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Summary - On the role of soft
interfaces for the understanding of
blood clotting

3
"How can the events in space and time which take place within the spatial
boundary of a living organism be accounted for by physics and chemistry?"
was the question brought up by Erwin Schrödinger 1944 in his book "What
is Life?" [1]. A question that claims an interdisciplinary ansatz and cannot
be solved without research between biology, chemistry, medical science and
physics on an equal level. Motivated by this question, the present thesis
treats biophysical aspects of primary hemostasis, mainly from a thermodynamic point of view. Especially the fundamental role of transitions of the
protein von-Willebrand-Factor (VWF) and lipid membranes for their function in the context of blood clotting is studied. The protein VWF that plays
a crucial role in hemostasis exhibits a conformation change under shear flow
from a coiled to a stretched string like shape [2]. During this process binding
sites for blood platelets are exposed, leading to the formation of a plug of
VWF and platelets, that closes lesions of the vascular system. In the clinical
picture of Von-Willebrand-Disease type 2A and 2B the patients tend to increased bleeding. The knowledge about the importance of the conformation
for the proteins function and the shear force dependent conformation change
lead to the question about the correlation of dysfunction and conformation
change.
Can these bleeding dysfunctions of mutated VWF be explained with
altered threshold forces for the conformation change from coiled to
elongated state?
Surprisingly, the tendency for platelet aggregation of the two mutations is
exact opposite: while 2A shows a decrease of function, VWF 2B exhibits a
gain of function. In the frame of this thesis we adress the question, whether
a mechanical explanation, that correlates a higher/lower force threshold for
the conformation change of the according mutation of VWF, applies or not.
To answer this question the mechanical properties of the proteins were determined with atomic force spectroscopy. By fitting the necessary stretching
force of the polymers with the worm-like-chain model, quantitative statistics
on the elasticity associated persistence length are compared for wild type and
mutated VWF. The interpretation of the experiments is supported by systematic simulation of force distance curves of polymers. Indeed differences
can be seen: while VWF 2A needs slightly lower stretching forces than WT,
VWF 2B polymers need higher stretching forces. Hence, this result fits not to
the simple mechanical picture that the aggregation tendency is a consequence
of differences in the necessary unfolding forces according to the ability of
platelet aggregation. Instead we propose the following hypothesis may be the
case: clinically the reason for the increased bleeding is the lack of high weight
multimers in both mutations, the reason for this lack, however, is different.
VWF 2A is stretched at lower forces and thus, the probability for cleavage
by the VWF cleaving protease ADAMTS13 is increased. As a consequence
of the increased cleaving probability the higher multimers are absent in these
patients. On the other side VWF 2B needs higher stretching forces than WT.
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Although the high weight multimers do exist in patients with the mutation
2B, due to an increased binding affinity to platelets the high weight multimers
are not available for primary hemostasis at sites of injury, leading to the same
clinical effect.

Figure 0.1.: I. Differences in shear induced unfolding of VWF in
hemophilia. II. Conformation dependent interaction of VWF with lipid
membranes. III. Impact of protein mimetics (e.g. nanoparticles) on the
state of the membrane. IV. Cleavage of VWF by the enzyme ADAMTS13
at the cell membrane.

What is the role of the VWF conformation for its interaction with
phospholipid membranes?
After activation (stretching) VWF is prepared to bind to the membrane of
the endothelia cells. As this adhesion is a crucial step in hemostasis, the
interaction of wildtype VWF and mutations of type 2A and 2B with lipid interfaces were studied in Langmuir monolayer experiments. The, at first glance,
strongly altered compressibility of the system, independent of the type of mutation, was relativized by comparison with calculations of a two component
system (VWF and lipids). Detailed studies show apart from an ideal superposition some less drastic effects of globular VWF with lipid monolayers.
Comparing these results with the interaction of fully elongated VWF with
lipid membranes indicates that the shear force induced conformation change
of VWF also switches the interaction with phospholipid membranes without
special binding sites on the membrane side. In the frame of these studies thermodynamic considerations show, how information about the binding affinity
between VWF and lipid monolayers in the two liquid phases can be extracted.
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How is the phase state affected by simple protein mimetics?
After the interaction of membranes and VWF has been studied dependent
on the state of the protein, the question appears about the interaction dependent on the state of the membrane. The manipulation of the state of biological
membranes by the adhesion of proteins like VWF, is studied with well characterized nanoparticles as simple protein mimetics. Besides this reason the
impact of NPs on cell membranes of course is from high sociocultural relevance
due to the increasing addition of NPs for example in food and cosmetica. To
overcome such barriers in nature, there are different uptake pathways that
are partly associated with the presence of particular proteins [3]. To illuminate such processes, from a physicists point of view, the impact of NPs on
the thermodynamical properties of phospholipid bilayers with a focus on the
main phase transition was studied. The consequences are rather physical explanations of the observes effects, e.g. induced curvature, than biochemical
ones. In calorimetric measurements size dependent effects of silica NPs on various solid-supported phosphatidylcholine membranes were found. A detailed
model combing thermodynamical and mechanical aspects explains the effects.
Besides the mainly curvature induced effect, a chemical effect, namely a NP
concentration dependent melting point depression was observed and explained.
Furthermore in fluorescence microscopic studies of the temperature induced
phase transition of giant unilamellar vesicles (GUVs) morphological changes
occur. These experiments open ways to think about endocytosis supported
by proteins rather from a physicists than from a biochemists point of view.
What is the role of the phase state of the membrane for the activity
of the VWF cleaving protease ADAMTS13?
After activation VWF is not only more likely to bind but also more likely to
interact with the cleaving protease ADAMTS13. Knowing that the conformation of VWF switches interaction strength with lipid membranes, and that
protein mimetics can change the state of the lipid membrane, the question
comes up, whether the state of the membrane also affects this mechanism in
the blood clotting process. The optimal function of VWF in vivo depends
on the cleavage of the unrolled polymers in shorter fractions by the enzyme
ADAMTS13. In physiology the unrolled VWF is mainly adhered to the endothelial cells and thus, the reaction takes place in the vicinity of biological
membranes. Hence, a possible mechanism affected by the membrane state is
the enzyme activity. To testify the impact of the membrane state, ADAMTS13
was bound to phosphatidylcholine vesicles, the catalytic rate was measured
temperature dependent and compared with the activity of unbound enzyme
in lipid-free samples. In contrast to the activity of free ADAMTS13, the
activity of membrane bound enzyme shows more than a simple linear temperature dependence. Astonishingly the phase transition temperature divides
two temperature ranges where the temperature dependence of the rate of this,
naturally not membrane associated enzyme, changes by one order of magnitude. Besides the common method for the determination of the enzyme
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activity from the maximal rate of kinetic curves an alternative method is
shown. Deviations between theory and measurement, concerning the rate especially at the phase transition temperature are discussed in the controversy
of membrane fluidity or phase state as crucial parameter for catalysis.
In summary this work shows how the consequences of statistical physics, thermodynamics, in an interdisciplinary context can contribute to the answer of
Schrödingers‘ question.
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Preamble
Before we get to the core of the matter, the structure of this thesis is pointed
out. As indicated in the summary, the study of biophysical aspects of processes
involved in primary hemostasis is divided in the following four questions:
• Can bleeding dysfunctions of mutated VWF be explained with altered
threshold forces for the coiled to elongated conformation change?
• What is the role of the VWF conformation for its interaction with phospholid membranes?
• How is the phase state affected by simple protein mimetics?
• What is the role of the phase state of the membrane for the activity of
the VWF cleaving protease ADAMTS13?
To be prepared for the topic, in the next part very briefly basic information
on the main matter (VWF, lipids, NP and ADAMTS13) are given. Subsequently the four main questions are answered. For this, the structure of each
chapter, according to the four questions, is geared on a typical publication
in the particular field: a introduction presents the state of the art and leads
to the question. Before the results are presented and discussed in a critical
manner, the used materials and methods of the particular experiments are
shown. Finally a conclusion and, where appropriate, an outlook on ongoing
research is pointed out.
In addition for each results chapter further information like protocols, calculations, additional studies on side effects are added in a separate appendix.
Thus, it should be also possible to understand single result chapters in combination with the associated basic and appendix chapters.
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Part I.
Basics

11

1. The protein von Willebrand
factor as main actor in
hemostasis
Beyond all question the accurate function of the blood clotting process is
indispensable to life. In physiology the protection against bleeding is secured
by sealing of the defect, initially done by the adhesion of platelets and the
protein von Willebrand factor (VWF). This section describes in brief the
leading role of VWF in hemostasis, mainly based on the publications [4, 5] and
references therein. The multimeric protein VWF consists of identical subunits,

Figure 1.1.: Domain structure of VWF (adapted from [6]). Two prominent
mutations 2A and 2B correlated with bleeding disorder are located in the
A2 respectively A1 domain. The multimeric pattern of both mutations are
similar and show a decreased fraction of high multimers compared to wild
type VWF (WT).

that are linked with disulfide bonds into dimers of 512kD. The subunit of VWF
consists of several functional domains as fig. 1.1 illustrates. The A1 domain for
example can bind VWF to platelets via their receptor GP1βα. Furthermore
these domains bury hydrophobic parts in the inside of the coiled conformation.
Another example for the domain specific functions is the regulation of VWF
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multimerisation. The cleavage of VWF by the enzyme ADAMTS13 (see also
chapter 8) happens enhanced if the A2 domain is unfolded [7]. The dimers
again are linked with disulfide bonds into multimers of 20 and more dimers,
resulting in a length of 2µm and longer. For understanding of the role of
VWF in primary hemostasis one has to know, that the function of VWF in
hemostasis is strongly dependent on the conformation of the protein. In the
blood stream VWF is existent in a globular conformation, whereas at high
shear forces the protein is unrolled in a stretched conformation showing the
full length of the protein. This reversible conformation change was shown to
happen as a certain shear rate threshold is exceeded [2].
When a defect at the vessel wall is detected, the platelets adhere to this site
and aggregate with help of VWF. But
the platelets solely bind to VWF in
its unrolled conformation via the glycoprotein Iβα receptors at the platelet
surface. As a consequence further receptors are expressed, leading to a
acceleration of the blood coagulation
[8]. At these bound platelets again
unrolled VWF adheres and builds
up fibres and networks of huge size,
Figure 1.2.: A VWF fiber (≈400µm that stabilize the inital aggregation of
long) is stretched under shear flow and
platelets. These processes are called
adhered to endothelial cells (green cells
primary hemostasis. In fig. 1.2 an inin background). The red labeled thromvitro
experiment shows a VWF fiber
bozytes bind to VWF (taken from [4]).
stretched under shear flow and adhered to endothelial cells. To this VWF fiber thrombozytes bind.
Without VWF the crucial step of platelet aggregation at the side of the injury
would not or only weakly happen. In contrast, secondary hemostasis denotes
the events of stimulated clotting, thrombin and fibrin formation, that finally
stops blood leakage. Besides the crucial role in primary hemostasis, also during the second part of hemostasis VWF protects coagulation factor VIII and
stabilizes the protein structures in this wound healing process. Quantitative
deficiency of VWF also leads to deficiency of factor VIII. This disease named,
Von-Willebrand-Jürgens-Syndrome belongs to the most frequent hereditary
disease [6].
Normally blood clotting happens outside of the vascular system at sides of
vulneration. But if the aggregation of platelets occurs to some reason inside
the vascular system without a vulneration this is called thrombosis. A consequence then is the partly or complete stasis, i.e. the bloodstream is stopped
in a certain part of the body. If the thrombi block the vascular system of important organs, like the lung, this dramatic and often lethal incidence is called

1 Protein von Willebrand factor (VWF) as main actor in hemostasis
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embolism [9]. The opposite case, that hemostasis does not happen sufficiently,
when a vulneration appears is called hemophilia. It can be caused by a lack of
coagulation factors, like factor VIII, or quantitative and qualitative malfunctions of VWF. As well hypo function as hyper function of VWF concerning
platelet aggregation is correlated with mutations in the primary molecular
structure of VWF. Chapter 5 treats the question how these mutations influence the crucial conformation change, especially if the clinical malfunctions
are correlated with the mechanical properties of the mutated proteins.
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2. Phospholpids in biologicals
systems and general surface
physics

Phospholipid as the main part of cell membranes
The basic building block of living individuums is a single cell. All cells as
well as all compartments inside the cells are surrounded by a lipid bilayer
containing proteins and sugar molecules. These natural barriers are linked
to the actin filament and control the influx and efflux of the cell. On the
way explaining processes in living systems, a very reduced and simple model
for those membranes are phospholipid bilayers [10], consisting of one or more
components.

Chemical structure
The characteristic behavior of the lipids results from their amphiphiphilic properties. While the headgroup is hydrophilic, the carbon chains are hydrophobic,
mainly due to entropy. This is the reason for the self organisation of lipids in
water or on a water surface. In water the lipids try to avoid contact of the tail
regions with water leading to micelles or vesicles or more dense networklike
bilayer structures. The different organization forms of lipids in water, relevant
for this thesis, are introduced in the following part.
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Figure 2.1.: (a) Chemical structure of DPPC. (b) The amphiphilic
molecules organize in lipid bilayer structures. (c) The polar head group
is simplified as one part of the lipid and the apolar carbon chains are the
hydrophobic part of the molecule. (d) Microscopic picture of a GUV (scale
bar 5 µm) (e) Different vesicular structures: small unilamellar vesicles SUV,
giant unilamellar vesicles GUV, multi lamellar vesicles MLV (adapted from
[11].

Forms of organisation of lipids
Besides the above mentioned micelles or networklike structures divers vesicular
structures are possible and used in science depending on the intended purpose.
In the framework of this thesis the following organisation forms were used.

Monolayers
A very simple but highly reproducible way to produce easy controlable lipid
interfaces that posses similar properties like biological membranes are Langmuir monolayers. If the, in chloroform solved, molecules are given to a through
with water, the amphiphilic molecules accumulate at the air-water interface.
The headgroups are in contact with the water, whereas the carbon chains
point towards the air.

2 Phospholpids in biologicals systems and general surface physics

17

Vesicles
Above a certain concentration in the pico molar range lipids form energetical
favorable vesicular structures. The following three forms of lipid vesicles were
used within the experiments presented in this thesis.

Multi lamellar vesicles - MLV
Multilamellar vesicles are the variant of vesicles that is produced with the least
necessary intrusion from outside. A typical procedure for phosphatidylcholine
MLVs is the following. The chloroform-lipid-solutions are dried under nitrogen
atmosphere for some minutes and subsequently under vacuum for three hours
to evaporate the chloroform completely. Afterwards the lipids are re-hydrated
with the intended aqueous solution (water, buffer, nanoparticle solutions,...)
in a heat bath at temperatures above the main phase transition temperature.
Simple shaking of the solution accelerates the formation of this onion like
structure of lipid bilayers like illustrated in fig. 2.1e. These MLV, with a
tyical size of 0.5 µm to 5 µm are used in the frame of this thesis for studing
the impact of membrane state on enzyme activity in chapter 8. The impact of
contaminants on the main phase transition of MLV is analysed in chapter 7.

Spherical solid-supported vesicles - SSV
If e.g. silica nanoparticles are added during the preparation process of MLV,
after several days spherical solid-supported vesicles are formed, by spreading
of the lipid bilayers on the nanoparticles. This process can be accelerated by
sonication of the sample during the preparation. More details and citations
can be found in section 7.3.2.

Giant uni lamellar vesicles - GUV
Giant unilamellar vesicles with a size of 10 µm - 100 µm can be produced with
the well known method of electro swelling. These GUV serve as artifical model
for cell membranes that can be observed with a fluorescence microscope like
shown in 7.5. Appendix C contains a typical preparation protocol adapted
from [12].
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Physics of surfaces
This sections deals with a selection of physics of surfaces that are usefull for
the understanding of the presented experimental results, especially the lipid
monolayer experiments. If not explicitely mentioned the facts are based on
[13].

Surface tension

(a) A thin liquid film in a frame.

(b) Molecular expla- (c)
Wilhelmy-plate
nation of surface ten- method.
sion.

Figure 2.2.: (a) A thin liquid film in a frame is expanded by a movable
barrier. The proportionality factor between needed work and enlargement
of area is the definition of surface tension. (b) A molecular picture explains
surface tension. The molecules in the liquid experience attractive interaction forces from the other molecules. In the bulk the forces vanish while at
the surface a finite force remains. (c) A thin plate is dipped half into the
liquid. The downward pulling force is proportional to the surface tension.
(pictures adapted from [13]).

A very important physical term for the physics of surfaces and interfaces it
the surface tension. Figure 2.2a shows a thin liquid film in a frame. The
area can be expanded by a moveable barrier. A movement of the barrier
for a infinitesimal step dx leads to an increase in area of dA = 2bdx. The
proportionality factor between enlargement of area dA and the needed work
dW is called the surface tension γ.

Furthermore it holds

dW = γdA

(2.1)

dW = −F dx

(2.2)

2 Phospholpids in biologicals systems and general surface physics
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what in combination delivers:
γ=

−F
−F
≈ ∂A
dA/dx
∂x

(2.3)

Equation 2.3 allows to determine the surface tension with different methods.
A very convenient and widely used method is the determination of surface
tension with a Wilhelmy plate. A rectangular filter paper, connected to a
sensitive force sensor, is dipped into a liquid. Assuming ideal wetting (contact
angle 0◦ ) the change of the wetted area of the plate dA is the product of the
change in height dx and the circumference 2l.

Interfacial excess
At the interface of a liquid phase to a gas phase (like in lipid monolayer
experiments) the surface divides the system into two volumes Vliquid and Vgas ,
if infinitesimal thickness of the interface is assumed. Both compartmens have
internal energies Ui , entropies Si and number nij of particles of all components
j. At the interface an interfacial excess of a component j is defined by the
number nj of particles of component j of the system minus the numbers
of particles of this component in each phase nij divided by the area of the
interface:
nσj
nj − nliquidj − ngasj
=
Γ=
A
A

(2.4)

The interfacial excess and the surface tension are connected by the Gibbs
adsorption isotherm:
0 = S σ dT +

X

nσj dµj + Adγ

(2.5)

j

, where µ is the chemical potential. At constant temperature the first term
vanishs and hence:
X
Γj dµj .
(2.6)
dγ = −
j

Assuming now a simple two component system (e.g. water and solved protein)
equation 2.6 changes to:
dγ = Γsolvent dµsolvent + Γsolute dµsolute .

(2.7)

By definition of the exact location of the surface Γsolvent can be set to zero and
hence dγ = Γsolute dµsolute . Furthermore the chemical potential of the solute
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depends logarithmically on a dimensionless concentration c of the solute:
c
µsolute = µ0solute + RT ln
(2.8)
c0
Differentiating of eq.2.8 with respect to c, combined with 2.7 delivers
Γsolute = −

c ∂γ
|T .
RT ∂c

(2.9)

Thus, for positive values of Γsolute , that means if the substance is enriched at
the surface, addition of the substance to the solvent leads to a decrease of
surface tension. These substances are called surface active, or surfactant if
γ decreases drastically (e.g amphiphiphilic phospholipds). Sodiumchlorid for
example leads to a slight increase of surface tension. In most of the presented
experiments 100 mM NaCl was used. Using the literature value 1.8 mN/m
mol
NaCl an increase of surface tension of 0.18 mN/m compared to pure water is
expected [14]. As the salt concentration is the same in all compared experiments, a bigger influence is expected due to the surface activity of the used
protein VWF, as polymers and proteins can show surface activity, but with
less defined phases compared to lipid molecules [15]. Often difficulties are
caused due to irreversibility of the area-pressure-isotherms. Furthermore if
concentration dependent experiments are compared one should keep in mind
that the addition of the protein will lead to a varying decrease of surface
tension and thus a variation of the baseline.

Lateral pressure of surfactant monolayers
If a drop of amphiphilic molecules, solved in chloroform, is spread on a water
volume, the molecules build a monomolecular layer on the surface. The difference in surface tension of the solution γ and the pure solvent γ0 is defined as
the lateral pressure π = γ0 − γ. By compressing of the layer π increases like
indicated in the shematic area-pressure-isotherm in fig. 2.3. A typical phosphatidylcholine monolayer system usually has four phases: a gaseous phase,
a liquid expanded, a liquid condensed and a solid condensed phase [16].
In the gaseous phase the average area per molecule is much larger than the
molecule size. In the liquid phase there is a significant lateral interaction between the molecules, what results in tilted carbon chain tails of the molecules
under further compression. The first order phase transitions between gaseous
phase and liquid expanded phase and between liquid expanded and liquid
condensed phase induces plateaus at lipid specific and temperature dependent lateral pressures. Typically in measurements in this thesis the systems
are driven from the gaseous phase to the liquid condensed phase.

2 Phospholpids in biologicals systems and general surface physics

(a) Langmuir monolayer
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(b) Schematic Area-pressure-isotherm

Figure 2.3.: (a) A monolayer of amphiphilic molecules on the surface
of a (mostly) water volume is compressed by a movable barrier. (b) A
schematic area-pressure-isotherm shows four phases with increasing lateral
pressure: gaseous, liquid expanded, tilted or liquid condensed phase, solid
condensed phase. Between gaseous and liquid expanded and between liquid
expanded and liquid condensed phase is a first order phase transition.

Lipid phase transitions

By controlling the lateral pressure of monolayers in isothermal experiments
the phase state can be controlled easily as shown above. Another possibility
to change the state of the lipid layer is the change of the temperature at
constant lateral pressure. By adjustment of the area per molecule the pressure
can be kept constant. In this case the area per lipid molecule as function
of the temperature is an accessible indicator for the phase of state of the
system. Fig. 2.4a shows how an area isobar for increasing temperature can
be understood from a bunch of area isotherms of different temperatures. By
increasing the temperature at a fixed lateral pressure from a temperature T
for a step ∆T the area is increased according to the area istotherm for the
temperature T +∆T. In this example around 30◦ C the area increases drasticly,
theoretically shows a discontinuity. This discontinuity of the isobar indicates
the phase transition from the liquid ordered to the liquid disordered phase for
a constant lateral pressure.
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(a) From area isotherms to an area isobar

(b) Heat capacity of a DPPC sample

Figure 2.4.: (a) Left: a bunch of area isotherms of DMPA shows the
typical increase of phase transition pressure with increasing temperature.
Right: Keeping the lateral pressure constant by regulating the area per
lipid molecule, one can measure an area isobar. The intersections of the
dashed dotted line at 7mN/m with the isotherms in the left graph describe
the same (area, temperature)-tuples as the isobar here (adapted from [17]).
(b) Typical heat capacity profile of a DPPC sample.

