polymer

methods we transformed the 20 force-

extension traces from figure 6.1.2 (A) into for unfolding (figure 6.1.2 (B)). By using a
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Gaussian fit for each individual peak
position, the locations of the energy barriers
were determined. The histogram shows 16
equidistant unfolding barriers corresponding
to the 16 repeats of eADF-4 plus one
terminal  barrier originating from the
detachment of the C-terminus from the
surface. On the basis of the recombinant
and the

measured contour length positions, we can

spider silk protein sequence
identify the amino acid sequences which
form the bonds. This suggests that the
poly(Ala) sequences of eADF-4 form the
core structural elements which constitute the
intramolecular connections between different
repeats, in accord with previous findings
(2801 There is an obvious asymmetry between
the odd and even barriers, when sequentially
numbered starting at the N-terminal end. The
barriers with even numbers are probed less
frequently (~ 40%) than those with odd
numbers. This points to a pairwise coupling
of two neighboring poly(Ala) patches into 8

associated doublets at the surface.

Further into the structural

arrangement is gained by the investigation of

insight

the force distributions of individual rupture
peaks and comparison to MD-simulations.
For a detailed analysis of force distributions,
well-defined loading rate conditions through
a constant spacer length are essential **',
Therefore, all 16 rupture peaks have to be
analyzed separately. To determine the
dissociation rate constants and the potential
widths of bond breaking we employ the
probability density function for the rupture

forces derived by Evans and Ritchie [#%%!

as a
fit function to our data that uses the
dissociation rate constant and the potential

width as fit parameters ['**281283]  Tpe

potential width is the distance between the

folded state and the transition barrier along
the unfolding pathway. Figure 6.1.2 (C)
displays three out of 16 consecutive force
histograms together with their probability
functions fitted to the data based on the
assumption of a one-barrier binding
potential. These histograms again differ from
odd to even unfolding events. The former
have to be fitted with two separate transition
probabilities instead of only one in case of
even barrier numbers. The derived potential
widths for the eight prevalent unbinding
events (odd numbers) and the first four rare
events (even numbers) are summarized in
table 6.2.1. We find a short potential width
of 4.7 A for the high force unfolding and a
longer width of 8.9 A for the lower range
The

reproduced except for the last two which are

forces. derived values are well
influenced by the C-terminal surface anchor.
Our study of the conformational transition
caused by increased salt concentration on
steel yields similar values and suggests an

equal folding mechanism (see section 6.3).

Without further data
presented so far can be explained most likely

assumptions, the

by the following surface induced structure of
eADF-4. The protein is likely to orient with
functional groups of high polarity, i.e. the
backbone
towards the hydrophilic metal surface, which

amide groups in poly(Ala),
is oxidized to a great extent under the
experimental conditions. Thus, in contrast to
what can be expected for a hydrophobic
surface like diamond, steel conditions the
poly(Ala) B-sheet

perpendicular to the surface plane.

formation
The
alternation between frequent and rare peaks

repeats for

is likely to be caused by a two-layer B-sheet
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arrangement, consisting of B-strand-coil-f-

strand motifs connected by inter-strand
hydrogen bonding, that are stacked against
each other via side chain interactions parallel

to the surface plane (figure 6.2.1 (A)).

6.2 MD simulations of forced eADF-4
unfolding — parallel vs. antiparallel

arrangement

Gréter and Xiao tested this scenario by force-
probe MD simulations. For details we refer
to ref. [M12]. While both the structural
details
proteins and heterogeneously oxidized metal

and interaction forces between

surfaces are largely unknown, previous
studies of amino acids on noble metals have
found polar interactions to prevail. We here
assumed steel to mainly serve as a template,
inducing order in the poly(Ala) segments
similar to the role of shear flow in silk
fibrillogenesis. We thus approximated the
experimental system with a surface made of
Lennard-Jones spheres onto which (Ala)s
peptides were assembled as described above
and shown in figure 6.2.1 (A). We indeed
find a single layer of B-strands adhered to the
surface to be structurally unstable and to
exhibit rupture forces undistinguishable from
the desorption plateau of the non-structured
eADF-4 sequences. Hence, at least a double
layer is required to explain the measured
force profiles, confirming our structural
predictions. Various relative orientations in a

double layer can be envisioned, which can be

grouped into anti-parallel, parallel, and
mixed arrangements (figure 6.2.1 (A)).
From  force-probe = MD simulations,

independent from the detailed arrangement,
we find strands in the upper layer to detach

from the surface-adhered crystalline structure
with forces of 300-400 pN. This step (odd
thus
than
forces of non-structured eADF4 sequences

numbered peaks) requires forces

significantly higher the desorption
ranging from 50 to 200 pN. The increased
forces arise from the rupture of strong
hydrogen bonding to the adjacent strand
(figure 6.2.1 (B)). Instead, the subsequent
rupture of the lower strand, not stabilized by
inter-strand hydrogen bonds anymore but
only adsorbed to the surface, does not give
rise to a force peak, in agreement with a
lowered frequency of even-numbered peaks
in the contour length histogram (figure 6.1.2
(B)). Interestingly, strands in anti-parallel
arrangements show higher forces (405+24
pN) and smaller transition distances (1.5+0.2
A) than those in parallel arrangements
(286+27 pN and 2.5£0.2 A), as previously
found for the silk
crystalline units These differences

structurally related

[278]
qualitatively agree with the two discrete
unfolding  barriers observed for odd
numbered peaks (figure 6.1.2 (C)) and table
6.2.1. This suggests the experiments to probe
a ~2:1 mixture of parallel and anti-parallel -
sheets in the steel-induced assemblies. We
note that the experimental distances to the
transition state obtained at 48°C are wider
than those from simulations, carried out at
room temperature, by a factor of ~3 which
we attribute to the reported temperature

[148]  Alternatively

softening of the protein
but less probably, a strand-turn-strand motif
can be surface-assembled such that the
pulling force acts onto the strand in the lower
first,

detachment of the whole motif and therefore

layer resulting in a concurrent

causing higher forces,
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Figure 6.2.1: Force-probe MD simulations of the eADF-4 desorption from a surface. (A) Parallel, antiparallel and mixed
arrangments of the B-strands. (B) Simulated force curve (top), vertical position of a B-strand, which is pulled at constant
velocity (middle) and the H-bond potential energy of the same strand. The corresponding simulation snapshots of the

positions 1-3 are shown in the right panel.

as observed for the rare peaks in figure 6.1.2
(B) and in corresponding MD simulations
(498+55 pN). Remarkably, when detaching a
B-strand-coil-B-strand motif from within the
two-layer B-sheet system in this way, we
observe the structure to self-heal by sealing
the introduced flaw on the nanosecond time
scale of the simulations. Finally, the plateau
of constant force underlying the unfolding
pattern stems from the desorption of the Gly-

rich chain segments between the poly(Ala)
patches, which behave like a non-structured
flexible polymer with high in-plane mobility.
Taken together, our structural model of a
single eADF4 molecule derived from force

the MD
remarkable

spectroscopy is in line with

simulations. It also shows

similarities with typical protein structures

[284]

within amyloid aggregates , and is nicely

complemented by previous studies on the
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of eADF-4
nanofibrils on the timescale of hours and into
(2851 These

studies propose a similar cross p-structure

structure assembled into

microspheres within seconds
for the amyloidogenic proteins in their
fibrilar assemblies, in which the peptides
form B-strand-turn-fB-strand motifs via side
chain interactions and are connected by
hydrogen bonds along the fibril axis 2%,
Our combined experimental and theoretical
data suggest parallel B-sheets to outnumber
in the
induced assembly. In our predicted structure,

anti-parallel counterparts surface-
the non-structured Gly-rich segments thus
have to cover a distance of ~5 nm between
the C-terminus of the nth strand and the N-
terminus of the (n+1)th strand. This distance
of 5Snm happens to be in the range of end-to-
end length for this
(assuming a freely-jointed chain with a

27-residue segment

persistence length of 0.5 nm), rendering our

structural model a likely candidate.
Additional support of our model is provided
by the observed general preference of

parallel B-sheets of amyloidogenic peptides
(284] and the parallel/anti-parallel mixture in

silk fibers determined by Asakura et al [2871

What can be learned about the process of
structure formation itself? The frequency of
occurrence of the short and wide potential
widths gives us some hints. We primarily
observe a repeated assembly of poly(Ala)
patches into first the lower and then the
upper layer, starting from the C-terminal
repeat (odd numbers in the energy barrier
histogram), while the reverse association
with a p-strand assembled below its C-
terminal neighbor (even numbers in the
energy barrier histogram) occurs only rarely.
Our experiments point to an assembly time

scale below the dwell time of the molecule at
the surface of 1s. We also quantified the
unfolding rates under zero force for the two
parallel and anti-parallel B-sheet assemblies
from the wunfolding probability density
distributions (figure 6.1.2 (C) and table
6.2.1). The parallel structure exhibits a very
low mean transition rate of 1.5-10% s,
which compares for example to that of the
strong fold of the muscle protein titin,
ubiquitin or the extracellular matrix protein

[111.288.2891 © 1n contrast, the mean

tenascin
transition rate of the anti-parallel B-sheet
formed by eADF4 (3.3-107 s™) is two orders
of magnitude higher and is similar to those

of calmodulin and F-actin cross-linker

[148,156]

filamin fibronectin From the

transition rates we can calculate the
transition energy by applying the Arrhenius
equation and assuming an Arrhenius pre-
factor of 10’ s™ (see section 1.7). The values
are depicted in figure 6.1.4 (C) in a scheme

of the energy landscape.

This result might seem contradictory at first
sight: the parallel structure which breaks first
under load (low-force events in the unfolding
force histograms) is stronger and hence more
stable at zero force compared to the stiffer
and mechanically more resistant antiparallel
analogue. This can be understood if the
differences in potential width are considered.
As previously shown, the distance to the
transition state has a high impact on the
bond
mechanical load, rendering the structure with

unfolding lifetimes of a under
the wider potential more susceptible to force-
induced destabilization '**). This might be
vital to the

performance of silk, in which the B-sheet

outstanding  mechanical

structures constitute crystalline-like particles
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within the silk fiber and provide the thread’s
strength in the first place *°?). The structural
elements that rupture first in the force
bearing protein are more stable at zero load
and will therefore rapidly reform the moment
the molecule relaxes. The observed stress
response behavior together with the special
acts as a reversible

structural design

toughening mechanism increasing the energy

needed to break the structure *°%.

For the breaking of H-bonds in the eADF-4
fold the energy barriers of 20-25 kgT just

the
universally valid critical number of 4-5 H-

reflect theoretically  predicted
bonds that can break concurrently under any
(211 This indicates that

only half of the 8 alanins per strand

assembly geometry

contribute to the H bond network strength. In
case of eADF-4, the intrinsic strength limit
of the H-bond assemblies is overcome by a
structural hierarchy that alternately consists
of discrete assembled units with confined H-
bond content and entropic domains.

Table 6.2.1: Potential width and unfolding rate constants at zero force (water, 48 °C) for even and odd unbinding events
(numbered sequentially starting at the N-terminus). The indices p means parallel and a means antiparallel arrangement.

# event 1 2 3 4 5 6 7 8 9 11 13 15 17
Ax , (A) 85 - 86 - 87 - 90 83 99 93 30 46
KV (ot 13 - 15 - 14 - 14 15 16 15 110° 210°
Ax,, (A) 47 40 51 48 49 49 45 49 45 46 48 14 17

kgﬁ(10'zs‘1) 30 30 35 36 30 36 30

39 32 35 30 55 55

6.3 Surface induced folding of eADF-4

facilitated by increased ion concentration

The PBS
solution with a phosphate concentration of

structure formed in aqueous
about 100 mM at room temperature could
only be observed on the metal surface. On
the other hand,
hydrogenated diamond the conformational

on the low energetic,
transition did not appear. The force curves
look very similar to those obtained on metal
at high temperatures in water (figure 6.3.1
(A)). The force peaks could be identified and
distinguished from the plateau level thermal
the
desorption force and hence an increased

noise which 1is due to increased

plateau level for the protein in salt solution.
The energy barrier histogram deduced from
20 curves by transformation according to the
WLC model space
revealed striking similarities of the protein’s

into contour length

structure formed in the presence of ions and
the structure formed at high temperature
(figure 6.3.1 (B)). Not only the positions of
these barriers are the same but also the
their
probability density functions to the force
the
between odd and even barrier numbers: the
fitted with two
functions while the latter can be modeled

frequency of appearance. Fitting

histograms shows same difference

first must be separate

with a single function for the unbinding

process (figure 6.3.1 (C)). Finally, within
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the uncertainties of the measurement, the
values for the potential width (Ax) and the
rate constants for unfolding k derived from

200 -

B
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100 ooy g i
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S

these fits are very similar to those presented
in table 6.2.1.

O

-50 =

50 100 150 200 250
Extension (nm)

o0

600 -
500 |
400
300
200 -
100

# points

0 100 200
Contour length (nm)

300

300 0 50 100 150

Probability density (x10 pN )

0 50 100 150
Force (pN)

Figure 6.2.1: Analysis of the surface induced eADF-4 structure at increased ionic strength. (A) Superposition of 20 typical
force-separation traces of eADF-4 recorded at room temperature in aqueous solution containing phosphate ions (100 mM).
Odd peaks are marked in color. (B) Averaged barrier position histogram obtained by transformation of each of the 17
unfolding events with a persistence length of 5.1 A and averaging each peak of the 20 resulting barrier position
histograms. For comparison, the dotted lines mark the energy barriers induced by increasing temperature. (C) Unfolding
force distributions and normalized unfolding probability density for two sequential rupture events (same color coding as A
and B). The shaded area in the lower force regime illustrates the experimental cut-off function. Black lines indicate the

probability density functions fitted to the data.

We obtain k, = 3.2 10 and Ax = 8.0 A for
the low force events which have been
identified with the unfolding of parallel
strands and k, = 2.8 102 and Ax = 4.0 A for
the more rare high force events due to
disruption of antiparallel strands.

Taken together we conclude that eADF-4
adopts the same secondary structure on the
metal substrate regardless of the conditions
of structural transition investigates in this
study. This
observations of equal secondary structures

agrees well with previous

within eADF-4 spider silk assemblies formed

under similar conditions. The reported

difference in the assembly geometry
and the

respective time-scale of formation has to be

(microspheres and nanofibrils)

related to the high concentration of proteins
compared to our single molecule study and
possibly to the presence of oligomeric
precursor structures.

6.4 Toughness Estimation of silk fibers
from molecular parameters
These findings raise the interesting question

whether the fiber
mirrored at the molecular level by a single

final properties are
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protein. In the following we will give at least
a rough estimate. The toughness of a spider
silk fiber from Araneus which outperforms
that of any other engineered material, is 160
MJ m™ 8 and corresponds to its energy to
breakage. The number of molecular strands
per fiber volume can be estimated according
to ref. [292] to be of the order of 10?° strands
per m’. Based on the energy to break the
peptide bonds of a random coil like protein
of about 10 kJ mol™ the calculated toughness
is one order of magnitude smaller than the
measured values.
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Figure 6.4.1: Desorption free energy and bond breaking
energy of eADF-4 (C16) on 316L at 48 °C. The area under
the superposition of 20 typical force-separation traces of
eADF-4 is divided into the free energy contribution due to
the equilibrium desorption (blue) at negligible molecular
friction and thus energy dissipation (observed under all
conditions) and the energy that is needed to break the
bonds of the secondary structure (orange) formed at
elevated temperature on steel.

However, if we in addition take into account
the toughening effect that comes from the
proteins secondary structure analyzed here
by integrating the area under the force-
separation and

traces, subtracting the

conserved free energy of desorption
indicated by the force plateau (figure 6.4.1),
we end up with an upper bound for the
average toughness of 237 MJm™, assuming

that 40% of the silk fiber adopt [-sheet

conformation %%,

The dissipated bond breaking energy was

determined by integrating the force-
separation curves from 50 nm to 270 nm and
subtracting the desorption free energy (area
under the force plateau at 50 pN). This was
done for 20 curves and the resulting energy
values were averaged to provide a value of
1.7-10"7 J for a single molecule. Assuming a

3 12921 we obtain

density of 10*° strands per m
an energy to breakage (toughness) of 589 MJ
m™. However, in a silk thread only about 40
% of the proteins are p-sheets 22%*%°) If all
molecules in the fiber are in their fully
folded state this yields a maximal toughness
of 237 MJ m” which is in remarkable
agreement with the values of Gosline and co-

workers 2891

. This value is in fairly good
agreement with the values measured for the

fiber and reveals a distinctive structure-

function relationship. Moreover, this
conformance underlines the importance of
the individual molecule’s ability of

mechanistic energy absorption for the
supreme material properties known from

silks.