Along the same line, a temperature induced phase transition can be observed
for lipid bilayer vesicles. Optical observation of the excess area is possible
but not very convenient and precise. The transition from the gel-like to the
fluid phase of lipid bilayers is a first order phase transition. This means the
enthalpy as function of temperature exhibits a discontinuity at the transition
temperature and the first derivative, with respect to temperature, a singularity. Thus, this phase transition of vesicles can be analysed very precise and
reproducible by measuring the excess heat capacity of the sample with Differential Scanning Calorimetry [18]. A DSC setup measures the heat capacity by
heating respectively cooling of a sample and a reference sample with the same
volume. With electric heaters the temperature of sample and reference is kept
equal during the process. The excess heat capacity of the sample during the
phase transition can be directly taken from the difference in required electric
power of the heaters (for detailed information about a common DSC device
see [19]).
The isobaric heat capacity is defined as follows:
Cp =

∂Q
|
∂T p

(2.10)

From the measured heat capacity the transition enthalpy ∆H can be calcu-
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lated, using dH = dQ in the isobaric case:
∆H =

Z T2
∂H
T1

∂T

dT =

Z T2
∂Q
T1

∂T

dT =

Z T2
T1

Cp dT

(2.11)

Fig. 2.4b shows Cp of a typical DPPC MLV sample. The sharp peak at 41◦ C
indicates the highly cooperative main phase transition. Below this temperature TM the membrane is in the gel-like phase, a state of high order. Above
TM the membrane is in the fluid phase, with significantly changed intrinsic
properties. For further information concerning the phase transition of lipid
membranes see the chapters 7, 8 and the references therein.
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3. Nanoparticles - Social
relevance and characterization
of used NP

Silica Nanoparticles in humans environment

Due to the continuing progress in technology, in the last decades nanoparticles
(NP) appear more and more in the human environment. The applications of
NP are various. As well in food, cosmetics as in drugs divers NP of different
materials and shapes are used. As additives to food e.g. titanium dioxide
(E551) and silicium dioxide (E171, up to 50 mg/g) is permitted - independent
from the particle size [20]. Furthermore in sun screens titanium dioxide NP
are already a standard ingredient. Thus, the impact of NP on living organisms
is a rapid growing and highly discussed field of research. Recently we were
able to show that the biological reaction, measured in form of cytotoxicity, of
identical silica NP as used in the context of this thesis, is proportional to the
surface area of the NP and not the number or mass of particles [21]. More detailed information and references concerning NP are given in chapter 7. This
demonstrates that one of the key advantages, can be also a possible source of
risk: due to the size in the nm range the surface to volume ratio is increased
enormously compared to micro particles or bulk material in general. Thus,
these for the human eye invisible particles can show a high reactivity or overcome the membrane of the cell nucleus.
Besides these social relevance, mono-disperse NP are usefull in science. Because of well defined different sizes they can be used in combination with lipid
bilayers as model system for the impact of proteins with cell membranes. Instead of complex biochemical explanation attempts, more general effect likes
local curvature changes can be studied with NP. In this thesis there was a
special focus on the impact of NP on the phase transition of lipid membranes
(chapter 7).
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Synthesis and characterization
In the presented studies exclusively silica NP were used that were produced
with a modified Stoeber synthesis like reported in [22]. For the fluorescence
microscopy experiments silica particles were labeled with the dye Perylene,
whereas in the calorimetric studies and the monolayer experiments unlabeled
NP were used. The radii of the mono-disperse in water soluted NP spanned
a range from 9 nm to 250 nm. Thus systematic studies of membrane effects
could be studied.

Figure 3.1.: To determine the size of the used silica NP electron microscopy pictures of dried NP solutions were evaluated. Left: Exemplarily
a picture of particles with a mean diameter of 200 nm. Right: The size distribution contains the information of several pictures from different areas
of the substrate.

Most of the NP were characterized like already described in [12] with scanning electron microscopy, transmission electron microscopy and dynamic light
scattering. Beyond the particles mentioned in [12] further batches of NP with
differing size were used (see chapter 7). The most important results of the
characterization are:
• monodispersity
• chemical stability in water and phosphate buffer (besides a relative high
equilibrium concentration of silicic acid in the solvent, shown in chapter 7)
• no tendency for agglomeration due to the negative surface charges (bare
particles as well as lipid covered NP)
For further details concerning the synthesis of these particles or quantization
of fluorescence etc. the citations [12, 22] or direct contact to Dr. R. Herrmann
(University of Augsburg) are recommended.
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4. The role of ADAMTS13 and
basics in catalysis
Role of ADAMTS13 in hemostasis
As mentioned before, in primary hemostasis ultralarge VWF fibers (ULVWF)
are stretched to the enrolled state and bind blood platelets to seal the damage
in the blood vessels. The multimerisation of VWF to ULVWF is regulated by
the cleavage by a certain protease, that cleaves the large multimers in the A2
domain between the residues Tyr1605 and Met1606, where an acidic group and
an alkaline group with similar pK values are built. In the late 1990s a VWF
cleaving protease was partially purified [23, 24] and later identified to belong
to the ADAMTS family [25, 26]. Since then the name ADAMTS13 is used
synonymously for VWF cleaving protease [27]. Furthermore a correlation between the existence of unusual large VWF and thrombotic thrombocytopenic
purpura (TTP), the occurence of widespread thrombi in the vasculature, was
discovered in 1982 [28]. As VWF is one of the major players in the blood
clotting process, this clearly shows the importance of ADAMTS13 as well in
healthy organisms as in the case of VWF related diseases. It is known for example, that for certain mutations large VWF fibers are cut faster respectively
slower compared to the wildtype.

Enzym kinetics
To ensure comparable values for the cleavage activity of enzymes in general,
and here ADAMTS13, the standard reaction scheme is used [29, 30]:
k1

k2

k−1

k−2

−−
*
−−
*
E+S)
−
− E + P 1 + P2
−
− ES )

(4.1)

where E means enzyme, S substrate, ES the complex of both and P1 , P2 the
products. Furthermore the Michaelis constant KM that is independent from
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substrate and enzyme concentration is defined as following:
KM :=

k−1 + k2
k1

(4.2)

Figure 4.1.: A typical kinetic curve shows a steep increase v0 of reaction
product followed by exponential saturation behavior.

Typical enzyme kinetic curves show a steep nearly linear increase v0 in the
beginning followed by exponential saturation behavior, as illustrated in fig. 4.1.
The increase v0 depends on the enzyme concentration [E]T and the substrate
concentration [S] as follows:
v0 := k2 [E]T

[S]
[S] + KM

(4.3)

If the sample is saturated with substrate the rate v0 reaches a maximum vmax
and thus:
k2 = vmax / [E]T
(4.4)
Using eq. 4.4 and eq. 4.3 leads to the Michaelis-Menten-Equation that expresses the reaction rate as function of the substrate concentration:
v0 := vmax

[S]
[S] + KM

(4.5)

This leads to a proportionality between catalytic rate and substrate concentration for low substrate concentrations. Whereas for high substrate concentrations the fraction in 4.5 is nearly one and the measured rate is vmax . For
identical enzyme concentrations and [S] higher than the maximal value of KM
at different temperatures, the rate vmax is a capable parameter to compare
the enzyme activity while varying other parameters like temperature.
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(a) Reaction scheme of interfacial catalysis
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(b) Scooting vs.
mode

hopping

Figure 4.2.: (a) This scheme (taken from [31]) illustrates the key features
of interfacial catalysis. The enzyme in the bulk E binds/unbinds with a
rate kb /kd to the interface (then E*), where it forms a complex with the
substrate S. This complex can react to an enzym product complex E*P
that dissociates into P and E*. The according rates are ki /k−i . Optionally
E can form a complex with an inhibitor I.(b) Illustration (from[31]) of the
scooting (A) and the hopping mode (B). In the scooting mode the enzyme
binds to the vesicle and moves within the surface, whereas in the hopping
mode an enzyme switches between bulk and different vesicles.

Interfacial catalysis
For the special case where the catalytic reaction takes place at a membrane
interface the general case described above has to be expanded as illustrated
in fig. 4.2a. The enzyme in the bulk E binds/unbinds with a rate kb /kd to
the interface (then E*), where it forms a complex with the substrate S. This
complex can react to an enzyme product complex E*P that dissociates into
P and E*. The according rates are ki /k−i . Optionally E can form a complex
with an inhibitor I. Here P stands for the both products P1 , P2 . In the experiments presented in this thesis no inhibitors were used.
Another discussed aspect concerning catalysis at vesicle surfaces is the question of the reaction mode [31]. In Fig. 4.2 the vesicle scooting mode (A) and
the vesicle hopping mode (B) are illustrated. If kb >> kd the enzyme will
not leave the vesicle surface and move within this interface. If desorption is
more likely the vesicle hopping mode may be the case. We assume A for our
experiments, although the difference is not as crucial as in the case of e.g. phospholipase, where the vesicles are substrate and reaction interface at the same
time. Furthermore we show indirectly in section 8.2 that kb >> kd . Furthermore we assume k3 >> k−2 as shown e.g. for phospholipase A2 in [32]. Thus,
it is plausible to use the simplified equation 4.1 for the moment, keeping in
mind, that additional effects due to the restriction of the interface can appear.
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Part II.
Results and Discussion
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5. Mutations influence mechanical
stretching of von Willebrand
faktor
5.1. Introduction - A mechanic approach to
explain mutation specific dysfunctions in
hemostasis
In almost 1% of the population inherited defects
of VWF function can be detected. Clinically significant malfunctions affect only ∼ 125 per million
population [33]. For instance the von-WillebrandJürgens-syndrome is one of the most inherited diseases [6]. Therefore, the question about the mechanism behind the causality of certain deviations in
the organism compared to healthy persons and the
correlated symptoms is the driving force for the presented studies on the
mechanical properties of the protein VWF. The crucial role of VWF in primary hemostasis was pointed out already in chapter 1. Its name goes back
to E. von Willebrand, who reported already in 1926 about the disease with
heterogeneous tendencies in bleeding behavior [34, 35]. This severe bleeding
disorder (also: hemophilia), called Von-Willebrand-Desease (VWD) is classified in three types, with quantitative and qualitative changes of VWF: type 1
shows a decreased amount, type 3 absence of VWF; in contrast type 2 classifies qualitative defects of VWF [36].
For a physicist the latter is the most interesting one, as the causality between
lack of VWF and absence of its functions seems clear. Within the classification
VWD type 2 there a two mutations 2A and 2B, showing a lack in high multimers and are in general not distinguishable in their multimeric pattern [36].
While also the symptoms of the according patients are in both cases similar
(e.g. increased bleeding times), the tendency for aggregation of platelets differs drastic between the two mutations. In standardized tests VWF 2A shows
a decreased platelet aggregation VWF 2B shows a gain of function, leading
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to increased platelet aggregation [37]. In fig. 5.3b the results of a test of agglutination reported in [37] show this in a concrete way. While plasma from 2A
patients shows no agglutination even at twice the threshold concentration of
healthy patients, the plasma from 2B patients show enhanced agglutination
already at a third of this concentration.
At this point a brief summary about the actual state of knowledge concerning
these two mutations is given. Demonstrably there is a lack of high molecular weight multimers (HMWM) in the blood of patients with both mutations.
These HMWM are necessary for adequate function in primary hemostasis. As
the crucial interaction with platelets differs significantly for both mutations
there have to be different reasons for the lack of HMWM. Ruggeri et al. in
1980 [38] suggests that in the case of VWF 2A no HMWM are produced, while
the binding affinity to platelets is in principle normal. In contrast, in the case
of VWF 2B, the ability to synthesize large multimers is unaffected, but due to
higher binding affinity of VWF 2B to platelets and tissue the large multimers
are removed from the blood circulation. In turn, the lack of the HMWM leads
to hemostatic defects.
Combined with the knowledge about the shear force induced unfolding of
VWF [2] this leads to the question, whether the reason for the differing agglutination of the two mutations is simply connected to differences in the
unfolding forces. Lower/higher unfolding forces could lead to a lower/higher
agglutination affinity. How atomic force spectroscopy can be used to answer
this question is explained in section 5.2.1.

5.2. Materials and Methods
5.2.1. Probing protein properties with force spectroscopy
Besides the different imaging modes, the atomic force microscopy (AFM) technology is widely used for single molecule experiments. The high resolution
in the pN range allows to measure the force acting on a molecule during
elongation. By recording thousands of so called force distance cycles and automatized data analysis, statistics of various physical variables of the studied
molecule can be achieved. In figure 5.1b the function principle of an AFM is
illustrated: a cantilever with a sharp tip scans the substrate while the deflection of the cantilever is detected with a laser beam, reflected on the top of
the cantilever. For detailed information basic literature on AFM in general,
application to force spectroscopy (e.g.[39, 40, 41, 42, 43]) and a recently published review as starting point for force spectroscopy [44] are recommended.
In fig. 5.1a the trace and retrace curve of a force distance cycle are shown
and for different positions the situation (cantilever deflection, distance to the
substrate, molecule state) is illustrated. During the trace the molecule is at-
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tached to the cantilever in its position of rest. The chip, where the cantilever
is attached, is moved via a piezoelectric crystal with constant velocity towards
the substrate (baseline). From the piezo position on, where the tip (and the
molecule) touches the substrate, the cantilever is deflected upwards, as the
piezo still moves the chip towards the substrate (linear voltage increase) till
the point of maximal upward deflection. Within this time the molecule can
bind to the substrate specifically, e.g. to a layer of antibodies, or unspecific
to any material. In the retrace the cantilever is still bent upwards.

(a) Raw data of a force distance cycle

(b) Function principle of an AFM and a force distance curve

Figure 5.1.: (a) Voltage signal for trace and retrace
(shifted -1.5V). Inset: schematic deflection of the cantilever
at the different positions in the force distance cycle. (b)
left: Schematic AFM setup: with a four quadrant photo
diode the deflection of a cantilever is measured via a reflected
laser beam. The cantilever is linked to a chip that is moved
vertically with a piezoelectric crystal. right: Force as function of end to end distance d of the stretched molecule in
the retrace.

When the chip is
moved further away
from the substrate
at some point the
molecule gets
stretched between
cantilever tip and
substrate.
Thus,
the same force acts
on the molecule and
on the cantilever,
what is visible by
the negative voltage value indicating
a deflection towards
the substrate. After the rupture of
the last binding site
of the molecule, the
cantilever is again
at rest, while the
chip is moved further upwards to the
initial position.
From here, the cycle can be repeated
several times.
As shown in fig. 5.1c
the retrace curves
can be converted
in force distance
curves by multiplying the voltage signal with a calibration factor and cor-
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rection of the piezo position by the deflection of the cantilever (see basic literature). The distance d then describes the end to end distance of the stretched
molecule. In this figure, besides the rupture at 65 nm, an unspecific rupture
(left) and another small rupture (middle) appear. The first one is simply
caused by unspecific interaction of cantilever and substrate and also appears
in reference measurements without molecules attached to the tip. The latter
one can be caused e.g. by another molecule stretched in parallel.
The AFM technology allows to record the force acting on single molecules as
function of the protein elongation (force distance curve). These force distance
curves for polymers can be fitted with theoretic models. The simplest model
is e.g. the freely joint chain model where the monomers are approximated by
stiff rods of a certain length. A number of these monomers is connected to a
chain, where the angle between neighboring chain segments is free [45].

Figure 5.2.: Force F as function of relative elongation of a polymer according to the WLC model for fix Lc and different Lp . The gray dotted
line marks the force that is necessary for 70% elongation of a polymer with
Lc = 100 Lp . At the same force a polymer with a persistence length, that is
one order of magnitude higher, is only 19% elongated. In contrast a polymer with Lp one order of magnitude lower is almost completely elongated.
Inset: illustration of elongation of polymers in the situation marked with
arrows: at the pulling force, at which the polymer with Lc = 100 Lp leaves
the linear regime, the polymer with the smallest persistence length is still
coiled, whereas the one with the longest is almost completely stretched.
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Expanding this model from discrete monomers to a continuity model results
in the so called Worm-like-chain-model (WLC). The force F as function of the
end-to-end-distance x of the polymer follows the formula:

kB T
F (x) =
4Lp



x
1−
Lc

−2

4x
+
−1
Lc

!

(5.1)

where Lp is the persistence length, Lc the contour length, T the temperature
and kB the Boltzmann constant.
In figure 5.2 the pulling force F as function of relative elongation of a polymer
according to the WLC model for fix contour length Lc and varied persistence
length Lp is plotted. The persistence length typically is two to three orders of
magnitude smaller than the contour length. Thus, the gray dotted line marks
the force that is necessary for 70% elongation of a polymer with this typical
ratio of Lc and Lp .
At the same force, where a typical polymer leaves the linear regime, where it
behaves like an entropic spring, a polymer with a persistence length one order
of magnitude lower is only 19% elongated. In contrast a polymer with Lp one
order of magnitude higher is almost completely elongated.
This idea is conferred to the studied variants of VWF: In fig. 5.3a it is illustrated that VWF under shear flow switches its conformation from coiled to
elongated. Only in the elongated conformation the protein binds platelets
and fulfills its function in hemostasis [5]. Assuming that the force field due
to the shear flow can be compared with a point force (AFM tip), one can
compare the necessary forces to change the proteins conformation for wildtype VWF (WT) and two mutations (2A, 2B). Patients with these mutations
tend to lower/higher platelet aggregation, like indicated in fig. 5.3b: a certain
concentration of ristocetin leads to aggregation of blood. In analog experiments for the different mutations significant higher/lower concentrations are
necessary. This leads to the working hypothesis, that compared to WT the
mutations 2A and 2B require higher/lower forces for the change from coiled
to elongated conformation like indicated in fig. 5.3c. These mechanical forces
can be measured with an atomic force microscope for large number of force
distance cycles.
If this mechanical picture, that links different unfolding forces with the clinical
malfunctions, is correct, the statistical distribution of the persistence lengths
lies at smaller Lp for mutation 2A and at higher Lp for 2B (see fig. 5.3d). Thus,
large number of force distance curve under the same experimental conditions
for WT, 2A and 2B have been recorded and evaluated with the analysis software described below.
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Figure 5.3.: (a) Under shear stress VWF switches from a coiled to a
stretched conformation [2]. (b) The tendency for blood clotting after addition of Ristocetin is decreased for patients suffering from von-Willebrand
desease (VWD) type 2A and increased for those suffering VWD type 2B
[37]. (c) In the working hypothesis the mechanical picture explains the
bleeding dysfunction: stretching of 2A/2B needs higher/lower forces than
WT. These forces are measured with an AFM. (d) From force distance
curve Lp for the different VWF types can be extracted. If the mechanical
picture is correct, one expects that the distribution of Lp for 2A/2B lies at
lower/higher values compared to WT.

5.2.2. Cantilever and Substrate preparation
The force cycles were measured in PBS++ (Dulbeccos PBS (1x) with Ca &
Mg, PAA-Laboratories GmbH) at pH 7.4 with a setup like presented before
[46]. The VWF was covalently bound to the cantilevers with linker molecules
(aldehyde-PEG-NHS, friendly supplied by Dr. H. J. Gruber, Institut for Biophysics, Universtity Linz, 4040-Linz, Austria, see also [47]) according to the
protocol shown in appendix A.1. As substrates freshly cleaved mica sheets
(Muskovit-Mica-Sheets, Plano GmbH) were coated with the same PEG linkers. If intended, polyclonal VWF antibodies (Dako Cytomation, Denmark,
reference A0082, concentration: 3,1g/l) were bound to the PEG-layer (see
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also A.1). The complete surface chemistry processes are explained detailed in
[46].
In the presented experiments cantilever chips of type MSCT and OTR4-10
(Veeco Instruments Inc., NY 11803, USA) were used. By default the experiments were performed with the softest cantilever of each chip (k=10-20
pN/nm). For similar experiments we recommend the MSCT type because of
the better handling during coating and installation into the setup. The specifications of the cantilevers can be found in [46] or on the websites of typical
suppliers for AFM accesories (e.g. Bruker AFM Probes, Camarillo, CA 93012,
USA).

5.2.3. Automated analysis of force distance curves
To get significant statistics for the different VWF mutations in different experiments several hundreds to thousands of force distance curves were recorded.
To analyze these huge amounts of data the implementation of an customizable automatized data analysis software was crucial. The house made software (OpenForce) is a band of scripts running with the freeware SciLab 5.2
(www.scilab.org) and was presented in detail in [46]. In the following section
the main requirements to the software, its skills and the key ideas of the used
algorithms are given.
OpenForce works in a semi-automatic way. That means, the operator has to
adapt the default values in a configuration file, that is adjusted to some of the
force curves of the complete data set. One adjusted parameter for example is
the so called jump factor: it defines the threshold distance between neighboring points in a force curve indicating a discontinuity that exceeds the mean
noise level significantly. With the optimized configuration file OpenForce is
able to analyze thousands of force curves automatically. The main steps in
the analysis of one single curve are the following.
First, from the raw data file the data columns and values from the header are
read. Second, the voltage signal as function of the piezo position has to be
transformed into a force signal as function of the distance between substrate
and tip of the deflected cantilever. Therefor the baseline, i.e. the signal of
the position of rest, has to be fitted (see fig. 5.4a). To convert the voltage signal in a force signal the sensitivity characteristic, i.e. the slope of the signal
during pressing the cantilever on the substrate, has to be determined (green
line in fig. 5.4a). Subsequently the signal is scanned for discontinuities, so
called rupture points (circles in fig. 5.4b). Between the rupture points and the
equilibrium points the algorithm fits the data according to the WLC model.
Here the fitting parameters contour length Lc and persistence length Lp are
varied repeatedly on a parameter grid according to the least square method.
This detection and fitting step is repeated for a second time, while new rup-
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ture points within the fitted ranges are determined by discontinuities in the
difference of fit curve and data signal.

(a) Baseline and sensitivity fit

(b) Cutout of an automatically analyzed
force distance curve.

Figure 5.4.: (a) Fitted baseline and sensititvity characteristic as initial
steps of the analysis. (b) In an automatically analyzed force distance curve
the circles mark the detected rupture points, the triangles the equilibrium
points. Between this points the software fits WLC curves to the data points
(blue line).

Then the force curve and the proper fits are plotted in the intended format.
Finally the results, i.e. rupture and equilibrium points, fitting parameters Lc
and Lp and other values like a quality factor of the fit are saved into a result table. Usually the contour length is defined as the length of the polymer
backbone, but in pulling experiments fractions of the complete backbone can
be hidden in folded domains. Furthermore it is possible and probable that
the polymer is not pinned with its end to the cantilever tip. Therefore, in the
following the contour length Lc is always ment as the available or measureable
contour length of the protein.
After this analysis process is applied to all force curves of the data set the
table of results can be sorted and evaluated with a further script in a convenient and quick way. A very detailed description of each analysis step is
recommended for further information (see[46]).