6.5 Concluding remarks

In conclusion, we were able to deduce the

amyloid-like ~ secondary  structure  of
recombinant spider silk eADF-4 and its
stability. Interestingly, the parallel
orientation of two-stranded B-sheets stacked
against each other along the metal surface is
the secondary structure that is weaker under
force but more stable at zero load and forms
faster ~comparing to its anti-parallel
counterpart, in line with their preferred
and in the related

formation on steel

amyloidogenic fibers. We could demonstrate
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that the self-assembly of single protein
molecules into these highly ordered
structures on a surface depends on the
substrate material and can be enhanced by
elevated temperatures and increased ionic
strengths, the role of which has been
discussed in detail in chapter 5.



Chapter 7

Surface-Differential Cosolute
Binding onto Polymers

Cosolutes are present in the crowded
environment of all biological systems and
modify, or even determine, the interactions
between macromolecules such as proteins,
lipids and DNA. At the same time, the
interactions of cosolutes with macromolecules
themselves are modified by the environment,
in particular by surfaces like that of the cell
membrane, or the surface of histones or
microtubules. We use a joint experimental and
theoretical approach based on the single
molecule sensor and equilibrium
thermodynamics to quantify the binding of
cosolutes onto a macromolecule in solution as
well as in its surface adsorbed state. We thus
translate ligand binding equilibria into
measurable forces. With this approach, values
for the number of adsorbed cosolutes per
length, their association constants, and the
change in Gibbs free energy are obtained. This
is demonstrated using the example of glucose
interaction with PAAm in contact with surgical
stainless steel and oxidized diamond. We find
that cosolute binding onto macromolecules is
very sensitive to the nano-environment and
depends in a surface specific manner on
whether the polymer is surface adsorbed or not.

Cosolutes can cause a protein to fold into its

biologically functional native form, to
associate, to adhere, or to desorb from an
interface*”*). Some cosolutes protect proteins

from denaturing and enable the adaptation of

organisms to  adverse  environmental
conditions and  thus  ensure their
survivability!"®”.  Many macromolecule—

in the

vicinity of a surface like the cell membrane

cosolute interactions take place
or a histone. Examples are transmembrane
solute transporters such as the glucose
GLUT®***»1 or the DNA
(29 The

complexity of these four component systems

uniporter

organization around histones

(polymer-solvent-cosolute-surface)  makes
quantitative
difficult,

questions unanswered: How many molecules

experimental approaches

and leaves many important

bind to a protein in the vicinity of the
membrane and how many when it is not
attached to the membrane? How strong are
cosolutes ligated? What are the factors that
determine the adsorption onto, or the release
from, the macromolecule?

Specific individual

ligand adsorption to

binding sites can be studied using classical

. 297,298
techniques such as fluorescencel®”’*%%

labelling!®?),

or

radioactive whereas non-

specific low-affinity interactions as in
glucose binding, proceeding equally along
the whole polymer contour, a convincing
strategy to count the number of associated
ligands is only available for ternary systems
(polymer-solvent-cosolute). In the latter
case, the effect that adding salts or non-ionic
cosolutes (e.g. urea, polyols and sugars) has
on protein stability and preferential
adsorption has been studied extensively by

such as
301]

experimental
[300]

techniques

densiometry! or

equilibrium sedimentation™*%,

calorimetry
as well as
simulation methods!*?*-3%4. However, little is
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known about the interactions in a four
component system additionally comprising
an extended surface.

Single molecule methods such as optical- or
magnetic tweezers and AFM allow for the
detection of forces and displacements in real-
time at a single molecule level®*). They do,
however, usually necessitate a mechanical
conversion of the binding event into a
measurable extension difference, as is the
with
compaction of DNA! or a binding

mode specific shift of the DNA stretching
[308

case protein  binding  induced

306,307

transition”**!. Most cosolutes such as sugars,

however, do not cause any measurable

contraction or looping of the targeted

polymers.

Here, we solve this problem by translating
cosolute binding equilibria into measurable
forces. To this end, we apply a single
molecule sensor to extract information on
cosolute binding to a polymer adsorbed onto
a surface compared to an extended polymer
conformation in solution. The difference in
numbers of adsorbed cosolutes is directly
transformed into a measurable force signal.
By adapting the classical Gibbs adsorption
formalism to the case of equilibrium
desorption of a polymer from a surface, we
obtain the fraction of binding sites occupied
by the ligand in the vicinity of a surface and
in solution, as well as the corresponding
association constants. Our results allow us to
that

affinities and thus to control adsorption in a

identify factors change adsorption

surface-specific manner.

7.1 Surface differential binding of glucose

onto PAAmM at different temperatures

In the following we demonstrate that the
suggested method is indeed capable of
quantifying the binding of cosolutes to a
polymer in both states: (i) adsorbed at the
and (ii)
solution (figure 7.1.1).

substrate surface stretched in

Figure 7.1.1: Scheme of glucose binding to a polymer in
the two possible configurations. The on- and off-rates of
glucose onto a polymer (i) adsorbed to a substrate (Ks)
and (ii) in solution (Kv) are depicted. The differences in the
association constants K=Kon/Keff and the length of a
glucose binding site can be determined from the measured
desorption forces as a function of the cosolute activity (see
section 1.8 for details).

As a molecular sensor we use a single PAAm
molecule attached to an AFM cantilever tip.
We measure in solutions of D-glucose at
different concentrations ranging from 0 to 1
M. Moreover, the temperature was varied to
determine its influence on the binding
thermodynamics of glucose. In this study, we
employ oxidized diamond and surgical

stainless steel (316L) as substrate materials.

A precise determination of the binding
parameters by means of the Gibbs adsorption
isotherm under non-ideal solution conditions
necessitates the force as a function of the

glucose activity instead of concentration™%".
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We therefore transformed the wvalues for
mole-fraction x of glucose into activities a
according to a = yx by using the activity
coefficients y provided by refs. [310] and
[311].
weakly interacting cosolutes such as most

For moderate concentrations of
osmolytes, the properties of the liquid are
close to those of an ideal solution, and the
activity coefficient is constant over a wide
concentration range and close to 1.
Therefore, the error that emerges when using
concentrations instead of activities is small.
However, there might be systems e.g. ionic
liquids in which the use of activities is

indispensible.

The plateau forces obtained on diamond
with
concentration (figure 7.1.2 (A)). Fitting of
eq. (1.37) to the data obtained at 31 °C and
46 °C provides important quantities for each

increased increasing glucose

of the two states of the polymer on and off
the substrate surface: the length of a glucose
PAAmM
molecule and the corresponding association

binding site along the carrier
constants are summarized in table 7.3.1. Key
to our fitting strategy leading to the curves in
figure 7.1.2 and 7.2.1 is that we employ
identical fit parameters in the bulk state, i.e.
we fit our data simultaneously. This makes
the fit parameters quite unique. Kg is about
8% higher than Ky at 31 °C and even more
then 20% higher at 46 °C, meaning that more
glucose molecules are associated to the
polymer in the surface adsorbed state. This is
unexpected, because from a geometric point
of view there is less polymer accessibility for
These

additional ligands are then released upon

glucose at the substrate surface.

stretching into solution leading to an

increased desorption force. With increased

temperature, the equilibrium association
constant increases. At the same time the
length of a binding site, e.g. the effective
distance between two neighboring glucose
molecules increases as well. In effect, less
binds to PAAm at

temperature in both states.

glucose higher
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Figure 7.1.2: Glucose binding to adsorbed and solvated
PAAm at different temperatures. (A) Desorption force of
PAAm on O-terminated diamond in aqueous glucose
solution at different concentrations at 31 °C (blue) and 46
°C (red). The solid lines are fits according to Eq. (7.4), the
fit for 31°C is a simultaneous fit together with the data for
steel (figure 7.2.1). (B) Resulting number of binding
glucose molecules at the polymer surface adsorbed at the
solid/liquid interface (solid lines) and stretched in bulk
solution (dashed dotted line).

7.2 Effect of substrate material on cosolute

binding affinity

In order to demonstrate that we are not only
sensitive to the components of the ternary
system comprising polymer, solvent and

cosolute but also to the properties of the
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surface, we replaced the diamond substrate
by surgical stainless steel while keeping all
other parameters constant. We observe a
qualitative change in the desorption force
exhibiting a rather complex, non-monotonic

dependence on glucose activity (figure 7.2.1

(A)).
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Figure 7.2.1: Surface differential glucose binding to PAAm
on steel and diamond. (A) Desorption forces of PAAm at
31 °C with varying glucose concentration on surgical
stainless steel (black), and from O-terminated diamond at
31°C is shown in blue. (B) The number of associated
glucose molecules at the polymer in the vicinity of the
surface (solid black line) exceeds that in solution (dashed
dotted line) at a glucose concentration of about 0.2 M. For
comparison, the number of binding glucose is also
depicted for the polymer adsorbed at the O-terminated
surface (blue).

Using our adsorption analysis, the force
curves can be rationalized by a cross-over of
different cosolute binding affinities. First, up
to a concentration of 0.2 M (a =~ 5-10~) more
glucose binds to the solvated state rather than
the adsorbed state of the macromolecule.

That is to say, the number of associated
glucose molecules increases upon the forced
desorption of the polymer by an additional
binding of the
at higher concentrations more

cosolutes in solution.
However,
glucose binds to the polymer adsorbed at the
stretched

glucose

surface  compared to its

conformation. Consequently,
molecules have to be released into solution
and we observe a chain depletion during
polymer desorption from the metal — similar
to the O-terminated diamond (figure 7.1.2
(B)). The number of glucose associated to
PAAm on the metal surface is decreased
compared to diamond at glucose activities
below 0.05. On the other hand, at higher
glucose concentrations and activities,
respectively the polymer ligates much more
glucose when it is adsorbed on the steel

substrate than on the diamond (figure 7.2.1
(B)).

The data presented here shows that at
physiological concentrations, the adsorption
behavior of glucose onto PAAm near a solid
surface differs significantly from the one in
solution. From this we can conclude that the
presence  of  surfaces does indeed
considerably influence cosolute adsorption
behaviour. There is even a qualitatively
different adsorption behavior of glucose onto
PAAm for the two investigated surfaces.
This 1s likely owing to a different affinity for
glucose of the substrate material itself. At
low glucose concentration, the sugar is
repelled from the steel surface and hence
shows a lower tendency to bind to the
polymer when it is adsorbed on the metal,
With
increasing amount of glucose present at the

compared to the solvated state.

interface, the number of surface adsorbed
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glucose rises until a dense layer of glucose
molecules is formed. From this point, the
that
observed on oxidized diamond, with more

adsorption behavior is similar to

glucose binding to the polymer at the

interface  compared to the solvated

conformation.

Aside from their value as a model system,
the results for the different materials used in
this study are of direct relevance for a wealth
of  technological applications. Recent
progress in the field of medical research gave
rise to the idea of using diamond sensors for
the diagnosis of metabolic diseases, such as
the detection of chloride concentration in
blood or sweat in the case of cystic fibrosis,
or their use as implantable glucose sensors
for the treatment of diabetes mellitus®*"),
The working principle is that of a field effect
transistor modified with DNA, enzymes or
polymers which are immobilized on the

216,239
substrate surface!*'®?*°],

The presence of
solutes is detected by a change in the drain-
source-current upon  binding to the
macromolecule. Similarly, PAAm hydrogels
are currently under investigation as glucose
[312-314]  (;

analysis reveals that the substrate material

binding biomedical devices

for the polymers used in the bioelectronics
devices has a crucial effect on the binding
affinity of small molecules, which in turn has
to be taken into account for their rational
design.

7.3 Comparison to standard methods for
binding studies

Our differential
number of cosolutes per unit length that

measurement yields the

adsorb (or desorb) from the polymer surface

once it is transferred from an interface into

solution. We can also determine absolute
values for the number of bound cosolutes,
the binding constant and the Gibbs free
in both the adsorbed and the
dissolved states. A further advantage of this

energy

thermodynamic method is that the average
distance of bound cosolutes follows directly
from thermodynamics and its fit to the
experimental data.

Table 7.3.1: Binding parameter of D-glucose at PAAm on
surgical stainless steel (316L) and oxidized diamond (O-
diamond) at different temperatures.

Steel 316L  O-diamond  O-diamond

Temperature 31 °C 31°C 46 °C
Kp 1300 1300 1400
ds [A] 2.40 2.40 2.68

AGp[kJ mol™]  18.13 18.13 18.32
Ks 114 1404 1789
ds [A] 0.99 2.15 2.55

AGs[kJ mol™l  11.98 18.33 18.94

The accuracy of the obtained values depends
on a couple of parameters. Firstly, the largest
error for determining the desorption force
stems from the determination of the spring
constant of the cantilever'”**. When one and
the same cantilever tip is used for all the
this
uncertainty only causes a vertical shift of all

measurements (as was done here),
data points and does not influence the values
of the fit. Secondly, the physical model
underlying the fit also affects accuracy. This
is the validity of the Langmuir isotherm,
interactions,

namely negligible cosolute

identical active sites of the polymer with
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equal free energy of adsorption and no

more than a monolayer of associated
cosolutes. In principle, the Langmuir model
can be generalized to account for additional
effects, but the

describes the data well. Finally, the fitting

model presented here
procedure itself limits the accuracy because
there are four fit parameters (c.f. eq. (1.37))
for the differential measurement, which are
only determined to an order of magnitude for
a single force versus activity plot. However,
this precision increases substantially when
data obtained with one and the same polymer
but different fitted
simultaneously. For the example presented

surfaces are

here with two surfaces, the parameters are
already determined to better than = 30%
variation (see section DS).

Alternative experimental procedures to

measure polymer-ligand interactions in

thermodynamic  equilibrium in  close
proximity of a substrate surface are hindered
by either spatial or temporal resolution. Very
specific binding could possibly be detected
by fluorescence, but in this case one would
have to work in a very dilute system (both
for the macromolecules and the cosolutes),
which is far from the crowded environment
in a cell. Another common method employed
to determine surface excess quantities makes
use of radioactive tracers. Here the spacial
resolution is mainly determined by the range
of the (beta) emitter, which is far from
distances.  Similar

molecular problems

concerning the spatial resolution are faced

using ellipsometry, x-ray or neutron
scattering. For this reason, the single
molecule approach presented in this

communication might evolve to a powerful
tool to quantify the interactions of small

molecules with macromolecules in a

quaternary system.

Even for ternary systems (solvent, polymer,
cosolute) our method should be superior in
many cases. The standard methods to date
for the measurement of cosolute binding in
bulk
calorimetry

solution are isothermal titration
(ITC),

sedimentation. Similar to our single molecule

densiometry, or

approach, ITC relies on the validity of the
Langmuir isotherm and a fit function 3171,

In addition, these methods require a
minimum amount of polymer to provide
reliable free energy changes, and association
constants, and the precision of the data
increases with molecular concentration.
Thus, the availability of scarce and/ or
expensive polymer samples constitutes a
certain limitation to this method. Moreover,
self-assembly and aggregation restrict the
application of ITC to less hydrophobic
molecules”®”. The AFM approach presented
here constitutes a complementary technique

capable of circumventing these restrictions.

A change of the measurement parameters is
also possible. Once the shortening per bound
cosolute is known (which was not necessary
for the above calculations), the measurement
of the detachment length of the polymer at
constant force can similarly provide numbers
of binding cosolutes. Note that during the
equilibrium desorption the force-extension
trace exhibits a plateau until the curve
suddenly drops to the zero line the moment
the polymer detaches from the surface
(figure 2.1.2 (A)). The detachment length
can thus be as easily determined as the
desorption force in our single molecule
approach (figure 2.1.2 (B)). This experiment
can be done under

exactly the same



7.4 Concluding remarks

conditions as suggested by Zhang and
Marko!'®*). Instead of the desorption force
we now measure the desorption length as a
function of cosolute concentration and
activity, respectively. Upon binding or
release of compaction causing cosolutes
during desorption, this length will vary and
the line excess difference can be directly
obtained by fitting the length variations as a
function of cosolute activity, in line with the
procedure described above. Accordingly, we
are able to extract the exact number of bound
cosolutes if the contraction per cosolute is
known, or vice versa.