5.3. Results and Discussion
The structure of the following results and discussion section is divided in five
parts. First, to develop an intuition for the VWF force curves, measurements
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of WT and fits to these force curves are shown. Second, the results of WT
measurements are compared qualitatively with calculations and quantitatively
with Monte-Carlo simulations to clarify the structure of the fit results in the
Lp -Lc -space and to ensure comparability. Third, characteristics of VWF 2A
measurements are shown and discussed. Subsequently the results of fits to
these measurements are presented and discussed. To avoid unnecessary repetitions, the separation of results section and discussion section is omitted here.
Then the same approach is used for VWF 2B.
Afterwards, in brief the obtained results of WT, 2A and 2B are compared.
Finally the correlation of clinical malfunctions and mechanically measured
protein elasticities are discussed and in an outlook possible continuative experiments are suggested, which can also help to unravel similar subjects.

5.3.1. Results - Force curves of wildtype VWF

Figure 5.5.: Forces curves of VWF WT (baselines are shifted vertically).

In fig. 5.5 examples of force curves of VWF WT are plotted. Ruptures appear
over the whole range up to 8 µm. Next to the rupture point most curves show
typical WLC behavior. A closer look on these regions (fig. 5.6b = blue box)
demonstrates that within the dips additional discontinuities (in the following
called ruptures) appear. In many previous measurements the force curves look
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similar to the second curve (numbering from top) in fig. 5.6a or even just like
the first 1000 nm of it. Often the unspecific adhesion peak seemed to be the
only interaction between tip and substrate.
Curves like the top five curves in fig. 5.5a suggest that simply the measured
height range moved within the low force regime of protein stretching where
eventual events cannot be seen due to the noise level of the AFM. Initial sections of such curves often cannot be distinguished from a real baseline without
a connection between tip and substrate. This should be kept in mind for the
discussion of the fitting results.
The analysis of several thousands of force curves are results in form of tuples in
the Lp -Lc -space, like exemplarily shown in fig. 5.7. For the data set ‚A8D‘ no
manual selection of fitted force curves was done. For ensuring satisfyingly
high quality of the fits filtering criteria like minimum number of data points,
or fitting quality factor as described before [46] were used. In contrast, for
the data set ‘A11I‘ force curves with ruptures at high distances were selected
(examples shown in fig. 5.5).

(a) Zoom (red box)

(b) Zoom (blue box)

Figure 5.6.: Forces curves with VWF WT (baselines are shifted vertically).
No obvious quantization in rupture distance can be seen in single force
curves. (b) Also at high elongations single and multiple rupture events
appear.

In fig. 5.7 the results of the fits to force curves of VWF WT are shown. The
parameter contour length Lc is plotted as function of the persistence length
Lp . The fit tuples (Lp ,Lc ) of a series of WT force spectra show accumulation
of data points in three regions. The region in the left upper corner is mainly
caused by fits to low number of data points and therefore an artifact.
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(c) Histogram of contour lengths

Figure 5.7.: (a) Fit tuples (Lp ,Lp ) of a series of WT force spectra show
accumulation of data points in three regions. The region in the left upper
corner is mainly caused by fits to low number of data points and an artifact. The region marked by the ellipse are fits to sections of high forces
below 200 nm distance between tip and substrate. The remaining fits indicate a quantization of Lc and a broad distribution of Lp between 1 nm
and 1000 nm. (b) Histogram of the fitted persistence length of WT VWF
shows maxima (arrows), that can be explained with identical parallel VWF
strings. (c) Histogram of the fitted contour lengths of WT VWF shows a
quantization.
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The region marked by the ellipse are fits to sections of high forces below
200 nm distance between tip and substrate. The remaining fits indicate a quantization of Lc and a broad distribution of Lp between 1 nm and 1000 nm. This
region turned out to be the region with the most information about the basic
polymer properties, as shown in the discussion section. The magnification of
the relevant part of the Lp -Lc -space is plotted in fig. 5.7b. The histogram of
the contour lengths of the data set ‚A8D‘ in fig. 5.7c shows maxima roughly
located at multiples of the length of a VWF dimer. This quantization already
can be seen in the distribution of the rupture distances of the raw data.
Furthermore also the histogram of Lp shows maxima (see arrows in fig. 5.7b)
that can be explained by pulling of parallel strings with the same persistence
length as described in section 5.3.2 and in [46].

5.3.2. Discussion - comparison of measurements and
simulations
Discussion - Qualitative comparison of measurements and simulations

(a) Possible solutions for fixed Frup

(b) Possible solutions for distinctive points of
a WLC curve with fixed Lc and Lp

Figure 5.8.: (a) Lc (Lp ) for fixed Frup gives a similar structure as the
measurements(5.7a). The two gray lines symbolize short rupture distances
(PEG-linkers) while the colored ones represent multiples of a dimer size
(b) Possible solutions for ruptures at different relative elongations. Ruptures at different points of the same WLC force curve (see inset) produce
different possible Lc (Lp ) solutions. With increasing relative elongation the
solution curves are more flat in the vicinity of the real solution (intersection
of all solution curves).

Structure of the results in the Lp -Lc -space The structure of the fit results
in the Lp -Lc -space can be understood by solving eq. 5.1 for Lc (Lp ) for a fix
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rupture point (xrup , Frup ). In figure 5.8 Lc is plotted as function of Lp for
Frup = 75 pN and four different rupture lengths that are close to the maxima
of the Lc histogram (fig. 5.7c). Furthermore the thin and thick gray lines are
the possible solutions for xrup near one respectively two times the length of
the used linker molecules. The Lc limes for high Lp is, independent from the
rupture force, obviously the rupture distance. These horizontal asymptotes
can be found in the results of the fits to the measurements as well. Interestingly the high quality fits are found especially in this region.
In fits, where xrup is not in the vicinity of the fitted Lc , i.e. mainly fits in the
upper part of the Lp -Lc -space, leads to very small values for Lp . Recalling the
elongation force according to the WLC model, this means the linear part of
force curves, far away from the maximal elongation, are placed through the
rupture points. This also explains why fits with short ranges and/or lower
quality can be found especially in this region.
Every possible solution for one rupture point tuple (drup , Frup ) lies on the line
corresponding to the particular tuple. A change in the rupture force varies in
this double logarithmic plot only the slope of the linear part but not the limes
towards high Lp . Anyway the rupture force is determined by the strength
of the binding of VWF to the substrate. Thus, for the comparison with the
measurements Frup can indeed be assumed as nearly constant.
One basic assumption is that the studied proteins somehow possess a certain persistence length distribution. As no specific binding sites are used in
the experiments, at first glance there is no reason to assume quantization of
Lc . But it is thinkable that the rupture takes place at different positions
within the elongation force according to the WLC model. This influence on
the shape of the line of solutions is analyzed in fig. 5.8b. For fix model parameters (Lc = 137 nm, Lp = 1nm) different rupture points (xrup ,Frup ) near to
the vertical asymptote are used to calculate Lc (Lp ). They represent relative
elongations between 87.6% and 99.6%. It is observable that with increasing
xrup the possible solution curves are more flat in vicinity of the real solution.
Furthermore in consequence of the initial conditions all lines intersect at that
tuple, that describes the used model parameters. This originates the higher
reliability of fits that include wide spread data points: those fits simply have
to fulfill more conditions. Only solutions in the vicinity of the correct tuple
fulfill these conditions sufficiently.
To sum up this paragraph: the structure of the solutions in the Lp -Lc -space
can be understood by quantization of rupture distances especially for the high
quality fits to the data points of the last rupture. In the following section the
comparison with simulations of domain unfolding will further clarify what
information can be won from the measurements.
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Discussion - Quantitative comparison with a polymer model using a
Boltzmann ansatz for domain unfolding
The in-depth studies of the force spectra, and the fitting results suggest that
the force spectra result from several parallel VWF polymers which each consists of a series of moduls that hide a certain inaccessible part of the polymer
backbone. The opening of this domain like substructures in a single fiber
lead to an increase of the contour length and hence to the typical saw tooth
pattern in the force spectra. Based on the simpler calculations in [46] sophisticated simulations using a Boltzmann-ansatz show high agreement with the
measurements. Thus, a fraction of this unpublished data [48] is used here to
present the up to date status concerning force spectroscopy on VWF.
A simulated single VWF polymer consists of a series of moduls (from here:
domains) described according to the WLC model and the properties (Lc , Lp ).
Thus, a elongation xi of the domain i results in an acting force Fi (xi ) on this
domain. In a chain the force acting on each domain is the same. Furthermore,
the total elongation of the chain is the sum over the elongation xi of all domains.
Each of these domains expose a hidden part of the polymer with a probability
pi that is exponentially dependent on the force, acting during a infinitesimal
time step ∆t:
F

pi (F ) = k0,i e F0 ∆t

(5.2)

where k0,i is the unfolding rate without acting force and F0 a characteristic
force. By adjustment of these parameters this probability can be used also
for the unbinding from the substrate.
Simulated force curves show very good agreement with the measured curves
for the following sample structure. Three identical polymers are on both sides
attached to substrate/cantilever via a PEG linker (Lc = 15nm, Lp = 0.5nm)
and consist of four dimers (Lp =100nm) which are build up of three domains
(Lc = 105 nm, 10 nm, 6 nm) each with Lp = 100 nm. All domains are closed
initially, simulating the globular conformation of the protein. Thus also the
end to end distance is zero. Typical values for domain opening forces, opening rates, detaching forces etc. can be found in appendix A.2. In figure 5.9
a simulated force curve is shown. Noise in the typical order of magnitude
is added to the simulated force distance curves in order to compare fitting
results of these simulated force curves with measured ones. A detailed study
of the impact of the different simulation parameters on the result of the fits
to the simulated force curves will be presented in [48].
The exemplarily shown force curve in fig. 5.9a is in many respects similar to
a typical measured curve. After an unspecific adhesion dip, the curve shows
typical WLC shaped force increase, interrupted by around ten ruptures. For
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(b) Results in the Lp -Lc -space

Figure 5.9.: (a) The simulated force distance curve look similar like the
measured ones.(b) Results of fits to simulated force curves. Three parallel
polymers with Lp = 100 nm are build of 4 dimers which each consist of
three domains of the size 105 nm, 10 nm and 6 nm. On both sides of each
polymer a linker molecule is attached (Lc = 15 nm, Lp = 0.5 nm)

the discussion of the abilities and limits of the fit algorithm we count the fits
from right to left. The baseline and the contact point are determined correctly,
the rupture points are identified and the fits 1, 3, 4, 6 and 10 seem perfect.
In contrast fit 2 is very short ranged and produces an unrealistic tuple of fit
parameters. At first glance fit 5 is also satisfying, but a close look to the fitted
section shows that the deviations are not complete randomly distributed. The
other fits 7, 8 and 9 are sufficient but the human eye would tend to construct
a steeper curve into the data points. Thus, it is not surprising that the fitted
parameter Lp names never exactly the intrinsic Lp =100 nm. Moreover the
fitting results are spread over three orders of magnitude.
This broad distribution of the persistence length is problematic if only single
fits are picked out. But keeping the shape of all possible solutions (fig. 5.8)
in mind, a look at the resulting distribution of the fitting results in the Lp Lc -space removes the confusion. In fig. 5.9b the red points are the results
with a fitting quality of 0.7 or higher of all fits in 3000 simulated force curves,
the yellow ones are the fits to data points before the last rupture. Obviously
the parameter tuples reflect the typical shape of the possible solutions to a
(x, F (x)) tuple as shown before. Astonishingly the fits to the last ruptures
do not deviate strongly from the other fits. This indicates that rupture of parallel polymers at the same time (within the resolution of the sampling time)
appears more often than expected and will be discussed in detail in [48]. From
the theoretical considerations before, we can explain the plateaus in Lc with
the quantization of the building block sizes. For example the gray dashed
horizontal line is exactly the maximal length of a simulated polymer.
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On the other hand, the lowest values of Lc are next to 30 nm the length of
two linker molecules.
However, the most important aspect is the fact that the broadening of the
persistence length on the plateaus seems to be very systematic (the green
straights in this double logarithmic plot are multiples of the square route
of Lp ). Especially the simulation results of a string with 40 dimers show
that this trend in the shift of Lp with increasing Lc saturates. The resulting
values of Lp do not exceed significantly the intrinsic value of Lp =100 nm. Decreasing the noise level in the simulations leads to an expansion of the lower
Lc -plateaus towards the intrinsic limit of Lp =100 nm. Furthermore in the
following paragraph it will be shown, why the accumulation of measured fit
tuples are limited differently for different contour lengths.
The WLC model can be simplified for 1 −
kB T
F (x) =
4Lp
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The dependence of Lc on Lp and elongation x then can be derived as:
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Thus, for a data point (x, F (x)) and fix Lp obviously higher values of x lead
to a higher estimation of Lc . Furthermore the limes for high Lp is again the
rupture distance x. Using the simplified equation 5.3 to express Lp allows the
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A limitation of the force by a certain detaching force Fmax can be safely assumed. The reason why Fmax differs with polymer length lies in the model
itself: the detaching probability is accumulated over the time steps. Hence,
at constant pulling velocity high polymer lengths need a higher number of
time steps and thus already a lower average force leads to the same detaching
probability p in longer polymers than in shorter ones.
Along the same line, it is reasonable that long polymers are correlated with
a smaller lower limit Fmin what leads to a higher upper limit of Lp . This
argumentation of accumulated probability seems satisfying, as it answers the
question for both limitations at once. Furthermore, for very short polymers
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the impact of the lower persistence lengths of the linker molecules on the measured total polymer lengths is higher than for longer ones.

Figure 5.10.: left: Measured force curves show high force regimes below
100nm .right: Illustration of the regime, where intermolecular friction dominates (a) and at higher distances, where interaction with water dominates
the forces (b)

Nevertheless, there
are some differences
between simulation
and measurement
that should be explicitly mentioned
as it appears over
all data sets and
VWF types.
As
can be seen e.g. in
fig. 5.10, in many
measured force curves
below an elongation
of 100 nm a significant higher force
regime appears than
predicted by the Figure 5.11.: Simulated force curves with N identical paralsimulations.
The lel polymers show a systematic increase of appearing forces.
forces reach values
around 300 pN while typical forces at higher distances are 20 pN.
A possible trivial reason is the number of parallel strings. In the simulations
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shown before up to three polymer strings were pulled in parallel. In real measurements this number for sure can exceed three. Hence, higher total forces
are applied to the cantilever. But this would not explain the sharp limitation of this high force regime, as examplarily chosen simulated force curves
in fig 5.11 show. There force curves for 1 to 40 parallel but not directly interacting VWF polymers are depicted. The interaction only happens in the way
that they are all connected to the same force sensor. As a consequence the
appearing forces increase systematically with increasing number of polymers.
But the fits still do not produce the abrupt change of the appearing forces
around 100 nm and the fit tuples do not lie in the region marked in 5.7a with
an ellipse.
On the other hand one could imagine, that the pulled VWF system shows
two regimes, as illustrated in fig. 5.10b. At low distances between cantilever
tip and substrate complete VWF globules are extended and behave somehow
gel-like. Internal friction dominates the acting forces. At higher distances
there is a regime where single strings are pulled out of the coiled VWF and
the interaction with water dominates. This assumption is supported by the
fact that at higher VWF concentrations in the coating process the gel-like
regime is increased up to 2 µm. Furthermore through all measurements (different preparation, VWF mutations and batches, different substrate coatings)
it turned out that two main ranges of Lp in fits with high quality appear.
On the other hand there are the plateaus in the Lp -Lc -space, reaching up
to roughly 100 nm, which were discussed before. These measurements are
thought to describe the case of elongation of single molecules. On the other
hand in fig. 5.7b a region around 0.1 nm is marked with an ellipse. These two
regimes also appear in the measurements of VWF 2A and 2B.
For the quantitative answering of the question about the differences between
the mutations the single molecule measurements may be better suited. But
in physiology the single molecule case is unlikely, as the network formation of
the VWF fibers is the basic process in primary hemostasis. Thus both regimes
will be compared and discussed.
The explanation of this effect with the interaction of parallel PEG-PEGcombinations (substrate-cantilever) is excluded because of their shorter length
(≈ 15 nm each). In turn, a characteristic PEG-PEG-interaction should be visible in the distribution of the relaxation forces. This is not the case as shown
before [46]. Furthermore the extension of the high force regime to high rupture distances with increasing VWF concentration argues against the scenario
of PEG linker molecules as origin.
At this point it has to be emphasized that the appearance of only one characteristic relaxation force, combined with the good agreement of the simulation
and measurements for the single or "few-molecule" case furthermore indicates,
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that these effects in the measurements that agree with the simulation are not
domain unfoldings in the common sense. They rather reflect the rupture of
PEG-VWF bonds at the substrate. Hence, the quantization of Lc in multiples of the dimer length also indicates that these bonds are not randomly
distributed over the protein.
Summing up, the considerations gotten by the comparison of measurements,
simulations and the structure of possible solutions in Lp -Lc -space, have shown
that the broad distribution of measured persistence length implies not categorically a real broad distribution of the persistence length of the polymer
itself. In fact, it has been shown clearly that the typical measured fit tuples
hint on an intrinsic persistence length in the range of 400 nm - 1000 nm. Such
values of Lp are higher than typical reported ones. It simply serves as a parameter characterizing the appearing forces to stretch the polymer. Thus, to
compare the results of different VWF types a mean value seems not a good
choice. Instead of mean values the results in the Lp -Lc -space and especially
the upper limits of accumulation of tuples for high contour lengths are a better
comparable value.

5.3.3. Results & Discussion - Force curves of mutated
VWF 2A
The appearance of mutation VWF 2A in patients, suffering from VWD 2A,
leads to decreased agglutination, as mentioned before. Therefore, in this section force curves of VWF 2A are studied. On the one hand, one cannot
distinguish single force curves of the different mutations and the majority of
the force curves looks similar as the typical force curves of VWF WT presented before. On the other hand, there are indeed some characteristics that
appeared in the force curves of VWF 2A, namely compared to the measurements before, very long VWF fibers with high persistence length and the
appearance of quantized force plateaus with a length up to microns. At first,
these characteristics will be shown and discussed. Then the results in the
Lp -Lc -space are shown and compared to the according results of the WT measurements as drom the section above it follows that not the mean value but
more the complete distribution of the fit tuples gives insight into the intrinsic
parameter persistence length.
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Figure 5.12.: A selection of force curves of VWF 2A. The baselines are
shifted for clarity. Different colored curves show contour lengths around
different multiples of 900 nm.

As mentioned before in the measurements of VWF 2A besides the typical saw
tooth patterns frequently curves like shown in fig. 5.12 appeared.
These curves show rupture distances
up to five microns and in some cases
even higher. Furthermore the persistence length reaches values between 3
nm and 400 nm. Fig. 5.13 shows the
fit to the second curve in figure 5.12.
Here an excellent fit to the force curve
shows a persistence length of 337 nm.
The inset shows a magnification next
to the rupture point. In this case by
eye no additional domain unfolding
Figure 5.13.: A excellent WLC fit to events can be seen. This might be the
curve 2 from fig. 5.12 shows a persistence reason why here these large values for
length of 337 nm.
Lp can be detected by the fitting al-
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gorithm automatically. If domain unfolding events, too small to be detected
clearly, would take place, the mean slope would be smaller leading to lower
fitting values of Lp . But these large values of Lp differ significantly from the
mean value of all measurements. The possible explanations for the measurements of such high Lp in these very long polymers are already discussed in
section 5.3.2.
Another interesting phenomenon is the appearance of very long quantized
force plateaus in the force curves of VWF 2A. In figure 5.14 exemplarily the
different characteristic types of plateaus are presented. The force curves are
numbered from top to bottom of the figure. The most curves have in common
that there is a initial short unspecific adhesion peak followed by a region of
low force. In this region eventual events take place within the noise level of
roughly ±20 pN. The length of this region reaches from dozens of nm up to
several microns. The appearing plateaus show a steep force increase up to a
certain force Fp between 50 pN and 300 pN at the end of this low force region.
With increasing distance this plateau force Fp is held more or less constant
before the force increases with a much lower slope and then drops to zero (see
curve 4) or immediately drops to zero (see curves 1-3).
The following plateau types appear. Clean plateaus (see curve 1,3), plateaus
with a force increase at the plateau end (see curve 4 and 6-8) and plateaus
with a fringy region within (see arrows at curve 6 and 7) or before (see arrow
at curve 8) the force increase of the plateau. Furthermore curves with more
than one plateau region can be observed (see curve 4). For the understanding
of the plateaus the region of force increase and the constant force region are
from special interest. A closer look to this regions is given exemplarily in the
insets a and b in fig. 5.14. The position within the force curve are indicated
by the ellipses.
In inset a it can be seen that within the force increase several unfolding events
take place. While the complete force increase region often cannot be fitted
with the WLC model, the sections between the rupture events can. Thus,
the force increase can be understood as a sequence of unfolding events, each
with a small extension of the contour length. This assumptions is supported
by curves like curve 6-8, where the additional contour lengths are bigger and
hence, the saw tooth pattern, typical for unfolding events, is more pronounced.
The force plateaus themselves simplified can be understood as sections affected
by friction force, as if the partly elongated protein would be slipping over the
substrate as soon as a certain force Fp is reached. A closer look shows that the
according regions are not just plateaus superposed with a random noise signal.
In the magnification (inset b) it can be seen that the plateau is a sequence of
dozens of short sections with WLC like force increase interrupted by rupture
events around Fp . These observations suggest two scenarios that have to
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Figure 5.14.: A selection of force curves of VWF 2A shows the different
types of force plateaus. The baselines are shifted for clarity. The insets
show a magnification of the marked parts of the top curve: (a) the force
increase consists of a series of rupture events. (b) also in the force plateau
unfolding events can be detected. The force increase at the beginning of the
plateau in some curves also shows a more pronounced saw tooth pattern
(arrows).