7.4 Concluding remarks

In conclusion, we have developed a new
method based on single molecule sensors and
equilibrium thermodynamics to determine
the number of cosolutes binding to a solvated
macromolecule and to the same molecule
adsorbed at a solid substrate. When at least
two different substrates are employed, this
method provides reliable binding parameters
such as the distances between neighbouring
binding sites, free energies and association
constants. This was exemplified for steel anc
oxidized diamond substrates, and can easily
be extended to a wide range of interfaces
ranging from solid-liquid, liquid/air or soft
interfaces such as lipid bilayers, cell
membranes or histone covered substrates.
Thus, we expect that the combined
experimental and theoretical approach is
widely applicable for the study of cosolute
interaction with macromolecules in bulk and
in the vicinity of interfaces.
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Future Prospects

An important field of future application of
our single molecule sensors will certainly be
protein conformational dynamics. In chapter
6 we studied surface induced protein folding
and learned about the decisive role of

solvated ions on the conformational
transition and stability. Because
amyloidogenic behavior seems to be a

generic feature common to diverse peptides,
the trigger of structure formation should be
studied in more detail, for example by means
of specific sequence mutations. This would
give us new insights into the intramolecular
which favour this

patterns exceptional

conformation.

We also stressed the critical effect of non-
ionic cosolvents on interfacial adhesion in
chapter 7. Cosolvent related effects, and ion-

specific effects in particular, are also
expected to manifest themselves, by
changing transition rates, equilibrium

constants, and in reactions accompanying
major conformational changes of proteins
(191 These mechanisms have to be further

analyzed  to provide a  profound
understanding of biological processes such
as enzyme catalysis or substrate binding.
Knowledge of the energetics of protein
stability in  the vicinity of other
macromolecules and interfaces will be the
key to understand their structure-function
relationship. On a long-term basis, it will
also help to design nano-mechanical devices
and molecular machines based on protein
chemistry, which ultimately have to be
connected to a surface in order to link them

to the macroscopic environment.

The investigation of more surfaces with

diverse characteristics, e.g. SAMs,

bilayers or the cell membrane in case of

lipid

amyloidogenic peptides, in the presence of
different kinds of
chaotropes will help to understand complex

kosmotropes  and
phenomena such as the Hofmeister effect in
biology. Moreover one might extend research
to liquid/liquid or liquid/gas interfaces and
compare the results to MD-simulations.

Because of friction forming the basis of
many technical processes, its investigation
should be expanded to the molecular scale
[318.319] However, the friction contribution to
the desorption force is hard to identify from
experiments where the polymer is moved
vertically away from the surface, since
desorption forces and friction forces are
mixed together. Friction is more directly
studied by lateral pulling and comparison to

. . . 141,320
respective MD-simulations ["*!#2%,

The influence of the polymer composition on
the adsorption/desorption behavior on the
other hand could be probed in more detail by
that
and

the use of multiblock copolymers

alternately comprise  hydrophobic
hydrophilic blocks. Depending on the block
length one should be able to identify the
influence of a particular chemical species on
the hydrophobic attraction by a characteristic

plateau pattern.

of the
additional patterns on top of the desorption

Similarly, once the occurrence
plateaus of ligand/carrier conjugates (see
Appendix C) is understood and how these are
related to the number of conjugated small
molecules, we can then investigate the
interactions of these small molecules as well.

In this way, drugs, markers or transcription
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factors will soon become the prime target
for single molecule studies in pharmaceutical
and medical research.



Appendix A

Inherent Limitations to AFM
Force Resolution

The
amplitude A(v) of a cantilever in liquid is

frequency  dependent  oscillation
best described by a damped harmonic

oscillator:

2
Vo

2.2

VaV
\/(Vg_‘/z)z"‘ .

0

A(v)=4°

(A.1)

where A’ is the amplitude at zero frequency,
vo is the resonance frequency and Q is the
quality factor. The resulting mean square
<A22>0f the

displacement cantilever

(Brownian motion) due to thermal excitation
is inversely proportional to the cantilevers
spring constant k and direct proportional to
the thermal energy kgT. This is expressed by

the equipartition theorem P2':

2
k(Az”) = gk, T A2
With x being a correction factor that
accounts for the cantilever geometry; for
rectangular cantilevers y = 0.82, and for
triangular cantilevers x =~ 0.76 1?31 But y
also depends on the position and the size of
the laser spot P2*2?* Typical values of the
standard deviation of the mean square
displacement for AFM cantilevers also used
in this study (k = 20 pN/nm) are
A I<Azz> ~ 0.4nm and hence for the force noise

<F2>z8pN.

Viani et al. showed that the minimal
detectable force for a frequency bandwidth B

and a damping coefficient y is given by:

F .. =+4kzTyB

For constant temperature an increase in force

(A.3)

resolution can only be achieved by reducing
the damping y. One possibility to accomplish
that is the use of smaller cantilevers and the
optimization of the lever geometry D21,
However for a complete discussion of the
resolution limits the detector noise (Dy) has
to be taken into account as well. In case of a
periodical force signal F(v) we get for the

. . . 25.32
signal-to-noise ratio 22>*2%);

iz FWv)G(®)
N [ak,TyBG*(v)+ (k -Dy)

(A.4)

Obviously, the signal-to-noise ratio becomes
worse if stiffer cantilevers are used. That is
the reason why longer and softer cantilevers
are preferred in SMFS (see Materials and
Methods section).






Appendix B

Direct Comparison of Different

Polymers

The use of long flexible molecules averages
out all subtle differences in the adsorption
free energy that might be related to the
differences between the monomer units or
the amino acid sequence. The effect of
different amino acids on the desorption force
observed in MD-simulations (see figure
1.9.2) could not be resolved in our SMFS
measurements. One can try to detect the
influence of polymer composition and the
role of the particular type of amino acid on
the hydrophobic
free

attraction in terms of

adsorption energies by  using

homopolymers as molecular probes the

monomer units of which differ in charge,

polarity, and the overall degree of
hydrophobicity.
100+
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Figure B.1: SMFS with different sensor molecules to
evaluate the effect of polymer composition on the
desorption forces.

However, the use of different polymers
attached to different cantilevers suffer from
the wuncertainty of cantilever calibration
masking small changes related to polymer-
substrate interactions. As one can see from
B.1, the between

figure differences

PAAm,
charged poly(glutamic acid) and the mildly

positively  charged negatively
hydrophobic eADF-4 are not resolved even if
several experiments are carried out and
averaged. One has to perform much more
experiments in order to improve statistics, so
that the differences become visible. A better
solution to this problem comprises polymer
If block

designed that contain multiple blocks of

architecture. co-polymers are
different characteristics, we could trace the
effect of polymer composition within one
curve recorded with one and the same
molecule in only a single experiment. In this
way we would be independent from the
absolute error caused by spring constant
determination.






Appendix C

Enhanced Molecular Sensor
for Force Spectroscopy with
Small Molecules

Single molecule force spectroscopy under

equilibrium conditions could only be
performed with long, flexible polymers so
far and was not applicable to small
molecules such as drugs or markers. In
medical technology the adhesion of small
bioactive agents gains increasing importance
and quantifying tools have been scarce as
described in the

following we will present our results of

introduction. In the

extended molecular sensors, which use

PAAm as carrier molecule for the covalent
attachment of small molecules. The adhesion
of these small molecules will be probed by a
characteristic of the

change desorption

plateau.

The conjugation of smaller molecules (see
Materials and Methods section) such as anti-
freeze protein (AFP) type I to PAAm as
carrier molecule exhibited always the same
features in the force separation curves: a
second plateau on top of the PAAm plateau.
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Figure C.1: SMFS on PAAM-AFP conjugates on different substrate materials. (A) The top structure of the force-separation
curves related to the amount of AFP bound to the PAAm carrier molecule exhibits a constant position relative to the free
end of PAAm. (B) Superposition of 20 force-separation traces on different substrates. The pattern is seen in every curve
that also shows the PAAm carrier. (C) The force distribution shows significant smaller desorption forces. (D) The force
values on three different substrate materials for PAAm is different from that of the plateaus related to AFP (E).
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The location of this second plateau had a
constant position relative to the detachment
length and hence to the free end of the
PAAm molecule (figure C.1 (A)). This
observation of the additional plateau not
being randomly distributed along the carrier
plateau but instead having a constant
position along its contour indicates that
former explanations of similar features like
that of differential adsorption onto the tip
surface do not apply here. In the latter case
one would expect a more randomly
distributed position as well as lengths of the

second plateau.

Differential adsorption can not be made
of the
additional plateaus for another reason, as we

responsible for the occurrence

will discuss in the following. In the

experiments by Sonnenberg et al. the
reported differential adsorption was verified
using a cantilever that picked up a molecule
covalently attached to the substrate surface
and not to the cantilever tip. When the
cantilever was retracted the polymer
desorbed not only from the substrate but also
from the cantilever tip surface where it had
also been partially adsorbed. The resulting
force-separation traces revealed a second
plateau at the end of the first one due to the
higher adsorption free energy of those parts
of the molecule being adsorbed onto the tip.
However, in our case the sensor molecule is
covalently bound to the tip, thus a stronger
adsorption of the sensor molecule to the tip
compared to the adsorption to the substrate
would result only in a shortening of the
detachment length, but would not produce a
different force signal. Whereas a weaker
adsorption to the tip surface would produce a

lower plateau level right at the beginning of

the force-separation trace, because the
weakly adsorbed part will be desorbed first.
So, even if our traces have comparable
appearance to those in ref. [327], their origin

can not be the same.

Moreover, the comparison of the primary
plateau of PAAm and the secondary plateau
on different substrate materials (figure C.1
(B)) reveals a remarkably different behavior.
The  different
determined from force distributions (figure
C.1 (C)) which are shifted for both kinds of
plateaus. The mean force values obtained on

desorption  forces are

oxidized diamond, stainless steel and a
hydrophobic SAM are depicted for the
PAAm carrier in figure C.1 (D) and for the
AFP related plateaus in figure C.1 (E). All
measurements were performed with one and
The
interesting difference is seen on the CHs-
SAM where the PAAm force plateau is not
observed any more, but the shorter plateau

the same sensor molecule. most

related to the conjugated AFP is still clearly
visible.

To further investigate the relation between
the structure of the force plateaus and the
amount of conjugated AFP molecules we
reduced the concentration of AFP during the
PAAmM/AFP
construct to about 10 %, which resulted in a

chemical synthesis of the

significant shortening of the secondary
plateau to about 40% of its original length

(figure C.2).

We also coupled fluorescent dyes, here
PromoFluor 555 (PF-555), to the PAAm
SMFS
measurements on diamond substrates with

molecule and performed
different termination (figure C.3). Again the
force-separation curves showed secondary

plateaus on top of the PAAm plateau.
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Figure C.2: Variation of AFP concentration during
conjugation. The concentration of the AFP molecules in the
coupling reaction with PAAm resulting in the force curve
appearance in (A) was reduced to 10% in (B). The figure
shows the superposition of 20 subsequent force curves in
each case.

This time we observed two different
locations where the coupling of small dye
molecules led to an increase of the

desorption force. Again the variation of the
desorption forces and the free energies were
different for the PAAm plateau (figure C.3
(B)) and the structures on top (figure C.3
(©)).

This kind of plateau structure has also been
observed in experiments with only PAAm
without conjugates in aqueous electrolyte
solution at high salt concentration. One
could be that
molecules in solution were bound to the

explanation surfactant

PAAmM molecule in the course of the

measurement and formed a stable linkage.

The increase of the desorption force of
80% in
experiments on multiple polymer desorption

roughly line with previous
hints at a second possible explanation. The
attachment of a hydrophobic molecule such

as AFP or a fluorophore to the polymer chain

might result in looping and the formation
of a stable
monomers that have reacted with a conjugate

connection between those
due to the hydrophobic attraction in case of
AFP or PF-555 or due to electrostatic forces
in case of high ion concentration. This would
lead to desorption of multiple polymer
strands in parallel upon cantilever retraction.
However the different behavior on the

various substrate materials still remains
unexplained and strongly demands further
experiments to clarify the origin of the

plateau structures.
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Figure C.3: SMFS with fluorescent dye molecules bound
to a PAAm carrier molecule. (A) The conjugation of PF-
555-fluorophores resulted in additional plateau structures
on top of the PAAm desorption plateau. 20 consecutive
force curves with the same sensor molecule are shown.
(B) Desorption forces of PAAm on oxidized and
hydrogenated diamond differ from that of the fluorophores
(C) with regard to the sensitivity on material properties.






Appendix D

Materials and Methods

D.1 Substrate preparation

Hydrogenated and oxidized polycrystalline
diamond

Modified diamond samples used in this study
were provided by courtesy of Simon Q. Lud,
Moritz Hauf and José A. Garrido from the
Walter-Schottky Institute (WSI) of the TUM.
Hydrogenation of polished polycrystalline
diamond surfaces (ElementSix Advancing
Diamond Ltd., UK) was conducted as
described elsewhere.*'® The samples were
heated in a vacuum chamber to a temperature
of 700 °C at a pressure of 5-10” mbar. The
hot sample surface was exposed to hydrogen
radicals generated by two 2000 °C hot
tungsten filaments for 30 minutes at a
constant pressure of 1.5 mbar, and cooled in
The
diamond surfaces were hydrophobic with

hydrogen atmosphere. H-terminated
contact angles between 80° and 90°. The
specimens were wiped clean followed by
ultrasonic cleaning in acetone, 2-propanol
and water before measurements.

Oxidation was conducted by exposure to
oxygen plasma at a base pressure of 1.5 mbar
for 300 s (coil power 300 W) and resulted in
(C-0O). Patterned
with alternating hydrogen and

hydrophilic  surfaces
surfaces
oxygen terminated surface regions were
processed by spin-coating of a positive
photoresist (Microposit S1818, Rohm &
Haas GmbH, Germany) onto a H-terminated

diamond surface (9000 rpm, 30s). The

samples were heated for 10 min at 90 °C in
an oven and exposed to UV light (365 nm)
for 6 s through a patterned photomask in
close contact with the sample surface to
reduce diffraction. A maskaligner (MJB 3,
Karl Siss GmBH, Germany) allowed a
precise positioning of the mask relative to
After removal of the
illuminated areas (Microposit Dev 351,
dilution 1:5, Rohm & Haas GmbH) the
samples were rinsed with ddH,O and were

the specimen.

O-terminated as described above. Finally,
residues of the photomask were removed
with acetone in an ultrasonic bath.

Figure D.1.1: Hydrogenated polycrystalline diamond
coated with checkerboard-like photoresist. After removal of
the illuminated areas (bright spots) these spots were
oxidized.

Surgical stainless steel (316L)

Circular flat blanks were jet cut from a metal
sheet of stainless steel 316L of Imm
thickness (Max Cochius GmbH) and dressed
to a size of 10 mm diameter (figure D.1.2).
To achieve a reduced roughness in the
nanometer regime, we ground the samples
with a wet silicon carbide grinding wheel for
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2 minutes at 300 rpm with a constant force
of 2 N, and polished them in several steps at
150 rpm for 2 minutes with a final polish
grain size of 40 nm. In-between the grinding
steps the samples were cleaned in an
ultrasonic bath for 5 minutes in de-ionized
water to avoid particle transfer from one
polish to the other. Specimens with rough
surfaces were obtained by a sandblasting
treatment according to the manufacturing
process of the PEARL-surface of the
YUKONPF® (Translumina GmbH,

Hechingen, Germany).

stent

Figure D.1.2: Polished and sandblasted surgical stainless
steel blanks.

Poly(tetrafluorethylene) (PTFE)

Samples of 1.5 mm thickness were purchased
from GM GmbH, Munich, Germany and cut
into squares of 5 mm edge size.

Self assembled monolayers (SAM)

Glass slides were cleaned for 15 minutes in
an ultrasonic bath in 2 % Hellmanex solution
(Hellma GmbH & Co. KG, Miihlheim,
Germany) and ultrapure water (Molecular
Aldrich,
Schnelldorf, Germany). After drying in air,

Biology Reagent, Sigma
the glass slides were sputter coated (Edwards
GmbH, Kirchheim, Germany) with a 10 nm

layer of chrome and nickel as adhesion

promoter, followed by a 100 nm gold layer.
The gold slides were cleaned in a solution of
water, 32 % ammonia, 35 % hydrogen
peroxide (v:viv 5:1:1) at 70 °C for 15
minutes, rinsed with ultrapure water, and
dried under a gentle stream of nitrogen.
SAMs
obtained by immersing the gold coated slides

of defined hydrophobicity were

for 12 hours in 2 mM mixtures of varying

ratio of 11-mercapto-l-undecanol (97%,
Aldrich,  Germany) and 1-
(98+%, Aldrich,
Germany) in chloroform (99+%, Neolab,
Heidelberg, The SAMs were
rinsed with chloroform and then with

ultrapure water. The slides were dried under

Sigma
dodecanethiol Sigma

Germany).

a gentle stream of nitrogen, and directly used
for measurement.