be tested: a slipping of the protein over the substrate versus a sequential
mechanical breaking of the binding sites between VWF and the polyclonal
VWF antibodies on the substrate surface, like indicated in fig. 5.15.
At first glance the scenario of a slipping protein on the substrate surface
seems to be obvious. The tip moves away from the substrate till the part of
the protein, which is not adhered to the substrate, gets stressed. The adhesion
force keeps the protein attached to the surface while the cantilever tip pulls at
the other end. The force increases until unfolding events, comparable to the
experiments shown before, appear. At a certain threshold force the adhesion
force is exceeded and the protein slips over the substrate.
As the pulling direction is mainly orthogonal to the substrate plane with
increasing height h (see fig. 5.15b) the length of the protein slipping over the
substrate should decrease. As the friction is proportional to the length of the
polymer a decrease in force would be the consequence. Along the same line the
arbitrary fractions of adhered VWF would lead to a broad distribution of Fp .
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Both effects are not the case. Thus, this scenario cannot explain the appearing
plateaus in a satisfactory manner.
A slight deviation from the scenario is a slipping protein, where at the plateau
force a series of small domains are unfolded. When all domains are unfolded
the force further increases until the friction is transfered and the protein detaches from the surface. Also here a contradiction to the quantization of Fp
(shown later in fig. 5.17 appears. Furthermore the question raises, why these
extreme long series of small domain unfolding events does not appear in that
way in other force curves at this force level. Even if complex situations could
answer this question, we prefer a scenario with less assumptions.
Finally, the scenario of a series of breaking the bonds between VWF and the
VWF antibody covering on the substrate is discussed. Fig. 5.15a illustrates
the situation: the protein is bound at
several locations on the substrate. Every bond can stand a certain force Fp .
Analog to the first scenario there is a
low force region in the force curve un- Figure 5.15.: (a) Serial unbindtil the unbound part of the protein is ing of bonds between VWF and
stretched. The pulling force now acts VWF antibodies on the substrate.
on the first bond and increases. Dur- (b) Decomposition of the pulling
ing the increase several more or less ran- force in a vertical and a horizontal
dom sized unfolding events take place. component. The end to end distance
This can explain the partly fringy force of the protein d and the height h of the
increase at the beginning of the plateau. chip above the substrate are defined.
As soon as the plateau force is reached
the first bond breaks and the contour length is increased for the length of
the protein fraction between the first and the second bond. As a consequence
a little decrease in force is detected. Due to the further elongation of the
protein also the second bond breaks. This process is repeated till all bonds
between antibody covering and VWF are broken and the force drops to zero.
The angle α will increase with increasing number of broken bonds.
As a consequence, to keep the horizontal component of the force constant the
total force will increase. This can explain slight increases of the force within
a plateau. If the distance between two binding sites is unusually large compared to the mean distance a drop to zero followed by another plateau at the
same force would be the consequence. Indeed such effects are observed (compare curve 5 in fig. 5.14). A possibility to testify this hypothesis would be a
comparison between measurements with different antibody concentrations for
the substrate covering. The mean distance between the binding sites should
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increase with decreasing antibody concentrations. As a consequence the saw
tooth pattern within the plateau should increase with decreasing concentration until the plateaus disappear below a certain concentration. This effect
should not appear, if the plateau is caused by a long series of domain unfolding events as named in the second scenario.
However, we consider the last scenario as the most likely. For completeness
the mentioned quantization of the plateau forces will be studied in the following paragraph. The force curve shown in fig. 5.16 is an example for the
appearance of multiple plateaus. Besides the plateau at 150 pN a second
plateau around 285 pN can be seen.
In many curves it also
happened, that the force
increase at the end of the
plateau reaches roughly
double the plateau value
before the force drops to
zero. This can be understood if two proteins
parallel are stretched and
ripped off from the substrate.
To show that
the quantization of Fp
is objective measurable,
the 1720 force curves of
Figure 5.16.: Exemplarily a force curve of VWF a series of measurements
2A showing plateaus at different forces. The second were evaluated manually.
plateau force is roughly twice the force of the first one. The histogram of the 234
lower inset: Magnification of the first plateau. Av- evaluable plateaus is ploteraging allows to determine the rupture events within ted in fig. 5.17.
The
the plateau. upper inset: Distribution of the differ- arrows indicate maxima
ences in rupture distance of the ruptures within the near multiples of 50 pN.
first plateau (red line).
For higher precision the
software Openforce could be adapted to evaluate besides Fp also the plateau
lengths. But already these preliminary measurements allow to predict a characteristic unbinding force between VWF and antibodies of 50 pN at a loading
rate of 20nN s−1 . Furthermore in fig. 5.16 the distances ∆x between the rupture events (see arrows in the lower inset) in the red marked part of the left
plateau are evaluated. The histogram (upper inset) shows maxima at 5 nm
and 11 nm.
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An automated analysis of several
hundred plateaus could in such way
give insight into the distance between binding sites, either on the
substrate, or if the substrate is saturated on the protein VWF. It has
to be mentioned that these plateaus
also appeared in measurements of
WT and 2B, but not as frequent as
in the measurements of VWF 2A.
For the quantitative determination
Figure 5.17.: The distribution of the
of differences between the mutations
plateau force Fp shows maxima at 100 pN,
higher statistics would be necessary. 160 pN and 200 pN.
As we believe that the plateaus are
most likely caused by the VWF ripping off from the substrate and no additional direct information about the protein elasticity can be won we did not
follow up these kind of measurements.
As the most pronounced differences between WT and 2A measurements are
shown and explained, we focus again on studying the initial hypothesis of
correlation of mutations and differences in unfolding force. The fitting results
of force curves of VWF 2A are shown in fig. 5.18.
The presented results were obtained from three different data sets (‘A9‘, ‘A11‘,
‘A13‘). In total, the structure of the results shows the typical shape as discussed in section 5.3.2. But systematic differences in the preparation (VWF
concentration) and measurement (height range) correlate with the positions
of the obtained results in the Lp -Lc -space. The resulting tuples from set
‘A9‘(triangles, presented before in [46]) most frequently are located in the Lc
range of 30 nm to 300 nm with persistence lengths around 0.1 nm. The centroid of the data set ‘A13‘ is located in the same range of Lp but reaches
contour lengths up to several microns. Rarely persistence lengths up to 100
nm appear. In contrast, the results of manually selected curves of the data
set ‘A11‘(examples shown in fig. 5.14) give Lp in the range of 5 nm to 600 nm.
At first glance these results seem contradicting, but the following paragraph
will unravel this disorder. In a first step the differences between the data sets
are named. Subsequently these information will be connected with the model
assumptions illustrated before in 5.10.
The data sets ‘A9‘and ‘A11‘were prepared with similar VWF concentrations
but differ in the recorded range of the height of the cantilever tip above the
substrate. In turn, this range is the same for ‘A11‘and ‘A13‘, but the VWF
concentration is increased significantly in the measurements of ‘A13‘, by linking the VWF to the substrate and not to the tip.
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Figure 5.18.: Results of fits to force curves with VWF 2A. The gray arrows
mark the typical persistence lengths of fits to the force regime above 50 pN.
This regime dominates at low selected heights (purple triangles) or at high
VWF concentrations even at high heights (rhombs). Manually selected fits
with high quality to force curves in the low force regime, like shown in
fig. 5.12, deliver Lp values up to 600 nm (red stars).

Thus, in the long range measurements with low VWF concentration (compare
fig. 5.14) it is shown convincingly, that the persistence length of VWF 2A is
roughly 300 nm. In agreement with the simulations, by the pulling of parallel
strings also lower values are obtained in these measurements. In turn, evaluating the initial parts of these curves with rupture forces above 50 pN delivers
Lp values around 0.1 nm.
Furthermore for VWF WT we showed already in fig. 5.5 that a real baseline
and low force pulling of a protein can be hard to distinguish. Thus, the
simple reason of choosing a too narrow height range could explain the values of Lp around 0.1 nm. Because of the low maximal height in the data
set ‘A9‘ in most curves the internal friction was dominating the stretching
process and the second regime is never reached. In fig. 5.19 one of the few
exceptions is shown. Persistence lengths of 18 nm and higher are achieved.
Along the same line, due to the higher VWF concentration the height range
of the internal friction regime is extended in the measurements of the set ‘A13‘.
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Only in the minority of the force
curves, ruptures in the low force
range below 50 pN are obtained
(red rhombi in fig. 5.18). If these
curves in the low force range appear, the fit delivers Lp also in the
range of 100 nm. With fits to sections of force curves with ruptures
above 50 pN similar values of Lp
below 1 nm are measured (light
red rhombi in fig. 5.18).
In conclusion the origin of the Figure 5.19.: Only four force distance
seeming broad distribution of Lp curves, out of 2500, of the data set ‘A9B‘show
for VWF 2A goes back to two dif- rupture events beyond 200 nm. Because of an
ferent regimes, where VWF-VWF artifact these curves could not be evaluated
interaction, or VWF-water inter- automatically. Manually WLC fits with Lp
action respectively, dominates the of roughly 20nm can be fitted to the data.
energy landscape. By variation of
VWF concentration the borderline between these regimes changes. For comparison between VWF WT and the mutations the values of the low force
regime (here data of ‘A11‘, red stars in fig. 5.18) are better suitable due to the
lower complexity of the system. On the other hand, in vivo the other regime
may be more appropriate.

5.3.4. Results & Discussion - Force curves of mutated
VWF 2B
In fig. 5.20 exemplarily force distance curves of VWF 2B are shown. The gray
lines below the x-axis show measurements with a cantilever, prepared with the
10-fold VWF concentration compared to the preparation for the black curves
plotted above the x-axis. Obviously the same effect as in the WT and 2A
measurements appears: while at low concentration already between 100 nm
and 150 nm WLC-shaped force curves indicate single molecule pulling, this is
not the case at high concentration. The appearing rupture forces are increased
systematically. This is also reflected in the results of the high quality fits to
these measurements shown in 5.21.
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Figure 5.20.: A selection of force curves of VWF 2B. Curves below the xaxis are results of a preparation with 10-fold increased VWF concentration.
The scales differs above and below the x-axis and baselines are shifted for
clarity. The low concentration curves show significant lower forces and
single molecule character.

The Lp values for the high concentration mainly lie in the range of 0.1 nm to
1 nm. In contrast, the values of the low concentration measurements are one
order of magnitude higher. Surprisingly in these measurements no rupture
events at higher ranges were detected. The lack of force curves of higher multimers is supposed to go back to degradation of the protein before or during
preparation. Recalling the results of the simulations in section 5.3.2 the low
persistence lengths could also be an artifact due to the lack of force curves
of long polymers. Comparing the results of the simulations with the results
of VWF 2B measurements no obvious correlation is visible. Nevertheless the
significance of the 2A and WT data is for sure higher. Further measurements
with VWF 2B samples, after determination of multimerisation with gel electrophoresis would consolidate the data.

5.3 Results and Discussion
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Figure 5.21.: Results of fits to force curves of VWF 2B. For clarity only
high quality fits are shown. The triangles/circles are the results of the
low/high concentration measurements, shown in fig. 5.20. Similar as shown
for VWF 2A, the low concentration measurements show significantly higher
persistence lengths. For comparison the simulation results from above are
plotted in gray.

Summing up the measurements of VWF 2B, the measurements show typical
WLC shaped force curves, with persistence lengths mainly between 0.1 nm and
10 nm. Contour lengths higher than 500 nm were not detected. Nevertheless,
the two different regimes in the force curves, as explained more in detail
for VWF WT and 2A, appeared. The significance of the 2B data is lower
compared to the WT and 2A measurements.
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5.3.5. Discussion - Comparison of WT and mutation
specific differences and similarities

Figure 5.22.: The fit results of WT, 2A and 2B are wide spread in the
Lp -Lc -space. The persistence lengths of WT and 2A reaches almost up
to 1 µm. Whereas Lp of 2B reaches values below 100 nm. The threshold
for the rupture forces are chosen to ensure significance due to sufficient
deviation from the noise level.

As shown before, there are effects indicating two different force regimes.
Through all measurements the persistence lengths of the "intermolecular friction" or "gel-like" regime is very similar for the WT and both mutations. With
increasing VWF concentration this regime appears even up to Lc values of two
microns.
Which regime, the latter or the "intermolecular friction" regime, applies to
physiology stays unclear. But as in the "intermolecular friction" regime no
differences between the mutations and wild type appear, the explicit comparison between the different VWF types is only shown for the force curves in
the low force or "intra-molecular friction" regime in fig. 5.22. As the regimes
in the data of VWF 2B cannot be separated as clearly as for the other types,
here all good fits are taken into fig. 5.22 (blue triangles). The WT measurements shown in the according section above are plotted as open circles. To
ensure significance, the higher quality fits with rupture forces of 20 pN and
higher are colored green. Additionally the results of selected WT curves with

5.4 Conclusion - Correlation between elasticity and clinical dysfunction
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ruptures at very high distances are depicted as yellow rhombi. Secondly, the
high quality fit results (A11D/E) of mutant 2A are taken from fig. 5.18.
The figure shows a wide spread of the contour lengths of the stretched protein
fractions in the different measurements between 20 nm and 8 µm. For WT
and 2A a broad range is covered, whereas for VWF 2B only ruptures up to
the lengths of four dimers were detected. In principle this should not be problematic, as the persistence lengths is independent from the contour lengths.
But as the comparison with the simulation showed convincingly, the correct
determination of the persistence lengths of such a polymer is challenging. As
described before, due to several reasons the results in the Lp -Lc -space spread
over a broad range in Lp even if only the best fits are taken into account. A
mean value of Lp is not significant as it depends on the number of parallel
stretched fibers and the concentration of VWF. In contrast, the highest appearing values of Lp , where accumulations appear, are a better estimation for
the intrinsic parameter Lp of the basic building blocks of the polymer. This
is problematic if the intrinsic property Lp has to be determined. Furthermore
with increasing length of the stretched section of the polymer the upper limit
of detectable Lp increases.
These upper limits are roughly 400 nm for VWF 2A, 700 nm for WT and 60
nm for VWF 2B. Critically treated these numbers are only estimations, as the
measuring system and the interpretation of the data is quite complex as shown
in this chapter. The persistence lengths of the WT and 2A measurements
partly overlap for Lc ≈ 3.5µm. There the differences are not significant. Furthermore single force curves of different VWF types cannot be distinguished
reliably. Thus, the result of this comparison is the fact, that there are differences between the mutation 2B and the other both studied VWF types. In
several attempts no fit tuples of 2B in this range were obtained, but differences in the according VWF samples per se cannot be excluded as mentioned
above. Further attempts to determine differences in the persistence lengths
of different polymers should consider the following conditions: 1.the contour
lengths of the used polymers have to be determined and adapted/selected
prior to force spectroscopy (e.g. by gel electrophoresis), 2. the concentrations have to be minimized to ensure measurements of the "intramolecular
friction"regime.

5.4. Conclusion - Correlation between elasticity
and clinical dysfunction
To sum up, the detailed study of mechanical stretching of VWF showed similarities and differences between WT and mutations 2A and 2B. In the "intermolecular friction"or gel-like regime the forces are similar for the different
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VWF types. In the other regime, as far as the results can be compared due
to their differences in measured contour lengths, 2A and WT show maximal
persistence lengths between 100 nm and 1µm, whereas the maximal measured
persistence lengths for 2B are below 100 nm.
The initial hypothesis assumed that the differences in agglutination is caused
by the fact, that mutation 2A needs higher stretching forces than WT and
the other way round for 2B. Based on the measured persistence lengths this
does not hold. Anyway, precise conclusions to the biological function of the
different VWF types would be hard to defend.
But as in the majority of the measurements there were hints that the intrinsic
persistence lengths of 2A are higher than the one of WT and vice versa for
2B at this point some predictions are given.
If in future the forces of the conformation change of the different mutations
can be determined more precisely and will be confirmed to show the order as
named above, the results are in agreement with an adapted version of Ruggeris hypothesis concerning the agglutination behavior and its consequences
for hemostasis [38], as illustrated in figure 5.23. As mentioned in the introduction it was believed that the lack of HMWM goes back to the inability to form
large multimers in VWD type 2A, respectively to the removal of HMWM in
VWD type 2B due to higher binding affinity to platelets and tissue.
In 1987 it was shown that the largest multimers of VWF 2A are degraded
easier [49]. Our measurements indicate, that the persistence length of VWF
2A could be higher than the one of the WT. As a consequence the unfolding
forces are lower. In turn, the probability that the polymer is in the unrolled
conformation during normal blood flow is increased compared to the WT. Furthermore it was demonstrated in 2009 with optical tweezers that the cleavage
of VWF is increased significantly, if the A2 domain is unfolded. Combined
with the lower unfolding/stretching forces of VWF 2A this can explain the
lack of HMWM: due to the lower unfolding forces the probability for cleavage
is higher, leading to a lower equilibrium size of multimerisation.
On the other hand there is the correlation of VWF 2B and thrombocytopenia
(TTP), a decrease of platelets in blood [50, 51]. In 1989 it was shown, that
high multimers of VWF 2B possess a higher binding affinity to platelets leading to the hypothesis of removal of the HMWM from the blood circulation
[52]. Furthermore Hultin et al. related in 1990 TTP with VWF 2B [53] by
the postulation, that stress induced VWF 2B release can lead to spontaneous
platelet aggregation because of the presence of HMWM. In turn, our findings,
that the necessary forces to unfold VWF 2B are higher compared to WT, support this postulation. Along the same line, as for VWF 2A, the equilibrium
size of multimerisation is increased due to the higher unfolding force of VWF
2B. A release of large amounts of HMWM in patients suffering from VWD
2B then is more problematic as in healthy patients, as the degradation prob-
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Figure 5.23.: The measurements support the hypothesis concerning the
paradox of VWD type 2, where the mutations 2A and 2B lead to the
same bleeding dysfunction, while the mutations show opposite effects in
agglutination. The arrows indicate for both mutations the cause and effect
chain within the hypothesis.

ability may be decreased.
In summary, the measured differences in unfolding forces of WT and the mutation 2A and 2B disprove the original hypothesis but are not in contradiction
to the above explained hypothesis concerning the paradox of VWD type 2 [54],
where the mutations 2A and 2B lead to the same bleeding dysfunction, while
the mutations show opposite effects in agglutination.

5.5. Outlook - Force and height clamp
measurements give insight in conformation
changes
The discussions above show that eventually the persistence length of VWF
is not the best suited measure to predict the conformation change behavior
precisely. Maybe changes in degree of multimerisation or hardly controlable
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effects during the preparation process could lead to a enhanced appearance of
the gel-like regime compared to WT. Thus, mostly small persistence lengths
would be obtained. The simulations using a Boltzmann-ansatz offer another
possible approach to detect differences in the conformation change from native to elongated state.
The elongation of a folded protein can be described
with the transition rates of folded to unfolded state for
each building block (domain). Fig. 5.24 illustrates the
transition of one building block from the folded state
A to the unfolded state B by breaking of non covalent bonds within the (partly) coiled polymer. Even
if protein folding is assumed to be based on global
interactions like hydrophobicity [55] it is reasonable
that some bonds are more sensitive to small local mutations than the global property persistence length.
In the following paragraph the basic ideas of experFigure 5.24.: Domain iments are given, which can help to answer the allembracing question about the correlation of clinical
unfolding
symptoms and unfolding processes. The preparations
for these experiments could follow the same protocol, which can be found in
the appendix. The argumentation concerning the probabilities of the native
and the unrolled state and the consequences on the regulation of multimer
size could be directly transfered to the interpretation of such experiments.
The potential H of a polymer stretched
with an force sensor obviously has at
least two contributions like indicated in
fig. 5.25: on the one hand the force sensor itself has a potential proportional to
the square of the displacement from its
rest position x0 (blue dashed line). On
the other hand the elongation of a polymer is typically diverging when the elongation reaches the contour length (WLC Figure 5.25.: Potential H as funcpotential, gray dotted line). The combi- tion of elongation x of a protein unnation (red solid line) of both contribu- der stress as result of the two contions lead to an equilibrium position M. tributions force sensor (dashed) and
But the knowledge about at least two dif- protein (WLC potential, dotted).
ferent stable conformations of VWF [2]
depending on the applied force already leads to the conclusion that this
simple description is not sufficient, because of the lack of a second potential minimum. Here Kramers theory about Brownian motion over potential barriers [56, 57] and its application to protein folding [58] is helpful.

5.5 Outlook - Force and height clamp measurements give insight in
conformation changes
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If two potential minima are separated by a potential barrier the barrier height
∆G := ∆G1 − ∆G2 and the transitions rates are correlated following equation
5.7.
−∆Gi
ki = k0 e kB T
(5.7)
In fig. 5.26 two potential minima A and
B are separated by a barrier that represents an energetically unfavorable transition state S along the reaction path. The
x-axis reflects the reaction coordinate, i.e.
the position along this reaction path in the
according phase space.Thus, if we imagine the case of a single domain in a free
protein, the ratio of unfolding to folding
−

∆G1 −∆G2

kB T
r := kk12 = e
. For a simplified
picture one can identify the reaction coordinate with the elongation of the protein
and the barrier height with the necessary
energy to break the bonds like indicated
in fig. 5.24.

If now a force is applied to the protein containing one closed domain or loop the according potential barrier has to be added
to the potential H illustrated in fig. 5.25.
Here we consider the length as thermodynamic variable. For a single chemical
bond the barrier width is much more narrow compared to the length of a protein;
in literature estimations for the critical distances to break such bonds are reported to
be below 1 nm [55].The resulting energy
landscape G is plotted in fig. 5.26.
The ratio r‘ of the transition rates then
is:

Figure 5.26.: top: Kramers theory: two states A and B are separated by a potential barrier with the
instable transition state S. The xaxis reflects the reaction coordinate.
The rates ki follow eq.5.7. bottom:
Resulting potential if the potential
barrier is added to the energy landscape of a polymer stretched with a
force sensor. The barrier heights are
altered and influence the ratio of the
transition rates like shown in eq.5.7.