The samples (except SAMs) were stored in a
cleaned glass petri dish in a desiccator under
vacuum unless transferred into salt solution
for SMFS experiments for some hours.
Before and after measurements in liquid the
samples were cleaned in an ultrasonic bath as
described above, dried under a gentle stream
of nitrogen and put back into vacuum. To
confirm the degradation process the samples
were also cleaned mechanically by rubbing
forcefully over the surface several times with
a fuzz-free acetone-soaked wipe wrapping a

spatula.

D.3 Homopolymers for SMFS

Poly(allylamine) hydrochloride (PAAm)
(molecular weight 65 kDa and 17 kDa, 20 %
w/v aqueous solution), poly-L-(glutamic
acid) (50 — 100 kDa) and poly(lysine) (15-
150 kDa) were purchased from Sigma-
Aldrich, Germany.
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A

Figure D.3.1: Structural formulae of homopolymers. (A)
Poly(glutamic acid, (B) Poly(lysine); (C) Poly(allylamine).

D.2 Production of recombinant proteins
eADF-3 and eADF-4.

Protein samples of eADF-3 and eADf-4 were
kindly provided by Ute Slotta and Thomas
Scheibel from the University of Bayreuth.
Gene constructs for eADF-4 (C16) and

eADF-3 ((QAQ)sNR3) were
[177,229]

cloned as

(QAQ)sNR3
comprises the A- and Q-motifs derived from

ADF-3 (Araneus diadematus fibroin) and Ci¢
the C-motif derived from ADF-4:

A-motif:
GPYGPGASAAAAAAGGYGPGSGQQ

O-motif:
GPGQQGPGQQGPGQQGPGQQ

C-motif:
GSSAAAAAAAASGPGGQGPENQGPSGP
GQGPGGP

described previously

All sequences are derived from the repetitive
core domain of the respective spider silk

The
adapted to the codon usage of Escherichia

protein. motifs are synthetically
coli. Each construct was finally cloned into

the expression vector pET21a (Novagen).

E. coli BLR(DE3) (Novagen) cells were
transformed with the resulting plasmids and
grown in LB medium with 100 pg/ml
ampicillin at 37 °C until ODgoo of 0.5 was
reached™®®. Cells were shifted to 30 °C in
case of eADF-3 and 25 °C in case of eADF-4
before induction with 1 mM isopropyl B-D-
galactopyranoside (IPTG) for 3 h. E. coli
cells were harvested after induction for 3-4
hours, and the cell pellets were resuspended
in 20 mM HEPES, 100 mM NacCl, pH 7.5 (5
mL per g of cells). Upon addition of 0.2 mg
Lysozyme (Sigma-Aldrich) per mL, the
resuspension was incubated at 4 °C for 30
until viscous. Protease

min becoming

inhibitor (Serva) was added before the cells

were ultrasonicated using an
HD/UW2200/KE76 ultrasonicator
(Bandelin).  Contaminating DNA  was

digested upon addition of 10 pg/mL DNase
and 3 mM MgCl, and (protease-free DNAse
was obtained from Roche) and incubation at
4 °C for 30 min.

Upon sedimentation at 50000 x g and 4 °C
for 30 min, remaining soluble proteins were
incubated at 80 °C for 20 min. A further
centrifugation step was performed and
eADF-4 or eADF-3 were found in the
addition of 20 %
ammonium sulphate the recombinant spider
eADF-3
pellets were rinsed with the ammonium
eADF-4 pellets
washed with 8§ M urea. Both proteins were
6 M
thiocyanante and dialysed against 10 mM

supernatant.  Upon

silk proteins precipitated. The

sulphate, whereas were

resuspended in guanidinium
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ammonium hydrogencarbonate at 4 °C.
Finally, proteins were lyophilised and stored
at -20 °C until usage.

D.4 Covalent coupling of type I antifreeze
protein (AFP) and PF-555 to PAAmM

Conjugated PAAm/AFP samples were
B. Holland from
Cleveland State University. Synthesis and

supplied by Nolan

purification of type [ antifreeze protein
(AFP) is 3291 All
carboxyl groups except the C-terminal end of

described elsewhere

AFP were removed. Water soluble 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC) was used to form an
active ester functional group with the
the water-soluble
(NHS)

(Invitrogen). NHS esters are hydrophilic

carboxyl group using

compound N-Hydroxysuccinimide

active groups that react rapidly with amines
on the target molecule °%, here PAAm.
Similarly, fluorescent dyes, PromoFluor-555
NHS (PF-555,
covalently reacted with PAA for single

ester PromoCell) were

molecule force spectroscopy in DMSO.

D.5 Native PAGE gel electrophoresis

To confirm the reaction of AFP and PF-555
with PAAm, we performed an inverted gel
electrophoresis and used different poly(Lys)
samples of known molecular weight range as
marker. The samples were kept close to 0 °C
prior to adding the sample buffer. The
sample buffer composed of 0.5 ml acetate-
KOH (0.25M, pH 6.8) and 1.45 ml glycerol
(50%) also contained a small amount of
methyl green to visualize the sample during
the run. The gels were cast according to table
D.5.1.

Prior to adding APS and TEMED, the gel
solutions were degassed in an ultrasonic bath
for 5 minutes. The gels were allowed to
polymerize for at least one hour. We rinsed
the surface of the gel with water before
pouring the stacking gel. After insertion of a
10 well comb we let the stacking gel
polymerize again for one hour. The wells
were filled with 15 pl of sample volume. A
good sample concentration was 0.3 pg/ml,
i.e. up to Sug per well (figure D.5.1). Due to
the positive charges of the PAAm and
poly(Lys) samples at acidic pH (most of the
will be
reversed the polarity of the leads to the gel
chamber. We determined 50 mA; 21V to
collect the sample and 100 mA; 32 V for 8
hours as the best running conditions for this
kind of reversed native PAGE. Afterwards
the gels were stained with Coomasie Blue

amine groups protonated) we

stain (Bio-Rad), washed with water several
times and stored in destaining solution (Bio-
Rad) in presence of a sponge.

70-150 kO
30-70 kDa

25-40 kDa

17 kDa 15- a
PAAmM

65 kDa

Poly(Lys) PAAm (17 kDa)

Figure D.5.1: Coomassie blue staining of PAAm (65 kDa
and 17 kDa) and poly(Lys) separated by using inverted
native PAGE.

After the reaction with AFP or PF-555 the
PAAm sample did not run any more under
the same conditions, which indicated the
successful coupling of the small molecules to
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Table D.5.1: Gel Composition for reversed native PAGE.

Total volume (ml) Composition Volume fraction (ml)

Separation gel (10%) 25.8 Acetate-KOH (1.5M, pH 4.3) 6.7

4 ml per gel Glycerol 50 % 6.0
Acrylamide/Methylene-bis-Acrylamide 30 % 8.8
Water 4.2
Tetramethylethylenediamine (TEMED) 0.012
Ammonium persulfate (APS) 10% 0.09

Stacking gel (5%) 15.1 Acetate-KOH (0.25M, pH 6.8) 4.0

1 ml per gel Acrylamide/Methylene-bis-Acrylamide 30 % 2.5
Water 8.6
Tetramethylethylenediamine (TEMED) 0.001
Ammonium persulfate (APS) 10% 0.01

the PAAm polymer by the loss of positive
charge. Note that the PAAm samples (17
kDa and 65 kDa) were both highly disperse
with molecular weights much bigger than the
expected

range  according to  the

manufacturer data.