∆G1 −∆G2
∆G1 −∆G2 +∆H
k1 ‘
−
−
− ∆H
kB T
kB T
=e
=e
= re kB T
r =
k2 ‘
‘

‘

‘

(5.8)

where ∆H = H(A) − H(B). Because of the flat increase of the entropic
contribution (compare WLC model) in this part of the potential, the main
contribution to ∆H is caused by the potential of the force sensor, e.g. the cantilever. This means r‘ gets arbitrarily big with increasing ∆H, respectively
with higher applied forces. This is for example observable in force clamp
measurements, where only at very low forces domain unfolding and folding
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appears. In contrast, at higher applied forces only domain unfolding appears.
In the appendix A.3 for VWF WT examplarily measurements are shown and
possible continuative experiments are suggested. Such force clamp measurements allow to vary ∆H and theoretically to determine the intrinsic barrier
height ∂G by the evaluation of the ratio r [48]. The weak point of force clamp
measurements, besides the well known baseline drift problem, is the fact, that
by regulation of the applied force, energy is given to / taken from the system
and it is challenging to distinguish the real effects from technical artifacts.
Simpler and well controlable measurements are height clamp measurements.
A certain distance between the cantilever chip and the substrate, called the
height, is clamped and the fluctuations of the length of the protein are observed as function of time and force. These fluctuations cause a deflection
of the cantilever tip and in turn the change in applied force effects the fluctuations again. As the exact length and applied force for every data point
is known, one can determine very precisely the ratio r for different forces by
clamping of different heights without further intervention. During the experiments the system is observed under equilibrium conditions, while it fluctuates
between the possible states. These experiments are less established as the
well know force spectroscopy, but seem to be a promising way to study the
crucial conformation change of VWF, also in the light of molecular mutations
correlated with bleeding malfunctions.
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6. Conformation of VWF switches
interaction with phospholipid
membranes

In the initial step in primary hemostasis the essential
protein in the blood clotting process, von Willebrand
Factor (VWF), adheres at the vessel walls. Furthermore after stimulation of the endothelial cells, significant amounts of VWF are released. Stretching
of this globular VWF multimers is the essential step
in hemostasis before platelets can bind. This leads
to the question about the interaction between VWF
and the cell membrane depending on the phase state of protein and membrane. As the elasticity parameters of a lipid bilayer (bending modulus) and
monolayer (isothermal lateral compressibility) are connected, we use Langmuir film balance experiments to study the influence of globular VWF on
phosphatidylcholin monolayers as a simple model system for biological membranes. The isothermal lateral compressibility of DPPC monolayers is studied
as a function of VWF concentration and temperature for wild type VWF and
mutations of the type 2A and 2B. Comparing the measurements with calculations of an ideal superposition of the lipid monolayer and a VWF layer at
the surface, we distinguish additional effects from those, explained with an
interaction free model of the compression of both substances. Furthermore
the results are compared with the interaction of VWF and lipid vesicles after
stretching the protein with surface acoustic waves. After physical activation
of VWF, the membrane heat capacity profile as well as the secondary structure of VWF is altered significantly. We conclude that significant stronger
interaction between protein and membrane appears when VWF is in the activated state compared to the globular conformation. Transferring these results
into physiology one can suppose that processes in nature take advantage of
this dependence of interaction of VWF and membranes, as high interaction is
solely requested at locations with injuries of the blood system and not during
normal circulation in the blood.
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6.1. Introduction
The major player in primary hemostasis is von Willebrand factor (VWF).
One of its main functions is to bind blood platelets to injuries in the vascular
system to start wound healing [59]. This mechanism is defective at patients
suffering on von Willebrand desease type 2, where a mutation in the structure
of the protein is correlated with changes in the blood clotting behavior [60].
Furthermore VWF is released after various kinds of stimulation of human cells
[61, 2, 21]. As the thermodynamic properties of membranes are sensitive to
molecules, changes in ionic strength or pH [10], there is obviously the question
about the interaction of VWF and the cell membrane. Langmuir monolayer
experiments are a well-established way to control the state of a lipid system
with a low preparation effort and high reproducibility. It has been shown that
the isothermal compressibility κA
T and the bending modulus of a lipid bilayer
κB are connected [62, 63]:

2
κB = κA
T 16/d

(6.1)

where d is the thickness of the bilayer. This allows us to study the interaction
of VWF and the relative simple and controllable lipid monolayer as a model
system for the in vivo interaction of VWF and cell membranes. Therefore
we analyse the thermodynamic properties of phoshpatidylcholin monolayers
in the presence of VWF in the bulk water. Besides concentration and temperature, also the difference between wild type VWF and mutations of the type
2 were studied and compared with the simulation of a model that assumes no
interaction.
It has already been explained how shear stress triggers adhesion of VWF fibres to endothelial cells via a conformation change from a coiled globular to
an elongated conformation [2]. In turn, this leads to the question about the
role of the protein conformation for the interaction with pure lipid membranes
without e.g. special receptor mechanisms. To account for such dynamic measurements the changes in secondary structure of the protein after application
of overcritical shear force in presence of lipid vesicles and the protein conformation dependent impact on the phase transition behaviour of lipid vesicles
were studied [64]. Bringing those measurements together we reason the role
of protein conformation for the interaction of VWF with artificial and natural
lipid membranes.

6.2 Materials and Methods
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6.2. Materials and Methods
6.2.1. Isothermal area compression/expansion
measurements
All used lipids were purchased from Avanti Polar lipids solved in chloroform. If
not explicitly mentioned 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
monolayers are studied at a bulk temperature of 20◦ C on phosphate buffer
(pH 7, 130 mM NaCl). After spreading the lipids on a Langmuir through with
a volume of 50 ml and a surface area of 100 cm2 , the systeme was equilibrated
15 minutes, mainly to wait for the evaporation of the chloroform. In all experiments first the pure DPPC monolayer was compressed and expanded at a
speed of 16.6 cm2 /min to calibrate the isotherms afterwards. The pressure of
the gas analogous phase was set to zero and the area per lipid molecule was set
to 0.48nm2 at a lateral pressure of 30 mN/m. In the following step the pressure
was monitored as a function of time during addition of VWF to the system in
the liquid expanded phase from the top and it was waited, depending on the
VWF concentration, until a saturation pressure was reached. Afterwards the
monolayer was compressed and expanded again. For analysis only the first
compression respective expansion was used, except in the experiments were
temperature was varied at constant VWF concentration. Here for every concentration the isotherms at each temperature were measured with the same
monolayer. To determine the compressibility with a macro in Origin8 the
isotherms were extrapolated to the same number of data points, smoothed
and the area per lipid molecule A was differentiated with respect to lateral
pressure Π. In reference measurements we used a mixture of 98% DPPC
and 2% 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic
acid)succinyl] (nickel salt) (18:1DGS-NTA(Ni)) to bind VWF with an His-tag
to the monolayer. The used VWF was purchased from the Department of
Paediatric Haematology and Oncology, University Hospital Hamburg, Germany. Four different types of VWF were used: the wild type VWF with and
without a His-tag (WT, WTHis) and two mutations VWF R1308C (2B) and
VWF G1629E (2A). The concentration of VWF for all samples was adjusted
to 67 µg/ml before addition to the monolayer.

6.2.2. Calculated Isotherms
The simulated isotherms were calculated with the software SciLab, using the
equations shown in the theory section. Besides three input variables (starting
pressure Π0 , lipid area AL (Π0 ) and VWF area AV W F (Π0 )) the compressibility
κL/V W F (Π) of both components were given. For simplification κL (Π) was
reduced to 71 data points (0.5 mN/m step width) and κV W F (Π) to 25 data
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points (0 mN/m - 23.5 mN/m, 23.5 mN/m). To get reasonable values for the
compressibility of VWF, it was necessary to measure the compressibility in
different pressure ranges by variation of VWF concentration. Especially for
the expansion isotherms deviations between those compressibilities occur due
to a rapid pressure decrease after start of area expansion which is only weak
pressure dependent. Hence, in the overlapped pressure ranges values close to
the compressibility of the isotherms of the higher pressure range were chosen
for the simulations (see figure 6.4), as the measured DPPC-VWF-isotherms
also range up to 35 mN/m.

6.3. Results and Discussion
6.3.1. Measured isotherms and compressibilities
Immediately after addition of VWF to the monolayer the pressure increases
rapidly and reaches a saturation value within one to three minutes. This value
is proportional to the amount of added VWF for small amounts of added
VWF. Exemplarily in fig. 6.1a some isotherm compression and expansion cycles in presence of VWF are shown. Obviously there is a significant difference
between compression and expansion curves: this hysteresis increases with increasing VWF amount and remains even if the barrier speed is reduced by a
factor of ten.

(a) DPPC Isotherms in presence of VWF

(b) Temperature
isotherms

dependent

DPPC

Figure 6.1.: (a) DPPC isotherms at 20◦ C in presence of VWF shift to
higher areas and show an increasing hysteresis with increasing VWF concentration.(b) DPPC isotherms for a fix VWF concentration at different
temperatures. While the phase transition shifts to higher pressures with
increasing temperature, the VWF associated effects do not shift.

6.3 Results and Discussion

(a) Compression compressibility
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(b) Expansion compressibility

Figure 6.2.: Compressibility as function of VWF concentration (a) compression (b) expansion. The maximal compressibility at the phase transition is decreased. An additional broad peak between 15 mN/m and
25 mN/m occurs for the compression curves. In the compressibility extracted from the expansion curves a shoulder occurs between 5 mN/m and
20 mN/m.

Besides the hysteresis the isotherms are shifted to higher areas but show the
typical plateau around 5 mN/m like pure DPPC monolayers. Furthermore the
width of the plateau is increased weakly compared to pure DPPC and in the
liquid condensed phase an additional change in the slope appears that is untypical for DPPC. This effect is more pronounced in the compression curves.
To study the changes more detailed in the discussion section the compressibilities of both, compression and expansion curves, are compared concentration
dependent. The VWF induced increase of compressibility between 10 mN/m
and 20 mN/m is nearly temperature independent as shown in fig. 6.1b. This
figure shows isotherm cycles of the same monolayer for different temperatures
and fixed VWF concentration. While the well-known phase transition plateau
shifts towards higher pressures with increasing temperature, the VWF induced
shoulder remains unchanged.
Because of the hysteresis in fig. 6.2 the compressibilities of the isotherms in
fig. 6.1a are shown separately for compression and expansion. As well in compression isotherms, as in the expansion isotherms, the expected peak around
5 mN/m, originated from the phase transition of the lipid monolayer, is existent for all concentrations. The maximal compressibility is reduced. Furthermore, in the liquid condensed phase an additional broad peak (compression)
respectively a shoulder (expansion) becomes more pronounced with increasing concentration. The different types of VWF show the same characteristics
and differ solely in dependence of the effect on VWF concentration (compare
fig. B.6). The strong change in κ(Π) suggests the question in how far the
binding of VWF to the lipid monolayer influences the phase transition from
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liquid expanded to liquid condensed phase. In the following section some
thermodynamic considerations try to answer this question.

6.3.2. Thermodynamic considerations concerning the
impact of VWF binding on the phase transition
behavior

(a) Enthalpy as function of state

(b) Transition enthalpy ∆H4

Figure 6.3.: (a) Enthalpy as function of state. In the two states in the upper part of the scheme the protein and the lipid monolayer are independent,
whereas in the lower part they are bound to each other. In the two states
on the left side the monolayer is in the liquid condensed phase, whereas in
the two states on the right side the monolayer is in the liquid expanded
phase. Bringing the system from one state to another does not depend on
the way. (b) Resulting transition enthalpy ∆H4 for different VWF types
shows a weak concentration dependence.

In this section it is considered what information about the binding of proteins,
here VWF, to lipid monolayers can be taken from the measured isotherms,
especially from the plateau width ∆A. As the Helmholtz enthalpy H is a
function of state it holds
∆H1 + ∆H3 = ∆H2 + ∆H4

(6.2)

where ∆Hi are the differences in H between the different states as depicted in
figure 6.3a. The four states are defined by the criteria membrane state (liquid
ordered, liquid expanded) and protein binding (protein bound to membrane,
protein and membrane independent). Hence the enthalpy difference
∆H3 − ∆H2 equals the difference of the phase transition enthalpies ∆H4 −
∆H1 . This difference can be extracted from the isotherms in presence and
absence of the protein using equations 6.3 and 6.4:
∆H = T ∆S + V ∆P

∆P =0

= T ∆S

(6.3)

6.3 Results and Discussion
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As shown before [65] in the vicinity of a critical point it holds:
∂π
= constant
∂T

(6.4)

and hence for the phase transition pressure ΠP T and the excess area ∆A:
∆S = ∆A

∂ΠP T
∂T

(6.5)

The difference between the binding energy of VWF to the monolayer in the
liquid disordered state and the binding energy in the liquid ordered state of
the monolayer ∆EB can be calculated from the measured parameters T , ∂Π∂TP T
and ∆A:
∆EB = ∆H3 − ∆H2 = ∆H4 − ∆H1 = T

∂ΠP T
(∆A4 − ∆A1 )
∂T

(6.6)

The plateau width of the transitions ∆Ai are measured by drawing tangents to
the expansion isotherms as indicated with the red lines in the inset in fig. 6.3.
Whereas the shift of the phase transition pressure with increasing temperature
∂ΠP T
is taken from a linear fit over DPPC isotherms between 16◦ C and 28◦ C
∂T
with VWF concentrations in the used range. For the calculation of ∆H4 the
resulting value ∂Π∂TP T = (0.8 mN/m)/K was used.
The results for ∆H4 are plotted in 6.3b as function of the used VWF concentration. Thus ∆EB can be calculated by subtraction of the enthalpy of the VWF
free sample. Because of the weak concentration dependence compared to the
error bars, the measurements are compared to an ideal superposition model
(two-component-system) that assumes no interaction of protein and lipid in
the following part. Furthermore, it would be very interesting, to compare this
values with the difference of binding energies of VWF and phosphatydilcholine
vesicles in different phases by isothermal titration calorimetry.

6.3.3. Ideal superposition does explain the main effects
qualitatively
As mentioned above the following part compares measurements with an interaction free model. As a first step we show how to get isotherms out of
the compressibility as function of pressure. Afterwards the calculation of the
ideal superposition is explained and finally compared with the measurements,
concentration dependent, for wildtype VWF and two mutations that are correlated with malfunctions in hemostasis. The isothermal lateral compressibility
κA
T is defined as the derivative of the relative area per lipid molecule with
respect to Π.
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(a) Calculated Isotherms

(b) Comparison between Measurement and
Calculation

Figure 6.4.: Calculation (a) Calculated compression/expansion isotherms.
Inset: Model scheme of ideal superposition of lipid and protein layer. Independent elastic behavior of both components and equal lateral pressure
in both layers is assumed. The gray area symbolizes a lipid monolayer, the
green area a layer of VWF. (b) Comparison between calculated (dashed
lines) and measured (solid lines) isotherms. The calculated compression
isotherms fit well, whereas the expansion isotherms show deviations especially in the middle pressure range. This indicates a change of VWF
partition coefficient between surface and bulk (see text).

∂A
|
∂Π T
∂Π = −1/Aκ∂A

κ := κA
T = −1/A

(6.7)
(6.8)

We now approximate the total differential with equation 6.8 and integrate
∂Π from an initial pressure Πi to a final pressure Πf where κ is assumed
constant:
Π (Af ) =

Z πf
πi

dπ + Πi =

Z πf
πi

−

1
1 A
dA + Πi = − ln + Πi
Aκ
κ Ai

(6.9)

where Af /i is the area per lipid molecule corresponding to the final/initial
pressure Πf /i . Thus, for pressure ranges where κ is constant the area per
molecule can be expressed as a function of Π:
Af (Π) = Ai e(−κΠ)

(6.10)

Thus, from knowing κ (Π) and the starting values (Ai , Πi ) we can calculate
A(Π) using a continuity condition whenever κ changes. As the used VWF
also shows surface activity, area compression and expansion isotherms can
be recorded. In figure B.4 the compressibility of such a pure VWF layer is

6.3 Results and Discussion

(a) Comparison Expansion compressibilities
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(b) Saturation of area per molecule

Figure 6.5.: Differences between model and measurement (a) Compressibility of measured compression/expansion isotherms of DPPC before/after
(gray/red line) addition of VWF are compared with the compressibility of
simulated isotherms. The simulations (green dashed line) show a lower compressibility between 6 mN/m and 11 mN/m. A further decrease of VWF
area in the model leads to a shape similar to the measured compressibility,
but to too low values in the whole range between 6 mN/m and 30 mN/m. A
pressure dependent VWF amount in the layer explains the measured effects.
(b) Isobaric and isothermal area per lipid molecule as function of added
amount of different types of VWF (WT, mutations 2A and 2B) taken from
expansion isotherms. After a linear increase with concentration the area
shows a saturation that occurs at different concentrations. This saturation
limits the scope of the model.

plotted. Those isotherms feature a hysteresis comparable to the one seen in
DPPC isotherms in presence of VWF. Assuming now two independent, i.e.
non interacting, surface layers and equal lateral pressure in both layers we
calculate the change in area for increasing the pressure for a finite step using
those compressibilities and eq.6.10 (see fig. 6.4a: gray area lipid, green area
VWF). So from a starting triple (lipid area, VWF area, initial pressure) by
increasing the pressure in small steps (here ∆Π = 1µN/m) a complete area
compression isotherm is calculated using the measured compressibilities of
the pure components. A short explanation for the observed isotherms, as illustrated in the inset in fig. 6.4 is the following: around 5 mN/m the lipid area
is compressed much stronger than the VWF area due to the higher compressibility. Vice versa the VWF area is compressed stronger around 18 mN/m.
These pressure ranges, where the materials show a transition, or, more general, are maximal compressible, cause the characteristic plateaus/shoulders in
the area isotherms.
Calculated compression/expansion isotherms with systematic increased size of
VWF fraction of the layer are shown in figure 6.4a. The isotherms look quite
alike the measured isotherms (compare fig. 6.1a). Using the same software
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macro as for the measured isotherms, the compressibility of each simulated
isotherm is calculated (see figure B.5). The characteristic decrease of maximal compressibility around 5 mN/m is reproduced, as well as the broad peak
between 10 mN/m and 20 mN/m, which becomes more pronounced with increasing VWF concentration.
An addition of the compressibility profiles of both components scaled according to the ratio of the initial areas delivers a similar result (not shown). So,
one can already presume an mostly independent compression of both layers,
indicating a weak, or more precise, with this technique hardly measureable,
interaction of phosphatydylcholine and VWF in its globular conformation. At
this point it has to be mentioned that the interpretation of the results may
turned out totally different without the simulation of the ideal superposition.
Future studies to monolayer elasticity should take care of similar possibilities
of misinterpretation. In the following section the differences between calculation and measurements are discussed in detail.

6.3.4. Differences between measurements and ideal
superposition
The limits of the congruence of measurements and calculations are the following. While the calculated and measured compression isotherms look quite similar on the first view, the expansion isotherms in the calculations are obviously
different from the measured ones. The calculation of the expansion isotherms
overlay in the pressure range between 0mN/m and 6mN/m quite well with
the according compression isotherms, if in the expansions a smaller amount
of VWF is assumed (compare figure 6.4b). At high pressures (18 mN/m 35 mN/m) the measured isotherms are reproduced by the simulation much
better with an even smaller VWF area. As can be seen in the compressibility
of measurements and calculation in figure 6.5a the simulation that fits the
isotherm in the low pressure range, reproduces κ(Π) quite well, besides in the
range between 6 mN/m and 11 mN/m. Whereas κ(Π) in the simulation, that
fits the upper pressure range, reproduces the shape but not the absolute values. Thus one can conclude that the pressure dependent partition coefficient
between interface and bulk is changed in the above mentioned pressure range.
Hence, during expansion more VWF from the bulk attaches to the interface
in the presence of lipids. This fits to the observed effect, that the broad compressibility peak in the liquid compressed phase of the system is shifted to
higher pressures in the measurements compared to the calculation. This can
be explained by an increased partition coefficient of VWF at the surface and
VWF in the bulk, in the presence of a lipid monolayer at the water-air interface. Hence the pressure, where VWF is "pressed" into the bulk, is higher.
Possible sources of error for these considerations are the hysteresis and the in-
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creased uncertainty in the determination of the compressibility of pure VWF
layers compared to lipid monolayers. As the hysteresis could not be avoided
by reducing the barrier speed by a factor of ten, the aforementioned barrier
speed was chosen to avoid aging effects of the lipid monolayer.
Another difference between calculation and measurement is the prediction of
a linear increase with concentration of the VWF induced effects. For high
VWF concentrations the measurements show a saturation of the effects. For
the increased area per lipid molecule this is depicted in figure 6.5b for WT,
2A and 2B for the liquid expanded phase. Exemplarily at addition of WT
to the monolayer, the isobaric area per lipid molecule as function of VWF
concentration increases linearly below 6.7 µg/l VWF. For higher concentrations a saturation value is reached. The critical WT concentration 6.7 µg/l
corresponds to a ratio of 20 000 lipids per VWF dimer subunit. Quantification of the maximal hysteresis between compression and expansion shows also
saturation behavior after a linear increase (shown in the appendix in fig. B.2).
For 2A and 2B the saturation occurs already at lower concentrations but at
a similar maximal area per lipid molecule. A quantitative comparison of this
saturation effect between wildtype and mutations is not done, as no information concerning the degree of multimerisation of the different types of VWF is
available. A further saturation effect not predicted is that the local maximum
in lateral compressibility of κmax ≈ 0.04 between 10 mN/m and 20 mN/m is
not exceeded at higher VWF concentrations than shown in figure 6.2.
Besides the saturation effects, a closer look to the compressibility for different types of VWF, indicates a small shift of the phase transition pressure
dependent on VWF type. Careful control measurements confirmed that these
shifts are artefacts due to pressure calibration or rather a decrease in surface
tension due to the surface activity of the VWF molecules. However the decreased κmax is in accordance with the simulation. Also the tendency that
every addition of VWF leads to a decrease of κmax and in the limits of low
and high VWF concentrations the predicted order is received in almost all
measurements. For the concentrations in-between the effect of contamination or oxidation of the lipids competes against the intrinsic properties of the
lipid-protein-system. Thus, a firm statement on these effects especially on
cooperativity in the phase transition needs further studies.
In summary, the main difference between non interacting superposition and
the measurements is the change in partition coefficient of VWF between surface and bulk. Furthermore the saturation behavior of the VWF related effects
is not predicted by calculation but is of course correlated with the change in
partition coefficient. This effect has to be compared with the interaction of
lipid interfaces and VWF in its elongated conformation.
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6.3.5. Elongated VWF interacts stronger with phospholipid
membranes

Figure 6.6.: Heat Capacity of DMPC SUVs in absence (gray solid line),
presence of multimeric VWF (blue dashed line) and in presence of multimeric VWF after application of overcritical shear stress (red dotted line).
VWF shifts the melting temperature of the lipids significantly and dependent on VWF conformation: 0.6◦ C globular conformation / 1.5◦ C elongated conformation.

As shown earlier [2] VWF changes from a globular to a stretched string like
conformation (activated state) reversibly, if a critical shear rate is applied.
To measure the interaction between activated VWF and lipids, dynamic measurements are necessary. As this is not possible with lipid monolayers, the
interaction of VWF with phospholipid vesicles is studied. Differential Scanning Calorimetry (DSC) was used to measure the influence of VWF on the
lipids, as the heat capacity profile of lipids is very sensitive to minute changes
in lipid structure due to pH changes, solvents et cetera. To have a look on
the impact of the presence of the lipid membranes on the protein, changes in
the secondary structure of VWF can be measured with Circular Dichroism
Spectroscopy (CD). In figure 6.6 (data from [64]) the heat capacity profile
of DMPC vesicles is shown before and after addition of multimeric VWF, as
well as after application of overcritical shear stress with surface acoustic waves
(SAW). While the simple addition of VWF causes a shift in phase transition
temperature of 0.6◦ C the phase transition temperature is shifted more than
1.5◦ C if the VWF is stretched in presence of the vesicles, suggesting that
VWF in the elongated conformation binds significantly stronger to the lipid
bilayers than in the coiled conformation. In control experiments protein free
samples showed no changes in heat capacity upon treatment with shear force
(data not shown).
Furthermore in [64] the author also studied the interaction of VWF and lipid
membranes optically with bilayers prepared on a solid glass support. After
addition of VWF molecules at blood concentration and after several hours
equilibration time, overcritical shear stress was applied. After removing un-

6.4 Conclusion and Outlook

81

bound VWF network-like structures, strongly connected to the membrane,
could be shown. In clear contrast, network formation of VWF molecules was
not observed without the application of shear flow.

Figure 6.7.: Secondary Structure of dimeric VWF in absence and presence
of DMPC vesicles and before and after application of overcritical shear
stress. Shear stress leads to an increase of the fraction of beta sheets on
cost of alpha helices. In presence of lipid vesicles this effect is increased.

To test the impact of the lipids on the secondary structure of VWF, lipid
vesicles in presence of VWF in each conformation were studied with Circular
Dichroism Spectroscopy (CD). Here also the interaction of lipids and VWF is
stronger, if VWF is in the elongated conformation. In figure 6.7 the results of
CD spectra of globular and stretched VWF in absence and presence of DMPC
small unilamellar vesicles (SUV) taken from [64] are shown. After elongation
of the protein by application of shear force the fraction of β-sheets is increased
at the cost of α-helices, while the random coiled parts of the protein remained
fairly unaffected. Interestingly this process is even increased in the presence of
lipid vesicles while the bare presence of SUV without application of shear force
shows the opposite effect. Steppich suggests a model where the α-helices are
embedded in the membrane and thus, the shear flow is able to cause enhanced
transformation of α-helices into more stable β-sheets [64]. One could imagine
that these opposite behavior in vicinity of lipid membranes in nature stabilizes
the elongated respectively the coiled conformation, depending if shear forces
appear or not.

6.4. Conclusion and Outlook
In summary, the comparison between the interaction of globular VWF with
phospholipid monolayers and the results from [64] suggests that the physical
state of the protein plays the leading role in interaction between VWF and
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membrane. In the presence of high amounts of globular VWF the elastic
properties of lipid monolayers remain largely unchanged, as the comparison
between measurements and calculations indicates. Furthermore the calorimetric data show a a much more pronounced change of the thermodynamic
properties of a lipid bilayer in presence of elongated compared to globular
VWF. Besides the membrane properties also the secondary structure of VWF
is altered in presence of lipid interfaces. In turn, the stretched conformation
is influenced stronger by lipid bilayers than the globular one.
Organisms in nature can eventually benefit from the switch between weak and
strong interaction of VWF and lipid membranes depending on the protein conformation: under normal physical circumstances the globular protein in blood
flow should not, or just weakly, interact with the endothelial cell membranes,
whereas at locations of vascular damage, where high shear rates appear, the
protein unfolds [2] and interacts with its environment in general, and the lipid
membranes in particular.
One way to alter the state of VWF without applying high shear rates is the
systematic change of pH to induce denaturation. Experiments could for example study the change in isotherms of DPPC in presence of a fixed VWF
concentration, for decreasing pH. If VWF unfolds due to protonation, one
would expect that this also happens at the surface and hence, interaction
could be analyzed analog as presented here. Furthermore, it would be interesting to test the influence of elongated and globular VWF on the elasticity
of vesicles in micropipette experiments similar to the experiments reported by
Rawicz and Evans [66]. Elongating VWF by shear force in presence of GUVs,
we predict from our calorimetric and monolayer data that the membrane elasticity is reduced in presence of elongated VWF stronger than in presence of
globular VWF. For such experiments similar considerations like presented in
our ideal superposition model have to be taken into account.
The present study shows that on the other side also the state of the membrane is important for the attachment of VWF to the lipid interface. Together with the state of the lipid monolayer, also the partition coefficient of
VWF between surface and bulk changes. Thus, to account for changes of the
membrane state, due to the presence of contaminants in general, or globular
proteins in particular, the following chapter treats the impact of nanoparticles on the state of lipid membranes. In conclusion this work represents
a first successful step towards an integrative thermodynamic understanding
of VWF-membrane interaction.
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7. Chemical and mechanical
impact of silica nanoparticles
on the phase transition
behavior of phospholipid
membranes in theory and
experiment
For the understanding of the interaction of nanoparticles (NPs) and living cells the interaction of NPs
with lipid membranes is an integral step. During particle uptake, the membrane has to bend. The fact
that the modulus of compression of these membranes
can vary by more than one order of magnitude, due
to the nature of their phase diagram, requires that
both thermodynamic and mechanical aspects of the
membrane are considered simultaneously. We demonstrate that silica NPs
have at least two independent effects on the phase transition of phospholipid
membranes: a chemical effect resulting from the finite stability of the NPs
in water and secondly a mechanical effect which originates from a bending of
the lipid membrane around the NPs. This chapter is based on our report on
the experiments which allow to clearly distinguish both effects [67]. A thermodynamic model including the elastic energy of the membranes is predicted,
which correctly predicts our findings both quantitatively and qualitatively.
Furthermore the NPs can be taken as simple and well characterized mimetics
for proteins regarding physical effects like induced curvature.

7.1. Introduction - State of the art
The increasing amount and variety of artificially produced nanometer scale
particles calls for a thorough understanding of the influence of such nanopar-
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ticles on biological material. Especially the uptake in human cells and its
consequences are in the focus of many research teams [68, 69]. Silica nanoparticles (NPs) not only occur in exhaust emissions, but are also additives to food,
textiles and construction materials to improve their properties [70]. Moreover,
they are even considered for drug delivery [71]. In particular the uptake of
NPs by living cells has recently become subject of risk assessments, as it correlates with cytotoxicity [21]. In this context, it has been shown before that
clathrin-dependent endocytosis is the most important pathway for the cellular
uptake of silica-nanoparticles [22]. For the detailed understanding of endocytotic mechanisms it is helpful to study first the mechanical properties of pure
lipid membranes, which have been shown to be suitable model systems for
cell membranes [72]. Here, one has to bear in mind that the elastic properties of the lipid membrane depend on its thermodynamic state and can vary
substantially. Especially during the transition from the gel to the fluid phase,
the bending modulus changes by at least one order of magnitude [62, 73].
Indeed, it has been demonstrated that this phase transition can trigger a variety of morphological transitions even in the absence of membrane proteins.
Tube formation, fission, budding as well as the expulsion of entire vesicles
have been reported [74, 75, 76, 77]. The thermodynamic state of the membrane must therefore definitely be considered as an important factor for the
understanding of transport mechanisms in cells. The lipid phase transition
can be conveniently monitored by Differential Scanning Calorimetry (DSC)
which allows to detect even minor changes in the membrane properties [78].
In 1992, Naumann et al. were able to demonstrate that 1,2-dipalmitoyl-snglycero-3-phosphocholine (DPPC) bilayers on a spherical particle support (R
≈ 300 nm) melt cooperatively, but exhibit a suppressed pre-transition [79].
Using particles of two different sizes (R ≈ 30 nm, R ≈ 300 nm), it has further been shown that the transition temperature of supported membranes is
related to their curvature, i.e. the radius of the particles [80]. Finally, for
vesicles with diameters below 100 nm, the same concept has been applied to
analyze the influence of differences in the curvatures of the inner and outer
leaflet on the transition temperature TM [81].
Here, we employ DSC to characterize the impact of the same NPs that have
been shown to be cytotoxic for human endothelial cells [21] on different phospholipid membranes. We investigate spherical supported vesicles (SSV) in
terms of their transition temperature and find significantly different dependencies on the membrane curvature for different lipid-chain-lengths. A thermomechanical model is developed being able to explain our experimental findings
by including the bending energy of the bilayer into the thermodynamic potential. In addition, a chemically induced depression of TM is reported, which is
triggered by the release of small amounts of silicic acid (SA) from the NPs.

7.2 Materials and Methods
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7.2. Materials and Methods
Silica particles with the following diameters were used: d =(16±2)nm, (18±2)
nm, (85±4)nm, (212±25)nm, (305±35)nm and (348±40)nm. All NPs used
were synthesized and analyzed as described earlier in detail by Blechinger et al.
[22]. 1,2-Ditridecanoyl-sn-glycero-3-phosphocholine (13:0PC), 1,2-dimyristoylsn-glycero-3-phosphocholine (DMPC or 14:0PC), 1,2-dipentadecanoyl-sn-glycero-3- phosphocholine (15:0PC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC or 16:0PC) and 1,2-diarachidoyl-sn-glycero-3-phosphocholine (20:0PC),
dissolved in chloroform, were obtained from Avanti polar lipids (USA) and
used without further purification. Suspensions of vesicles and NPs were prepared by re-hydrating a dried lipid film with a dispersion of NPs in ultrapure
water (pure Aqua, Germany;18.2MΩcm). The final lipid concentration was
1 mg/ml. For the multi lamellar vesicle (MLV) preparation, the sample was
heated above the main phase transition temperature TM for 60 minutes and
vortexed several times. Afterwards, the solution was either sonicated above
TM for 30 min or directly loaded into the calorimeter. The pure NP dispersions as well as the spherical solid-supported vesicles (SSV) containing sonicated samples were analyzed regarding their colloidal stability. Dynamical
light scattering analysis shows that the hydrodynamic radius of such samples
does not change significantly over typical experimental timescales, i.e. several hours (see fig. 7.1). Also the observation of different dried samples by
SEM/TEM shows no signs of big agglomerates or groups of particles that
are covered with one continuous bilayer, what would decrease the effective
curvature of the membrane.

(a) DLS data of different SSV samples.

(b) TEM picture of SSV sample

Figure 7.1.: (a) Correlation functions of different SSV samples show no
significant hints for agglomeration of coated particles. (b) TEM picture
of a SSV sample from [12]. Arrows indicate stained lipid layer (scale bar
20 nm).
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The measurements were carried out with a Microcal VPDSC Differential Scanning Calorimeter [19] at a scan rate of 17 K/h. The reference sample was
ultrapure water. The supernatant of centrifuged NP dispersions was analyzed
with electrospray ionization mass spectrometry (ESI-MS, Thermo Finnigan
LTQ FT, resolution 100.000 at m/z=400, up to 2000 u, 4 kV, heating capillary temperature 250◦ C) to quantify the most frequent oligomers of silicic acid
released from the NPs.

7.3. Results and Discussion
7.3.1. Chemical impact of silica NPs on TM

(a) Heat capacity profile of a MLV sample.

(b) Heat capacity profile of a SSV containing sample.

Figure 7.2.: (a) The heat capacity profile of a DPPC MLV sample is
shifted to lower temperatures depending on NP concentration. (b) After
a week of storage at 4◦ C of a MLV sample, in Cp (T ) an additional peak
appears. Inset: The enthalpy ratio r of the peaks at TS and TM is increased
after one respectively two centrifugation steps with discarding of the supernatant. The increase of r shows hat this peak origins from a supported
lipid population.

When adding NPs to a suspension of MLV, both the main transition and the
pre-transition peaks shift towards lower temperatures (see fig. 7.2a). To quantify this effect, the peak position of the main transition TM was analyzed as
a function of particle concentration and size (fig. 7.3a). The mass concentration cm was chosen such to keep the total NP surface area per sample in the
same range for all NP sizes. Thus, cm covers a wider range for the larger NPs
(fig. 7.3a).
Our experiments revealed the following trend: independent of particle size, the
temperature shift of the main transition exhibits a linear dependence on the
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(a) TM of DPPC NP samples as function of
NP concentration.
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(b) TM of a DPPC sample as function of SA
concentration

Figure 7.3.: (a) Tm of DPPC MLV shows a linear shift with increasing NP
mass concentration independent of NP size. NP free samples containing an
equivalent amount of supernatant of centrifuged NPs show almost the same
behavior (open squares). (b) Samples with oversaturated silicic acid show
a linear shift in TM in the same order of magnitude as the NP containing
samples.

total amount of added NP mass which indicates an effect that is not related to
the total particle surface. The measurements were then repeated substituting
the particles by the supernatant of the centrifuged NP dispersions of adequate
particle concentration (10000 g, 3 min-300 min, depending on NP size). Fig.
7.3a shows that the temperature shift of such NP free samples is equal to
the corresponding NP containing samples. Therefore, the shift in TM with
increasing concentration does not arise from the physical presence of the NPs,
but can rather be caused by substances dissolved from the NPs. This is confirmed by the fact that an increase in incubation time of washed NPs, leads
to an increasing shift in TM as well. Alexander et. al. [82] already reported
that silica always partially dissolves in aqueous solutions, forming silicic acid
oligomers (SA). According to equation 42 of [83], 95% of the equilibrium concentration of silica in water should be reached within nine hours in the case
of the used NPs. The equilibrium concentration of SA is in the range of 150
ppm [82, 84]. ESI mass spectra showed that tetramers (m/z = 274.8809) and
pentamers (m/z = 370.8693) are the most frequent oligomers in our NP dispersions (data not shown).
To confirm that SA is indeed the origin of the decrease in TM , freshly prepared and oversaturated SA solution was added to MLV samples. A linear
decrease in TM as presented in fig. 7.3b was found. Regarding the hydrophilic
character of SA [85] we expect head group effects to cause the observed melting point depression. One possible explanation could be an altered solvation
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of both lipid phases in a SA solution compared to water. Disregarding the
specific nature of the SA-lipid interaction, we assume that the solute SA influences the chemical potentials of gel phase µgel and fluid phase µf luid :
tr
µi (T ) = µw
i (T ) + ∆µi (T )

(7.1)

µw
i denotes the standard chemical potential of the corresponding lipid phase
in water and µtr
i the free energy associated with a transfer of the phase from
water to the solution. Along these lines Chapman et al. [10] has derived that
for the shift of the transition temperature ∆TM :
h





i

∆TM = − RTM 2 / (∆H (TM )) αcSA

(7.2)

where R is the gas constant, TM the melting temperature of the lipid in pure
water, ∆H (TM ) the change of the systems enthalpy at TM and cSA the concentration of the solute SA. For low concentrations cSA and small temperature
changes α is a constant that depends on the strength of the interaction of the
tr
solute with both phases, i.e. the values of µtr
gel (TM ) and µf luid (TM ).
It is noteworthy that equation 7.2 should be true for a direct interaction between lipid phases and solute as well as for indirect influences as for example
solvation effects. Our measurements with oversaturated SA suggest a proportionality constant of A= 0,119 mK/ppm. Here we want to emphasize that
silica nanoparticles release small amounts of SA which can significantly influence the thermodynamic properties of lipid membranes. The concentration of
dissolved SA seems to be approximately proportional to the mass concentration of nano particles in the dispersion, and does not dependent on their size
(fig. 7.3a). Future studies should take that effect into account, regardless of
the curvature-induced effect explained in the following section.

7.3.2. Preparation of spherical solid-supported phospholipid
bilayers
Storing the samples for one week after preparation led to the occurrence of an
additional peak in the DSC profile at a temperature TS (see fig. 7.2a). After
sonication, this additional peak becomes more pronounced than the original
one at TM , indicating an increasing portion of the lipids undergoing the transition at TS following this step. Some samples were centrifuged after sonication
at 10000 g for 15 to 60 minutes. Before repeating the centrifugation step, the
supernatant was replaced with ultrapure water. In the inset of fig. 7.2a, the
ratio of the transition enthalpies of the additional (∆HS ) and the main transition (∆HM ) is shown before and after centrifugation. While this ratio is
only about 0.01 for the untreated sample, it increased to 1 after the first and
to 2.2 after the second centrifugation step. This clearly indicates that the
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(a) Heatcapacity as function of temperature
for 20:0PC
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(b) ∆T for different lipid chain lengths

Figure 7.4.: (a) Heat capacity of 20:0PC samples with different sized
NPs and comparable amount of total NP surface. Baselines are shifted for
clarity. The arrow and the gray line indicate the shift of the SSV peak
with increasing NP size. (b) The difference ∆T := TS - TM as function
of NP radius for various lipid chain length show systematic differences for
increased NP curvature.

additional peak at TS has its origin in lipids which are attached to the NPs.
This observation and conclusion is consistent with the findings of Naumann
et al. and Bayerl et al. [79, 86] who coated NPs with lipid membranes and
reported comparable shifts in TM . Furthermore, in 1996, Brumm et al. [80]
showed some differences in the curvature dependence between 14:0PC and
18:0PC, but these reports left the question about a systematical study of the
influence of the NP size open.
Hence, the heat capacity profile of the supported membrane population was
analyzed both for NPs of different diameters (18 nm - 348 nm) and lipids with
different chain lengths between 13 and 20 carbon atoms but identical head
group. To account for the above mentioned chemical melting point depression,
we analyzed the difference ∆T := TS − TM between the transition temperatures of free and supported lipids (see fig. 7.2b). Assuming that the above
chemical effect is of the same order for as well MLVs as SSV it should cancel
out.
All measurements show the same tendency, namely a shift of TM towards
lower temperatures for the solid-supported case. Exemplarily, the heat capacity profiles for 20:0PC are shown in fig. 7.4a for different NP sizes. The
expected broadening [79] of the SSV due to decreasing cooperativity with increasing membrane curvature was observed but not analyzed further.
Fig. 7.4b shows ∆T for different lipids and NP diameters. While ∆T decreases
with decreasing NP diameter for 13:0PC, 14:0PC and 15:0PC, it increases for
16:0PC and 20:0PC. For all lipids, except for 20:0PC, the limit for a flat support of zero curvature is roughly ∆T = −2, 5K.
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To summarize, our results consist of three main observations: i) for all lipids
and NP sizes, TS shifts towards lower temperatures, with a ∆T ranging between -0.5 K and -4 K, ii) the curvature dependence changes its sign for
increasing chain length and iii) for all lipids, ∆T shows a saturation behavior
with decreasing curvature.

7.3.3. Theory. Bending contribution to ∆T
In the case of SSV, the vesicles spread on and cover the NPs or parts of
them, hence experiencing a curved substrate. In the following paragraph, an
analytical expression for the expected change in phase transition temperature TM based on the mechanical and calorimetric properties of the system
will be derived. We therefore integrate the bending energy of the membrane
in a Landau-type potential. No new or additional model assumptions are
introduced. Instead, we combine existing theories to provide a coherent explanation of our results.
Contributions to the Landau potential

(a) Landaupotential

(b) Identification of minima (c) Linear
with G
around TM

approximation

Figure 7.5.: (a) A Landau potential as function of a order parameter η
shows two minima. At low order the membrane is fluid, while the high
ordered state is identified with the symmetrical gel phase. The NP changes
the complete potential, especially the minima. (b) The minima of the potential are identified with the Gibbs enthalpy G and plotted as function
of temperature. At low temperatures the fluid phase is energetically disadvantageous, whereas this changes at the intersection of the two curves.
(c) Linear approximation around TM . As well Ggel as Gf luid are shifted by
∆Ggel/f luid . Thus, the new cross section is at the melting temperature TS .

In the Landau theory, a first order phase transition is represented by the
relative evolution of the double well potential of the form shown in figure 7.5
[87, 88]:
G = G0 + Aη 2 + Bη 4 + Cη 6
(7.3)
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Here, η is the order parameter and A(T, p, Π), B(p, Π), C(p, Π) are functions
of the thermodynamic variables temperature T , bulk pressure p and lateral
pressure Π.
It is convenient and common to consider only the evolution of the potential minima in η with temperature. These are commonly identified with the
Gibbs Free Energy potentials for the gel phase and the fluid phase [89, 90] as
indicated in figure 7.5.
In the absence of any solid support, the two potentials intersect at the phase
transition temperature TM . The additional energies ∆Ggel and ∆Gf luid in the
presence of the support shifts the intersection towards lower temperatures TS
(see fig. 7.5c). For the transition temperature TS now holds:
Ggel (Ts ) + ∆Ggel = Gf luid (Ts ) + ∆Gf luid

(7.4)

2

≈ 0 as shown in [65], Ggel (T )
Assuming the pressure p to be constant and ∂∂ 2 Π
T
and Gf luid (T ) can be approximated by a first order Taylor series near the
transition point TM :
Ggel (Tm ) +

∂Ggel
∂T

(Ts − Tm ) + ∆Ggel =
Tm

= Gf luid (Tm ) +

∂Gf luid
∂T

(Ts − Tm ) + ∆Gf luid (7.5)
Tm

and consequently:
∆G

∆T := (Ts − Tm ) = − ∂Ggel
∂T

Tm

−

∂Gf luid
∂T
Tm

=: −

∆G
∆



∂G
∂T



(7.6)

This general analytical expression relates the contribution of the solid support
to the free energy ∆Ggel/f luid with the shift of the transition temperature
∆T .
∆





∂G
∂T



from the heat capacity profile



∆ ∂G
can be extracted from the experimental DSC data, recalling the rela∂T
tion between the thermodynamic potential G and the heat capacity cp as its
susceptibility:
∂ 2G
∂S
−T
=T
= cp
(7.7)
2
∂T p
∂T p
In agreement with the linear approximation that was described above, we
2
have to integrate over ∂∂ 2G
(respectively cP ) in the transition region to get
T
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∂G
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∆
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=

Z T2 2
∂ G
T1

∂T 2

dT = −

Z T2
cp
T1

T

dT ≈ −

∆H
Tm

(7.8)

The last approximation introduces the transition enthalpy ∆H and holds
for sharp transitions for which a constant temperature TM can safely be assumed.
Mechanical contributions to ∆G
In the case of SSV, we consider two main contributions to ∆G: i) a curvature
dependent one caused by the bending of the membrane and ii) a curvature
independent one due to the bare presence of the substrate (planar limit). The
latter, constant contribution to ∆G can be caused by various interactions between lipids and support, for example by electrostatic forces. To describe the
mechanical contribution due to curvature, we use the well-known expression
for the bending energy Ebend of a membrane [91]. For the curvature independent contribution we add an additional constant contribution ∆GS :
1 2
− c0
∆G = Ebend + ∆Gs =
2 R


2

κAm +

1
κG Am + ∆Gs
R2

(7.9)

Here, Am is the area per lipid molecule, c0 := 1/R0 is the spontaneous curvature, κ the bending modulus and κG the modulus of Gaussian curvature.
In the case of a chemically symmetric bilayer, the spontaneous curvature is
caused by the asymmetry of the environment due to the NP and a thin layer
of water inside and the bulk water outside the vesicle. The bending radius R
is simply determined by the radius R of the particle.
Due to the higher flexibility of lipid membranes in the fluid phase, we assume a stronger contribution of the mechanical bending energy to Φ for the
low symmetric gel phase (fig. 7.5). Therefore we neglect the bending energy
contribution to ∆Gf luid . The final expression for the temperature shift ∆T
can then be found by combining eq. 7.6, eq. 7.8 and eq. 7.9:
∆T := −Tm

1
2



2
R

− c0

2

κgel Am +

1
κ A
R2 Ggel m

∆H

+ ∆Ggel − ∆Gf luid

(7.10)

where κ and κG are the mechanical parameters for the gel phase and ∆G :=
∆Ggel − ∆Gf luid . This expression explicitly relates the shift ∆T of the main
phase transition temperature with the mechanical and the calorimetric properties of the membrane and predicts trends which can be compared with the
experiments.

7.3 Results and Discussion
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7.3.4. Discussion - Bending energy explains the curvature
dependence of ∆T

(a) Fit of ∆T

(c) κG /κ

(b) Two parameter Fit of ∆T (∆G
150J/mol

(d) Results of the two parameter fit

Figure 7.6.: (a) Fit of eq. 7.10 with ∆T (∆G = 140 J/mol, c0 = -250nm)
(b) Fit of eq. 7.10 with ∆T (∆G = 150 J/mol). (c) Ratio of κG and κ as
function of lipid chain length. (d) c0 = 1/R0 and z as function of lipid
chain length.