D.6 Cantilever tip preparation

Silicon nitride cantilevers (MLCT-AUHW,
Veeco) were cleaned and activated by
oxygen plasma treatment (Diener electronic).
For this purpose, the cantilevers were placed
in an evacuated reaction chamber at 0.05
mbar for half an hour. Oxygen was added up
to a constant pressure of 0.1 mbar. The
process was controlled by two parameters:
the electric power at 40 kHz and plasma
exposure time. Plasma treatment was
performed in two steps. First the cantilevers
were exposed to plasma for 5 minutes at 600
W, followed by treatment for 20 minutes at
420

transferred immediately to a solution of 50 pl

W. The activated cantilevers were
Vectabond reagent (Axxora) in 2 ml dry
acetone (< 50 ppm H20O, Acros organics) for
10 minutes. The cantilevers were rinsed

afterwards with Aceton and ultrapure water

(Molecular biology reagent, Sigma Aldrich)
and stored for 1.5 h in an aqueous solution
(50 mM) of di-sodium tetraborate (> 99.5 %,
Merck) at pH 8.5. After rinsing with dry
chlorophorm (> 99.9 %, Biotech grade,
Sigma-Aldrich), the cantilever tips were
placed for 45 minutes in a solution (25 mM)
of poly(ethylene glycoles), (monofunctional
a-methoxy-o-NHS PEG and
heterobifunctional a,o-di-NHS PEG, 2 kDa,
Rapp Polymere GmbH), dissolved in dry

chlorophorm with 5 % triethylamine
(Thermo Fisher Scientific), subsequently
rinsed with chlorophorm and dimethyl

sulfoxide (DMSO, > 99.5 %, Sigma Aldrich),
and placed in polymer solution (0.1 % w/v
PAAm; or 2 mg/ml protein solution ) in
DMSO over night. The PEG not only
prevents the free end of the PAAm molecule
from being adsorbed at the tip surface but

also reduces the wundesired, unspecific
adhesion between tip and substrate
significantly!'*®!.  After approximately 14

hours the cantilever were rinsed with DMSO,
10 mM aqueous Tris/HCI solution (pH 8.0)
(> 99.9 %, neolLab) and ultrapure water
before force

directly spectroscopy



102

D. Materials and Methods

measurements. All measurements were
performed with a MFP-3D (Asylum research,
Santa Barbara, CA) equipped with Bioheater
stage. Glucose (monohydrate, > 99.5 %,
BioUltra) was purchased from neoLab and

dissolved in ultrapure water.

with  PEG
(PEGylation) and the following coupling of

Alternatively, the reaction
the polymer can also be done in aqueous
buffer solutions at pH between 8 and 9. We
successfully attached individual polymers to
the AFM tip by immersing the cantilever in
an aqueous solution of PEG (25 mM) in
sodium borate buffer (50mM) at pH 8.5 for
followed by
cantilever in unltrapure water and transfer

35 minutes, rinsing the
into polymer solution in sodium borate
buffer. The use of aqueous solution promotes
hydrolysis of the active ester and needs
sorrow time management and fast handling
which is difficult to control properly and
extent  of

resulted in a moderate

functionalized cantilevers.

A third approach for amino termination for
PEGylation
Hinterdorfer and co-workers uses a saturated
solution of ethanolamine hydrochloride
(Sigma-Aldrich) in DMSO in which the
cantilevers are stored slightly above room

subsequent developed by

temperature over night. This ensures the
formation of only a monolayer of amino
terminated molecules on the tip surface and
avoids possible polymerization of silanes.
high
viscosity of the solution and precipitation

However, in our experiments the
often caused permanent bending of the
cantilevers which made them useless for our
SMFS experiments

D.7 Cantilever calibration and error analysis
in SMFS

We averaged the inverted optical lever
sensitivity (invOLS) of the first five as well
as the last five force-separation traces, and
used it for the whole experiment until either
the solution or the cantilever changed. The
spring constant of each cantilever was
determined prior to each experiment. We
measured the spring constant by integrating
over the power spectral density of the MFP-
3D (which is already corrected for the -
factor) from 75 Hz to the local minimum
between the first and the second resonance
peak, and by applying the equipartition

theorem.'>?!

For each SMFS experiment in this study, 500
to 1000
recorded and analyzed as described in the

approach-retract cycles were

main text. The corresponding standard
deviations were calculated according to the
theory of small samples. The resulting

uncertainties given in the tables and figures
thus only account for the relative error of the
measurements when one and the same
cantilever was used. For comparison of
different cantilevers and different probe
molecules, respectively (e.g. eADF-4 and
PAAm), an absolute error of 13% has to be
considered instead, as the main uncertainty
of the absolute force values stems from

cantilever calibration.

D.8 Error estimate of cosolute binding

parameters

To determine the uncertainty of a single fit
parameter, we varied this parameter in
discrete steps and kept it constant during the

fitting procedure while all other parameters
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had to adjust for this change. As long as the
still
experimental data within the force error bars,

resulting  fit represented  the
the change of the fit parameter, namely the
association rate constants and the distances
between binding sites, was still within its
uncertainty. When the changes could not be
compensated for any more these values were
considered inappropriate and the variations
were beyond the parameter’s uncertainty.

D.9 Contact angle measurements

Static contact angles of water, glycerol and

dilodomethane were obtained at room
temperature by dispensing 1.5 pl of liquid on
the sample surfaces. Pictures were taken
immediately after droplet formation and
subsequently analyzed by the Java-based

Image] with drop analysis
], [24] Both contact angles of a

droplet were determined at least five times at

freeware

plugin’®*!

different positions of each sample. All
specimens were cleaned by sonification in
and before each

acetone 2-propanol

measurement.

D.10 Scanning Electron Microscopy
(SEM)

Images of specimens made of surgical
stainless steel were acquired by the analysis
of the reflected secondary electron beam in a
Hitachi S  3500-N

microscope (SEM) equipped with energy-

scanning  electron
dispersive X-ray (EDX) analyzing unit. The
SEM was operated at an acceleration voltage
of 15 keV. Sputter coating of the samples
with gold was not necessary due to the good
surface.

conductivity of the metal

Photographs were taken at representative

areas of the polished and microporous
steel surfaces to document the roughening
effect of the surface treatment.

D.11 Atomic Force Microscopy (AFM)

For atomic force microscopy (AFM) we used
a Molecular Force Probe 3D (MFP-3D,
Asylum Research, Santa Barbara, CA) and
triangular silicon nitride cantilevers with a
nominal spring constant of ~ 2 N/m and a
resonance frequency of ~ 70 kHz (AC240TS,
Olympus, Japan). The sample surfaces were
imaged by AFM in intermittent contact mode
(AC mode) at ambient temperatures in air.
The imaging set point was chosen so that the
forces acting on the cantilever during
(beyond the

attractive regime). In the case of polished

imaging were repulsive
polycrystalline diamond, images were taken
in contact mode at a scan rate of 0.6 Hz with
appropriate cantilevers (OMCL-RC800PSA,
Olympus, Japan). Image resolution was set to
512 x 512 data points. The roughness of the
different materials was calculated from 50
pm x 50 pm sized surface sections, and
values for the root mean square (RMS)
roughness (Rq) were derived from the AFM
height image data.

D.12 Kelvin Probe force microscopy
(KPFM)

To confirm the appropriate termination of the
diamond surfaces with oxygen and hydrogen
atoms, respectively, we performed KPFM
using a MFP-3D and platinum coated silicon
nitride tips (AC240TM, Olympus, Japan)
with a typical spring constant of ~ 2 N/m and
a resonance frequency in air of ~ 72 kHz.
The acquired potential image represents a
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different
voltage

combination of three

contributions: any  permanent

between probe tip and substrate surface,

trapped charge and the work function

3321 That’s why this technique is

difference
generally considered a semi-quantitative
method, but if the of all

participating components remains constant

resistivity

the measured potential difference can be
3331 1o
testify the chemical homogeneity of the
different
grounded the conductive H-terminated area

related to the surface properties

terminations on diamond we
of the specimen and measured with one and
the same tip on a patterned sample consisting
of C-H and C-O termination.

Surface potential imaging was conducted
under ambient conditions and utilized lift
mode scanning with two scans per line ¥,
The first scan was performed in intermittent
contact mode with zero bias voltage applied
to the cantilever to obtain a topography
image of the surface; the second scan
followed the topographic scan at a lift height
of 30 nm with an AC drive voltage of 1 V
applied to the tip. In the event of a contact
potential difference of the probe tip with
respect to the sample surface, the probe will
oscillate in this field driven by the AC
The

oscillation is balanced to zero by applying an

voltage due to electrostatic force.
additional DC voltage on the cantilever and
adjusting it to the contact potential difference
such that the space between tip and surface

becomes field-free. However, the obtained
potential image represents a combination of
three different contributions: any permanent
voltage between probe tip and sample

surface, trapped charge, and the work

function difference. For this reason, this
method is generally considered to be a semi-

231 If the resistivity

quantitative technique !
of all

remains

of the participating components

constant, the recorded potential

profile can be attributed to the surface

properties 34231,
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