In figure 7.6, we show that our thermodynamic model can indeed well explain
the observed trends of the temperature shift for different lipid chain lengths.
Equation 7.10 was fitted to the data points of fig. 7.4b. TM and ∆H were
taken from the heat capacity profiles, κ was set to 2, 510−18 J for 16:0PC and
estimated according to κ = 2, 510−18 J(h/16)3 for the other lipids, where h is
the number of carbon atoms of the hydrophobic chains of the lipids [92, 93].
Furthermore Amem was set as 0, 5 nm2 and R is the radius of the NPs. Thus
there are three unknown parameters κG , ∆GS and 1/R0 . We will show that
κG turns out to be the crucial parameter.
Initially we perform a three parameter fit (∆GS , R0 , κG free) to get a first
estimate for the magnitude of the free parameters (see fig. C.2). As ∆GS denotes a mainly head group associated energy contribution it is reasonable to

94

7 Impact of nanoparticles on phospholipid membranes

consider ∆GS as constant. Consistent fits are achieved for ∆GS = constant =
150J/mol. The two parameter fit with fixed ∆GS (fig. 7.6b) still shows good
qualitative and quantitative agreement between theory (eq. 7.10) and experiments (see fig. 7.6). The values for R0 and κG are comparable to those of the
three parameter fit mentioned before (see fig. 7.6d).
Since the fit parameters affect each other we also compare the aforesaid results with a one parameter fit by additionally keeping R0 fixed (see fig. 7.6a,
∆GS = 140 J/mol, R0 = −250nm). We still achieve very good agreement
between the measurements and the analytical curves from eq. 7.10.
For all fits the ratio z := κκG is a critical parameter, which turns out to be
roughly -2 for all experiments. Independent of ∆GS and R0 any substantial
deviation from -2 would predict transition temperature shifts ∆T of more
than an order of magnitude larger than the ones observed. Our model therefore delivers the ratio z as predicted by Helfrich for the transition regime from
lamellar to vesicular phase [94]. In [94] it is shown, that from a known stress
profile, i.e. lateral stress as a function of the position on a axis perpendicular
to the membrane plane, one can estimate κG as the second moment of the
stress. Due to interfacial tension in the head group region of a lipid bilayer in
literature negative stress is assumed [94], whereas in the hydro carbon chain
region the stress is positive. In equilibrium the sum over the stress has to
cancel out [94]. To model lipids with identical head group but varying chain
length h and satisfy the aforementioned conditions the arbitrary values for
s(x) are taken as shown in fig. 7.7a. In eq. 7.11 it is shown that κG in this
model is a quadratic function of h. The results of κG from the fit in fig. 7.6
show also a quadratic dependence of h.

κG = 2

Z h0 z+k

=2

0

Z h0 z
0

x s (x) dx = 2
2

Z h0 z
0

x s (x) dx + 2
2

Z h0 z+k
h0 z

x2 s (x) dx =

Z h0 z+k
−x2 A
4A
2Ak 2
x2 A
dx + 2
dx = − h2 z0 2 − 2Ahz0 k −
hz0
k
3
3
h0 z
(7.11)

In a similar manner theoretical considerations can predict the spontaneous
curvature. But in fits with R0 as free parameter and fixed z a contradiction
to this earlier theoretical work [94, 95] appears. Instead of a decrease in the
spontaneous curvature 1/R0 with increasing h, as theoretically predicted, the
fit indicates an increase. A more thorough understanding of ∆GS as well as
better models and more than currently available on R0 will hopefully improve
the model in the near future. Along the same lines a refined model would
account for more subtle differences in bending energy between fluid and gel
phase and consider variations in Amem .

7.4 Conclusion
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Figure 7.7.: Simplified stress profile of a lipid bilayer. x-coordinate is the
distance on an axis perpendicular to the membrane plane.

7.4. Conclusion
In summary, we present in-depth theoretical and experimental studies on
nanoparticle-membrane interaction showing that silica NPs are able to influence the thermodynamic state of lipid membranes via at least two different
mechanisms. First, a melting point depression caused by silicic acid released
from the NPs in aqueous solution has been clearly identified, calling for a thorough analysis of the chemical stability of NPs prior to studies on their interaction with biological matter. Even minute amounts of soluble substances can
change the thermodynamic properties of lipid membranes significantly. Apart
from this chemical aspect, we also found a size dependent impact of silica
nanoparticles on the thermodynamic properties of phospholipid membranes
mediated by the bending energy of the membrane. An analytical expression
is proposed, which describes the shift in TS of solid-supported lipid bilayers
by thermodynamic and mechanical considerations. Together with further experimental data this could offer a way to estimate the modulus of Gaussian
curvature of lipid membranes, a parameter that is very difficult to access otherwise. Finally, we like to point out that earlier work has demonstrated, that ion
permeability, morphological changes or adhesion phenomena can be controlled
by a shift in the thermodynamic state of the lipid membranes [96, 76, 89, 97].
A comparison between these data and the shift in state by NPs observed here,
demonstrates that NPs are in principle capable to induce the phenomena mentioned. We believe that similar changes in membrane state may be induced in
membranes of cells. In experiments with our collaborators [21] we have shown
that the same NPs studied here increase their toxicity with total surface area
and not simply with mass, which clearly exemplifies the role of NP-cell membrane contact. It will be interesting to find out to what extent this contact
modifies the thermodynamic state of the cell membrane.
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(a) DPPC GUV with NPs before phase tran- (b) DPPC GUV with NPs after phase transition
sition

Figure 7.8.: (a) A DPPC GUV (blue) with adhered NP (yellow) before
phase transition. The NPs are on the outside of the vesicle. (b) After the
temperature induced phase transition the NPs are inside the mother vesicle.
During phase transition intravesicular budding appeared.

7.5. Outlook - manipulation of membrane
morphology by NPs
As a further step towards NP cell membrane interaction the impact of NPs
on on GUV was studied. These GUV are modell membranes that are similar
to cell membrane concerning dimensions.
As reported detailed in [12] we studied DPPC GUV and NPs labeled with
different dyes with our cooperation partners. In figure 7.8 is shown that
NP adhere to the membrane and indeed can change the morphology of the
membrane.
The main observations of the temperature induced phase transition behavior
of these GUV are:
• During phase transition, instead of the typical extravesicular budding
behavior, various other effects can be seen (increased intravesicular budding, tube formation, no visible shape changes).
• NP can enter the GUV via intravesicullar budding during phase transition without the presence of other proteins like e.g. clathrin.
• Correlation of membrane parts with higher curvature and localization of NPs.

7.5 Outlook - manipulation of membrane morphology by NPs

(a) Compressibility of a DPPC monolayer
in presence of SA

97

(b) Compressibility of a DPPC monolayer
in presence of NPs

Figure 7.9.: (a) Compressibility of a DPPC monolayer with and without
silicic acid in the bulk. (b) Compressibility of a DPPC monolayer in absence and presence of NPs. Aqueous NP solution was sprayed on top of the
monolayer. After equlibration of the lateral pressure again isotherms were
measured.

This means NPs can overcome the barrier of a lipid bilayer with out any
other proteins or signal cascades like shown in [3]. Of course in the case of
our experiments the change of state of the lipids was induced by an overall
temperature increase, which will not happen in vivo. But the principle effect
that processes in biology take advantage of phase transitions is supported by
our experiments, as the phase transition temperature is shifted by the NPs
and for example the appearance of pores in lipid bilayers is increased near the
phase transition [97]. Furthermore local changes in membrane elasticity could
explain the observed effects as described in [12]. To analyze the influence of
NPs on membranes within a broader range of physical states we also studied
the impact of NPs on lipid monolayers. This is justified as the bending modulus κ of a bilayer and the isothermal lateral compressibility of a monolayer
are connected [62].
In figure 7.9 we show the impact of SA as well as NPs on DPPC monolayers. While the first does not significantly change the elastic parameters of
the monolayer, the latter can induce a significant increased compressibility in
the liquid condensed phase. In the experiments with SA the isothermal compressibility of a DPPC monolayer was measured with saturated silicic acid
in the bulk. As even that high concentrations do not significantly change
the elastic properties of the membrane, we exclude this effect as origin for
the observed morphological changes. In contrast, in figure 7.9b we show the
compressibility of DPPC before and after spraying aqueous NP solution on
top of the monolayer. The typical clear phase transition peak is lowered and
the compressibility in the liquid condensed phase is increased by a factor of
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roughly two. However, it has to be mentioned here, that experiments with
NPs in the bulk solution did show no significant impact on the compressibility of a monolayer. On the one hand this may be due to the much lower NP
bulk concentrations compared to the DSC experiments. On the other hand
the stronger influence of NPs on the membrane due to bending (SSV) is very
unlikely to happen with a monolayer. Also the sedimentation of the NPs due
to gravity decreases possible NP lipid contacts. To conclude, also on the microscopic level strong NP membrane interaction can be observed. Hopefully
in near future this ongoing research will help to understand amongst others
cellular uptake mechanisms and the role of physical effects, e.g. due to adhered proteins, better. Nevertheless, if one transfers the ability for changes in
the elasticity of a membrane to membrane damages and cytotoxicity in vivo,
this also fits with the fact that cytotoxicity of those silica NPs is a function of
overall supplied NP surface area and not NP mass (compare[21]). In summary,
these studies show how the advantages of an interdisciplinary approach contribute to the clarification of membrane associated processes, like endocytic
uptake mechanisms in nature.
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8. Membrane state regulates
acitvity of membrane bound
protease ADAMTS13
8.1. Introduction
It is known a lot about the effects of enzymes on
chemical reactions, but the mechanism behind it still
is somehow a mystery [98]. The catalytic rates of
many enzymes show a temperature dependence that
is in accordance with a constant activation energy
and following the arrhenius equation as described in
chapter 4. But for several membrane associated enzymes it has been reported that the arrhenius plot
shows kinks at certain temperatures. Different slopes in these plots correspond
to different activation energies. The reason for this can be enzyme deactivation
at higher temperatures, altering of binding affinities between substrate and
enzyme, pH changes that influence reaction velocities or phase state changes
in enzyme or membrane [99]. The latter ones are the most interesting ones,
as physical states of membranes are influenced by a variety of parameters (e.g.
temperature, pH, pressure, charges, chemical potential).
In chapter 4 the importance of ADAMTS13 for the biological function of VWF
is clearly shown. Hemostasis usually takes place at vulnerations of the blood
vessel system, where the VWF is adhered to the membrane of the cells at
the vessel wall and then binds platelets to form a plug. In that environment
the substrate is connected to membranes. Together with the knowledge about
the changes in activity of membrane bound enzymes, as mentioned above, this
leads to the question whether the physical state of the membrane controls enzyme activity in the case of membrane bound ADAMTS13.
It is reported that the fluidity of the membrane is a crucial parameter for the
activity of membrane bound enzymes like ATPase [100]. We show that this
is even the case for the water soluble enzyme ADAMTS13, when it is bound
artificially to a lipid membrane. Furthermore we continue here the discussion
on the theory of proper entropy of interfaces [101, 102]. It was shown for
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Acetylcholinesterase (AChE) that the physical state of a monolayer plays the
crucial role for the activity of the enzyme [101]. There the catalytic rate k of
the
enzyme was shown to be coupled to the fluctuations in area of the monolayer
and hence to the isothermal lateral compressibility κ. In that work the focus
was especially on the maximal enzyme activity in the vicinity of the phase
transition from liquid expanded to liquid ordered phase of the monolayer.
As the matrix of biological membranes is a lipid bilayer, an experiment where
the enzyme is bound to lipid vesicles in aqueous solution is a step closer to
biology. For this reason the activity of membrane bound ADAMTS13 is studied as function of temperature and hence as function of the membrane state.

8.2. Materials and Methods
All used lipids were purchased from Avanti Polar lipids solved in chloroform. If not explicitly mentioned a mixture of 1,2-dipentadecanoyl-sn-glycero3-phosphocholine (15:0PC) and 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl] (nickel salt) (NTA-lipids) with a molar ratio of 98:2 and a final concentration of 1.13 mM were used. Detailed
studies of the impact of NTA-lipids on the thermodynamic parameters of phosphatidylcholine can be found in appendix D.1.The lipids were dried under
vacuum for three hours, afterwards re-hydrated with buffer (pH 6.5; 150 mM
NaCl; 50mM Hepes; 5 mM CaCl2 ; 1 µMZnCl2 ) and heated above 45◦ C for
one hour. Mean vesicle diameter was determined as (3100±1400) nm with
Dynamic Light Scattering (DLS).
The enzyme ADAMTS13 with a histidin-tag (ADAMTS13His) was used to
bind to the NTA-lipids. Per enzyme ≈ 2000 NTA-lipids were in the sample.
To estimate the to time to bind to the lipids, enzyme with and without his-tag
was added to a monolayer on a Langmuir film balance. The increase of pressure as function of time is shown in figure D.4. In the liquid expanded phase
state ADAMTS13 without his-tag induced a pressure increase of 2mN/m,
whereas the enzyme with his-tag already with halved concentration increased
the pressure even above the phase transition pressure. More detailed studies
showed, that ADAMTS13His increases the lateral pressure roughly four times
higher than ADAMTS13 and that most of the binding process, even without
stirring or shaking, happens within two minutes. After the samples (vesicle solution, substrate, buffer) were given in a transparent 96 well plate the system
was temperature equilibrated for five minutes. Then the enzyme was added,
resulting in 1.8 times human plasma concentration. Within two minutes the
solution was shaken for five seconds before the fluorescence readings (BioTek
Instruments, Synergy HT, Excitation 485 nm, Emission 528 nm, bottom read-
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ing), every 30 seconds for at least 90 minutes, were started. The maximal
catalytic rate was determined by a linear fit (five to fifteen minutes) of the
steep increase in the kinetic curve, as indicated in figure 8.1a. Furthermore,
in fig. 8.1b it can be seen, that the maximal rate is dependent on the substrate
concentration for low concentrations.
The heat capacity Cp of the system was measured with a Microcal VPDSC
Differential Scanning Calorimeter [19] at a scan rate of 10 K/h. The reference
sample was ultrapure water. Absorption measurements were carried out with
the same plate reader as mentioned above.

(a) Typical kinetics.

(b) Variation of substrate concentration

Figure 8.1.: (a) Typical kinetics: Intensity as function of time for a vesicle
containing and a vesicle free sample at 33◦ C. The catalytic rate is measured
with a linear fit to the steepest increase. (b) Kinetics for varied substrate
concentration. The reaction rate is dependent on the substrate concentration for low amounts of substrate.

8.3. Theory. Role of membrane state and
fluctuations
In [101] the relation between entropy potentials, fluctuations and reaction coordinate is presented theoretically and experimentally in detail. That thesis
and the citations therein are recommended to the interested reader. In the
experimental section there it is shown that the catalytic rate k of AChE is
proportional to κT . Thus, the fluctuations in area, which are maximal in the
phase transition from the liquid expanded to the liquid condensed phase of the
monolayer, are associated with maximal activity of the embeded enzyme. It is
stated that the lipid monolayer together with the enzyme and the hydration
layer represents one system, that fluctuates in all coordinates as one system.
The theory of "proper entropy" can be tested by various selections of the
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subspace of the multidimensional phase space. To test this theory in the following part, it is tried to confer this theoretical predictions from a monolayer
experiment to a bilayer experiment. In the former mentioned isothermal case
the state was varied by variing the lateral pressure. Whereas in vesicle experiments, the state is altered by changing the temperature as the lateral pressure
is not accessible. How far the lateral pressure in the membrane is constant for
the vesicle experiments is highly discussed [103] but not crucial for our experiment, as the systems is already defined by a couple of parameters. All other
controllable parameters (bulk pressure, pH, ion strength) are kept constant.
The excess heat capacity Cp has been shown to be direct proportional to the
isothermal excess lateral compressibility [65]. Thus in the case of bilayer vesicles Cp is an accessible parameter giving information about the curvature of
the corresponding entropy potential. Hence, the fluctuations of the systems
are maximal at the maximum of Cp (T).

Figure 8.2.: Superposition (red dashed line) of linear fit to the reaction
rate for vesicle free samples (black line) and Cp of the vesicle containing
samples (grey solid line) with a peak around 34◦ C.

The activity of free enzyme is already temperature dependent as can be seen in
fig. 8.3. Assuming a modulation of the activity of the free enzyme, that shows
a linear temperature dependence, with the excess heat capacity, in analogy
to the monolayer experiments, one theoretically expects a temperature dependence of the catalytic rate that is dominated by the peak like shape of Cp . A
local maximum at TM would be the consequence (illustrated figure 8.2).

8.4. Results - phase transition temperature
divides regimes of activity
In figure 8.3 the catalytic rate of ADAMTS13His cleaving VWF is plotted
as function of the inverse temperature. There the catalytic rate k is com-
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Figure 8.3.: The reaction rate for vesicle free (black triangles) and vesicle
containing samples (red squares) as function of temperature (error bars are
standard deviations of repeated measurements). Cp of the vesicle containing samples (gray solid line) indicates the phase transition of the vesicles
around 34◦ C. A significant increase happens at the onset of the phase transition (see arrow).

pared for the system with and without vesicles, where all other concentrations are kept constant. The black triangular points show the measured rate
of ADAMTS13His in the absence of lipid vesicles. Within the studied range
of temperature the catalytic rate can be approximated with a linear function.
However the red rectangular points show the rate of the vesicle containing
system. In general the intensity saturation values for each temperature of the
vesicle containing samples lie around 25% below the values of the vesicle free
samples. This can be understood because of the higher absorbance of the
vesicle solution. It has to be pointed out here that, in order to minimize any
sources of error, no normalization of the intensity values is done. The focus of
this work lies on the qualitative difference between the activity of the enzyme
ADAMTS13 in bulk solution and in a membrane bound state. Every data
pair (T, catalytic rate) represents one ore more kinetic curves. As error bars
are provided, the catalytic rate is the mean value of repeated measurements
and the error bars are the standard deviation of the corresponding measurements. Furthermore in fig. 8.3 the heat capacity Cp is plotted as function of
the inverse temperature. The most pronounced difference in the temperature
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(a) Determination of lag time

(b) Correlation of lag time outliers and
phase transition

Figure 8.4.: (a) The intensity of vesicle containing samples show a certain
lag time (arrow at intersection of tangentials) between addition of enzyme
and measurable start of the reaction. The fluorescence intensity typically
increases rapidly after some minutes. (b) The lag time as function of the
temperature decreases linearly with temperature besides the temperature
range around TM of the membrane. The heat capacity as a measure for
the phase state is added to a linear fit to the data points and demonstrates
the correlation of phase transition and this outliers.

dependence of the catalytic rates with and without vesicles is the kink of
the catalytic rate of membrane bound enzyme at 34◦ C. In the linear regime
above the phase transition temperature the slope of the rate as function of
temperature is increased by a factor of ten. The data presented in figure 8.3
is measured under the same conditions (fluorescence reader, reading parameters, well plate, batch of lipids and enzymes, any concentrations) as exact as
possible. Further measurements were done on other devices, with deviating
fluorescence parameters, concentrations and batches. For clarity a quantitative comparison is not done here. But qualitatively those measurements reproduce the effect that the catalytic rate is increased significantly above 34◦ C.
Besides the mentioned kink, at the
main phase transition temperature a
slight local minimum in activity can
be seen.
Another quantity that can be measured easily and reproducible is the
lag time between addition of enzyme
to the vesicle containing samples and
the steep increase in intensity. In
fig. 8.4a an extract of a kinetic is
shown. The intensity plateau indiFigure 8.5.: Striking correlation between
the inverse lag time (black triangles) and
the catalytic rate (open squares).

8.5 Discussion
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cates that no measurable amount of substrate is cleaved for 13 minutes (the
increase during the first three data points is discussed later). From this point
on the fluorescence intensity increases linearly. The intersection of tangents
to this two regimes of the kinetic defines the lag time and is plotted in fig. 8.4b
as function of temperature. This lag time decreases linearly with temperature
besides in the temperature region of the main phase transition of the lipid
membrane, where the lag time shows a local maximum. An overlay of a linear
fit to the other data points and Cp indicates high correlation of the maximum
in lag time and the phase transition. Thus, besides the kink in rate as function of temperature and the local rate minimum another distinctive feature
at TM was observed. To compare lag time with catalytic rate, the inverse of
the lag time is plotted in fig. 8.5. The correlation of the two observables is
striking.

8.5. Discussion
The discussion consists of two parts. Because of the correlation of catalytic
rate and inverse lag time, the origin of the latter is discussed in the first part.
In the second part the main question about the correlation of the systems
state of phase and the catalytic rate is answered by the consideration of possible scenarios. The significance of the measured effects is confirmed by the
exclusion of various systematic errors, as shown explicitly in the appendix
D.3.

8.5.1. Lag time as measure of reaction rate
Because of the striking correlation of rate and inverse lag time, shown in
fig. 8.5 the origin of this lag time is discussed in this paragraph. In general
the appearance of a lag time is well known for phospholipase A2 [104]. In this
publication Burack and Biltonen study the correlation of lipid bilayer microheterogeneities and modulation of phospholipase A2 (PLA2) activity in detail.
The reported problematic may not be directly conferrable on the experiments
studied here, because in the case of PLA2 the vesicles are at the same time
substrate of the reaction. But the considerations about the origin of the lag
time can serve as starting point.
They hypothesize that the bound-inactive state is a complex of reaction products and PLA2. Because of local product inhibition and substrate depletion
the enzyme then shows only low activity. They reason the abrupt increase
of reaction rate with phase separation after a certain threshold of product
is reached. In these experiments the length of the lag time decreases with
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(a) Measured threshold L

(b) Inhibition strength q

Figure 8.6.: (a) The intensity threshold L is nearly constant within each
phase of the membrane. The error bars are the mean intensity artefact
(2.9%) caused by the fluorescence lamp. (b) The inhibition strength q
during the initial part of the kinetic curve, calculated from eq. 8.1 and the
values from fig. a, show a maximum at the phase transition. Inset: Using
the mean value of L, the temperature dependence of q fits a superposition
of a linear function and the excess heat capacity.

increasing product concentration and goes down to zero for concentrations of
8% and higher. The third important observation in PLA2 experiments - a
initial rapid but comparatively small increase of reaction product previous to
the lag period - can be seen in the cleavage of VWF, too. However, a fraction
of this initial increase is presumably a device related artifact, what similar
effects in interrupted kinetic curves suggest.
In contrast to the lipid products there, in the case of ADAMTS13 and VWF
the products (fractions of VWF) are water soluble. But, as been shown before
in chapter 6 and [64], VWF tends to adhere to lipid surfaces. So the argument
that reaction products in the vicinity of the enzyme could lead to a local inhibition until phase separation occurs is conferrable and a possible explanation
for the lag time. Assuming that this local inhibition slows down the rate r∗
for a fix percentage q, the proportionality of maximal rate r and inverse lag
time is in agreement with a certain threshold L that has to be overcome to
start phase separation and thus a rapid increase of the rate. Eq. 8.1 shows
the proportionality of τ and 1r at first glance.
τ=

L
L
1
=
∼
r∗
r (1 − q)
r

(8.1)

This threshhold would lead to a small increase in fluorescence intensity, that
can be seen in some but not all kinetic curves clearly. As enzyme-free measurements show that bleeching of the used dye happens on the same scale, the
competition of these two opposite effects can be an explanation. In figure 8.5b
the threshold L is plotted as function of temperature.
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Within the gel/fluid phase L is nearly constant 17 respectively 10 (same units
as the the rate in fig. 8.3). Using eq. 8.1 and the measured values of L the
inhibition strength q is calculated (eq. 8.2) and plotted in fig 8.6b.
Lτ −1
q =1−
r

(8.2)

The tendency fits well with a superposition of a linear function and the excess
heat capacity. This surprising inhibition maximum is at first glance a contradiction to theory and measurements of AChE [101], that predicts enhancement
of the catalytic reaction during the phase transition. As the measured rate
from fig. 8.3 was used in the calculation of q, intentionally just a decrease of
q with increasing temperature would have been expected. This and the the
local minima of the rate at TM , instead of the expected maximum in analogy
to the monolayer experiments, is discussed in section 8.5.2.
However, there remains the question, why reaction product should cause a
local inhibition but not the uncleaved substrate. Burack et al. argue that the
theory of phase separation is supported by a double peak in the heat capacity
profile of the PLA2 samples [104]. In our case a phase separation between
fractions of the membrane with and without bound reaction product cannot
be proven.
Another reason for the existence of the lag time could be an association of the
enzyme to the membrane. Burack showed for P LA2 that the burst in reaction
rate is not simply caused by the adhesion of enzyme to the vesicles [104]. In
the experiments discussed here there are several facts that also exclude this
explanation. First, monolayer experiments show that the time scale for pressure increases after enzyme addition takes place on the time scale of one to
two minutes for several concentrations. Never time scales of 25 minutes were
observed. Furthermore the preparation process in our sample is identical but
the lag time does not follow just a simple temperature correlated tendency.
To sum up, it has been shown clearly so far that a certain threshold of reaction
product has to be overcome before the maximal rate is reached. A model of local inhibition may explain that effect, but is hard to prove. Furthermore, there
are enormous systematic differences between the ADAMTS13 measurements
here and P LA2 measurements: besides the structural differences between the
enzymes, in our case the originally water soluble enyzem is bound to the membrane with a his-tag and the vesicles themselves are not the substrate of the
reaction. Also the measuring technique itself is different. These facts imply
that there has to be a more essential reason for the appearance of the lag time.
Anyway, this question cannot be answered at the moment, but the lag time
may provide an alternative method for the determination of enzyme activity,
that needs less experimental time and opens possibilities for simpler and less
pricey applications for medical purposes.
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8.5.2. Comparison of measurements and theory
At first glance, the presented temperature dependence of the catalytic rate
seems to deviate clearly from the theory, which predicts a local maximum in
catalytic rate around the phase transition temperature. But the rate shows
only a kink, or even a local minimum around the transition temperature. To
unravel these contradictions, possible explanations are discussed in the following. Both possibilities are based on the idea, that during the reaction the
membrane is de facto not at the point of the phase transition because of the
ongoing reaction itself. First, released protons due to the catalytic reaction
could force the according vesicles into the gel-like phase. Second, reaction
product could change (locally) the state of the membrane and retard the
phase transition.
During the reaction protonation of the vesicle, or at least the outer layer of a
vesicle, can occur. This local protonation of the bilayer has the same effects
like cooling of the particular bilayer. Thus, the lipid membrane is shifted towards the gel phase during the reaction. Hence the reaction is slowed down,
resulting in an apparent minimum of enzyme activity. If this is correct, eventually at higher temperatures a rate maximum would be expected. The strength
of this effect also depends on the amount of protons produced during the reaction. Intense studies of changes in bulk pH during the reaction show that
no significant changes appear, that would lead to a global shift of the phase
transition. A measurement of the local degree of protonation for MLV experiments is so far not possible. But this possibility also can not be excluded.
Experiments with giant uni lamellar vesicles (GUV) with an fluorescence microscope could allow the observation of the vesicles during the reaction. Due
to the significant morphology changes during the phase transition, such experiments are an promising candidate to testify the hypothesis of protonation
effects.
A second possible explanation of the not present maximum in rate around TM
is connected with the consideration concerning the lag time before. If reaction
product (fragments of VWF) sticks to the vesicle and interact in a manner like
stretched VWF (compare the studies in chapter 6) the phase transition can
be altered locally drastically. To check this possibility, long time DSC measurements on sample were recorded while the catalytic reaction was running.
Figure 8.7a show a series of upscans during a running reaction. Obviously a
shoulder at higher temperatures develops on cost of the initial peak around
34◦ C.
The time scale of this measured effect seems to be an order of magnitude
higher than the analyzed part of the kinetic curves. But one should keep in
mind that these measurements show the overall heat capacity of the complete
sample volume, including also the inner layers of the MLV. Long before the
change gets visible in Cp , the phase transition behavior locally in vicinity of

8.5 Discussion

(a) Heat capacity during a running reaction
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(b) Development of a double peak structure

Figure 8.7.: (a) The heat capacity profile of a typical sample two to 44
hours after start of the reaction. A shoulder developes at higher temperatures. Between the start of each upscan there is a time difference of ca. 4h.
(b) The heat capacity profile can be fitted with a double peak structure.
The two peaks can be attributed to an unaffected population (inside the
MLVs) and an affected population (outer bilayers interacting with reaction
product).

the enzyme may be altered already. Taking this effect of the reaction product
on the membrane phase transition into account, three scenarios have to be
compared:
• 1. Membrane unaffected by reaction product. TM = 34◦ C.
• 2. Membrane affected by reaction product. The thermodynamic properties of the complete amount of lipid influences the catalytic reaction.
Broad transition between 30◦ C and 44◦ C.
• 3. A fraction of the lipid population affected by reaction product. Mainly
the properties of this population influence the catalytic reaction. TM ≈38◦ C.
To check which scenario provides best agreement with the measured catalytic
rates in fig. 8.8 the rate of samples without enzyme (linear fit, black line) is
superposed with Cp (T) for each scenario (gray dashed line), in analogy to
fig. 8.2.
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Besides the fluctuations, due to
the phase state, in literature one
finds the opinion, that the fluidity of the membrane is deciding
for the activity of membrane associated enzymes [105, 106]. To follow up this explanation attempt,
furthermore the activity of the
vesicle-free samples is scaled with
the excess enthalpy ∆H(T) (red
(a) scenario 1
dotted line). In this case the
enthalpy serves as a measure of
membrane fluidity as it is proportional to the probability that an
enzyme is bound to a fluid part of
the membrane. The first scenario
shows no correlation of neither
Cp (T) nor ∆H(T) with the catalytic rate. In contrast, in the second scenario ∆H produces a kink
(b) scenario 2
in the temperature dependence,
but at too low temperatures.
Cp (T) is not correlated with the
measured rate, because the predicted increase takes place at
too low temperatures and furthermore the rate is predicted roughly
constant between 34◦ C and 39◦ C.
The best agreement of predicted
and measured rate appears in
scenario 3. The correlation of
(c) scenario 3
∆H(T) and r0 is convincing: a
kink around 34◦ C is reproduced Figure 8.8.: (a) Scenario 1: Neither C (T)
p
without other deviations in the nor ∆H(T) correlate with the catalytic rate.
measured range. Whereas Cp pre- (b) Scenario 2: Cp (T) shows no high corredicts the increase at 34◦ C roughly lation, because predicted rate increase takes
but also a decrease around 39◦ C, place at too low temperatures. ∆H produces
which was not measured.
a kink in temperature dependence but at too
Thus, we suggest scenario 3 to low temperatures. (c) Scenario 3: Correlabe the most likely. But the mea- tion of Cp and rate but predicted decrease
surements so far do not allow def- around 39◦ C was not measured. ∆H(T)
◦
initely to decide if the rate corre- shows the best correlation: kink around 34 C
lates with Cp or ∆H(T), respec- reproduced without big deviations.
tively the fluctuations or the fluidity of the membrane.

8.6 Conclusion and Outlook
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8.6. Conclusion and Outlook
Thus, the measurements suggest that the affected lipid population in turn
influences the enzyme and hence the measured rate. One can only suppose,
whether this changes in the affected population happen due to interaction with
the VWF fragments themselves, the dyes associated with these fragments or
due to other effects like protonation during the reaction. The catalytic rate
correlates in these measurements with the excess enthalpy and hence with the
fraction of fluid parts in the membrane as well with the heat capacity and the
membrane fluctuations.
Measurements at higher temperatures between 45◦ C and 50◦ C could approve
the above mentioned conclusions. But besides the problematic to reach these
temperatures with the used plate readers, these temperatures could lead to
denaturation of the enzyme and to temperature induced cleavage of the substrate. Thus, analogous experiments performed with 14:0PC and 18:1DGSNTA(Ni) are a promising way to further illuminate the question of the role
of membrane fluctuations for the activity of membrane associated enzymes.
Furthermore a system with a more narrow phase transition (e.g. possible by
decreased fraction of 18:1DGS-NTA(Ni)) would be in turn correlated with
stronger fluctuations and hence a better chance to detect the influence of the
fluctuations also in bilayer vesicle systems.
However, the presented data show clearly that the activity of a membrane
bound enzyme is strongly coupled with the state of the membrane. In the
case of ADAMTS13 this is even more surprising, as the enzyme naturally is
water soluble and not linked to the membrane. In nature the cleavage of VWF
mainly happens when the protein is in its elongated conformation and these
elongated VWF fibers stick to the vessel walls. Thus, the question raises,
whether the membrane state dependent activity of the enzyme could be self
regulated by the interaction of VWF, membrane and enzyme. One could
imagine the following thought experiment, illustrated in figure 8.9.
A phase transition of biological cell membranes is found to be often at temperatures slightly below the temperature of the organism [107]. We have shown
before that elongated VWF interacts much more with lipid interfaces than
globular VWF. If elongated VWF fibers are now adhered to the cell membranes of the vessel walls the phase state of the new system is changed. In
the experiments above the phase transition temperature has been increased
for several degrees. As the temperature in mammalian organisms stays almost constant, locally the membrane-VWF-complex is more close to the phase
transition than the bare membrane. Increased fluctuations of thermodynamic
variables are the consequence. If it turns out, that indeed the fluctuations
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dictate the enzyme activity, an increased cleavage of VWF is predicted. On
the other hand if the fluidity of the membrane regulates the enzyme activity,
the influence of VWF on the state of phase would lead to a decrease of enzyme
activity and thus a stabilization of the VWF fibers and the whole wound closure. Obviously this topic stays a highly interesting field of research at the
intersection of biology and physics.

Figure 8.9.: Illustration of self regulation by interaction of VWF,
membrane and ADAMTS13: Due to the adhesion of VWF to the
membrane the phase transition is shifted. top scenario: if the enzyme
activity is proportional to the area fluctuations, increased cleavage of VWF
is predicted. bottom scenario: if the activity is proportional to the
fluidity of the membrane, a decrease of the reaction rate is predicted.
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A. Appendix - Mutations
influence mechanical
stretching of VWF
A.1. Typical cantilever and substrate preparation
protocol
Ethanolamine layer
• Take a fresh PBS++ bottle and adjust the pH value to 7.4
• 24.75 g Ethanolamine Hydrochloride in 45 ml DMSO (Dimethylsulfoxide)
• Clean a glass beaker (diameter about 9 cm) with EtOH and ultrapure
H2 O
• Add 45 ml of the DMSO inside the beaker and 24,75 g Ethanolamine.
Cover the beaker to avoid evaporation.
• Put the beaker on the hot plate at 60◦ C and stir the Ethanolamine to
dissolve it completely.
• After solution of the Ethanolamine, add the molecular sieve and put the
beaker in the vacuum chamber, for removing the air bubbles.
• Clean a halved Micaslide with chloroform. Put chloroform in three big
enough glasses. The slide has to be cleaned for 5 minutes in each of the
3 glasses. Cover the glasses!
• Blast the slide with a very mild Nitrogen blast.
• Put the clean Micaslide and the cantilevers inside the beaker, on the
molecular sieve layer. The slide and the cantilevers incubate overnight.
• Washing: Pour DMSO in 3 beakers. The cantilevers and slides should
be cleaned in each beaker for five minutes. Blast the washed slide and
cantilevers with nitrogen. Repeat the cleaning steps with ethanol.
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Linker molecules: Aldehyde-PEG-NHS
• Open the package of the aldehyde-PEG-NHS which is ordered by Linz
(Institut für Biophysik J.K Universität Linz, 4040, Linz). Open it under
the hood, since it can be packed under toxic atmosphere.
• Add 0.5 ml of chloroform to 3.3 mg the aldehyde-PEG-NHS (package),
for solving the aldehyde-PEG-NHS. Add 10 µl Triethylamine and put
the half of the mixture in the middle of the coating area. Use the middle
of the slides as coating area, scratch a little R in the top right corner.
Incubate the system and the cantilevers at RT for two hours. During
the time of working with the mixture of aldehyde+chloroform, cover the
glass beaker to avoid chloroform evaporation.
• Take the VWF out of the freezer, ideally thaw it at 37◦ C and dilute to
the desired concentration.

Substrate coating with VWF antibodies and cantilever
coating with VWF
• Wash the slides and the cantilevers with chloroform (3 step system),
then dry them with N2 blast.
• Take 30 µl VWF antibodies (Dako Cytomation, Denmark, A0082, 3.1mg/ml)
and dilute it with 270 µl pure water. Put the diluted antibody solution
onto the coating area of the slide and let it incubate for two hours in
the fridge.
• Put for each cantilever a drop of the VWF dilutions on a cleaned teflon
plate and stick the tips of the cantilevers in the drop(s) and let it incubate for two hours in the fridge.
• Prepare a Hydroxylamine solution ( 0,34745 g / 10 ml, pH = 7.4) and
put the slides and the cantilevers in the Hydroxylamine solution for 60
min (or put the Hydroxylamine solution onto the coating area).
• Wash the slides and cantilevers in PBS++ three times for 5 minutes.
• Store slides and cantilevers in PBS++ in the fridge.
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A.2. Parameters - force spectroscopy, simulation,
resulting fit parameters
Default force spectroscopy parameters
In standardized force spectroscopy experiments the crucial parameters were
kept constant. Thus, there are default values for the trace velocity (1µm/s),
the retrace velocity (250nm/s), pause at substrate (1s) and the contact force
during the pause at substrate (500pN). Due to the choice of cantilevers with
spring constants in the same range and the fixed retraction velocity, loading
rates in compared experiments varied between 3400pN/s and 9500pN/s. As
the forces depend logarithmically on the loading rates systematic errors are
estimated to be in the range below 10%.

Simulation parameters
In parallel N polymers were simulated. A polymer consists of a linker to the
cantilever, M protein building blocks and a linker to the substrate. If not
other explicitly mentioned M = 4 and N = 3. The simulation parameters of
the three subunits of a polymer were the following (attaching and folding was
not implemented).
Protein building block: contour length of domains in m: 1E-9*[105, 6,
10], persistence length of domains 100 nm, typical force for unfolding 7 pN,
basic rate for unfolding 0.2, typical force for detaching 10 pN, basic rate for
detaching 10, ground state: folded.
Linker to cantilever: contour length of domains 15 nm, persistence length
of domains 0.5 nm, typical force for unfolding 1 pN, basic rate for unfolding
1, typical force for detaching 200 pN, basic rate for detaching 0, ground state:
folded.
Linker to substrate: contour length of domains 15nm, persistence length
of domains 0.5 nm, typical force for unfolding 1 pN, basic rate for unfolding 1,
typical force for detaching 10 pN, basic rate for detaching 0.4, ground state:
unfolded.
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A.3. Force clamp measurements on VWF WT

(a) Unfolding and Folding

(b) F(d)

(c) State histograms

Figure A.1.: (a)Typical clamp measurements on VWF WT. During retraction of a standard force distance cycle the force is clamped at 20pN
(red line) after a initial retrace of ca. 50 nm. The distance between tip
and substrate is observed as function of time (black line). Left: Protein
unfolding is indicated by the upward steps, until the bond breaks at t = 16 s
and the force drops to zero. Center: the protein folds as indicated by the
downward steps. Right: the protein unfolds in the first 3 s before it refolds
again from t = 8 s till t = 25 s.(b) The data from the plots above plotted as
F(d). Inset: Complete force curve up to a distance of 1100 nm. (c) Zoom
into the regions of the force clamp (black dots). Histograms of the distance
with a bin size of 0.1 nm give insight about the dwell times of each state,
respectively position.

Fig. A.1 shows representative examples of force clamp measurements on VWF
WT. The typical plotting variant is chosen for the graphs in the first line. They
show the end-to-end-distance of the protein as function of time, while the force

A.3 Force clamp measurements on VWF WT
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is clamped to ≈20 pN. Unfolding, Folding as well as both can be seen in the
measurements. The second line shows besides the clamp phase also the trace
and initial retrace, plotted as force distance curve. The accumulation of data
points is an indication for long times at the particular points. Finally, the third
line is a zoom into the relevant part during the force clamp phase (black dots).
Additionally histograms of the measured end-to-end lengths are plotted. The
quantization of the end-to-end distances is originated by different states of
the protein. Further considerations, using statistical physics, can give further
information e.g. about transition probabilities and are an interesting point to
continue the research in this field.
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B. Appendix - Conformation of
von Willebrand Factor switches
interaction with phospholipid
membranes

B.1. Measurements - time dependence,
quantification of hysteresis, temperature
dependence of phase transition

Figure B.1.: At fixed area a VWF droplet is spread at the surface, while
the lateral pressure is recorded as function of time. A rapid increase and a
stable saturation indicate, that a fraction of the proteins goes to the surface
and interact with the lipids or repels them.
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Figure B.2.: Quantification of the hysteresis. The maximal difference
between compression and expansion isotherm plotted as function of VWF
concentration. The hysteresis is a linear function below 7 µg/ml. For higher
concentration the hysteresis shows a saturarion behavior.

(a) DPPC isotherms in presence of VWF at
different temperatures

(b) Lateral pressure of the phase transition
as function of temperature

Figure B.3.: (a) The area-pressure isotherms of a DPPC monolayer for a
fix VWF concentration show an increase of the phase transition pressure.
(b) The phase transition pressure for each concentration shifts linearly with
increasing temperature. The mean value over different concentrations for
this increase is 0.8mN/m
.
1/K

B.2 Compressibility in measurements and calculations
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B.2. Compressibility in measurements and
calculations

(a) Compression compressibility

(b) Expansion compressibility

Figure B.4.: (a) Compressibility of pure VWF layer compressions. To
cover a adequate pressure range isotherms at different concentrations were
measured and the compressibilities were combined. The circles are the used
values for the calculated isotherms. (b) Compressibility of pure VWF layer
expansions. Independent from exact pressure, a barrier opening results in
a steep pressure decrease. As pressures over 30 mN/m are reached in the
VWF DPPC monolayers, for the calculations the compressibilities of the
higher concentrated samples were used.

(a) Calculated compression compressibility

(b) Calculated expansion compressibility

Figure B.5.: (a) Compressibility of simulated VWF-DPPC compressions
with different amounts of VWF. (b)Compressibility of simulated VWFDPPC expansions with different amounts of VWF.
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(a) Compression compressibility - VWF 2A

(b) Expansion compressibility - VWF 2A

(c) Compression compressibility - VWF 2B

(d) Expansion compressibility - VWF 2B

Figure B.6.: Compressibility as function of concentration of (a) compression 2A (b) expansion 2A (c) compression 2B (d) expansion 2B. The maximal compressibility at the phase transition is decreased. Similar to VWF
WT, the mutated VWF causes an additional broad peak between 15 mN/m
and 25 mN/m for the compression curves. In the compressibility from the
expansion curves a shoulder occurs between 5 mN/m and 20 mN/m.
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C. Appendix - Impact of
nanoparticles on phospholipid
membranes

C.1. Additional information to SSV experiments

How much lipid covers the nanoparticles? As shown in chapter 7 SSV
samples were prepared and the impact of the NP to the phase transition behavior of the lipid membranes was studied. To determine the amount of lipid
associated with the NP samples were centrifuged to remove NP-free vesicles.
The NP and lipid containing sediment was analyzed with thermogravimetrical analysis (TGA). The samples were heated with a controlled temperature
ramp while the weight is measured with high precision. Thus the fraction of
organic constituents can be measured. Fig. C.1 shows the results of a typical
NP containing DPPC sample and of the reference measurement - a pure NP
sample. From the weight loss the amount of lipid is calculated. Using the
molecular weight of the lipid, a typical area per lipid head group delivers the
theoretical area, the lipids could cover if arranged as a bilayer.
Furthermore from the weight and known size of the NP their surface area
(under assumption of plain spheres) is calculated. The resulting area ratio of
lipid and NP lies in the range of 48% to 98%. The upper and lower limit of
this range result from the variation of area per lipid between 55A2 and 90A2
(typical values for liquid condensed/expanded phase) and the variation of NP
size within the range of the standard deviation around the mean diameter.
This result agrees with the assumption that each NP is (partly) covered by
one lipid bilayer.
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Figure C.1.: Thermogravimetry: During heating the mass of a sample
is recorded as function of time with high precision. (a) After DSC measurement a NP containing DPPC sample was centrifuged and the supernatant
was discarded. The remaining part of the sample was analyzed with TGA.
(b) In an analog experiment the mass ratio of hydrated and dry NP is
determined.

How do the free parameters of the fit to ∆T influence each other? The
fitting parameters of the mentioned three parameter fits in section 7.3.4 are
shown in fig.C.2.

(a) Three-parameter fit to ∆T

(b) Results of the three-parameter fit to ∆T

Figure C.2.: (a) Three-parameter fit to ∆T shows very good agreement
with the measurements. (b) Results of the three-parameter fit to ∆T: c0 ,
∆GS and z.

C.2. Preparation protocol for GUV
Giant unilamellar vesicles were produced by the electro swelling method [108].
Lipids with the intended concentration ratio (ca. 2 mg/ml) were solved in a

C.2 Preparation protocol for GUV

127

chloroform and methanol mixture (95:5). This solution is transfered to an
ITO covered glass substrate. After evaporation of the solvents, two of the
plates are combined with a TEFLON frame to a closed chamber. In a heat
bath with a temperature higher than TM a sinusoidal voltage is applied to the
plates (3V, 10Hz). This accelerates the formation of single bilayers that form
closed unilamellar vesicles in the size range of (10-100) µm.
Materials:
• DPPC solved in chloroform (Avanti Polar Lipids Inc., USA)
• fluorescence dye Texas-Red-DHPE or DiD (Invitrogen, USA)
• saccharose from Merck, D.
Processing steps:
1. ITO plates are cleaned with isopropanol and mucasol-solution in an
ultrasonic bath. Subsequently the plates were cleaned with vibes and
isopropanol and water. Finally the plates are rinsed with water and
dried under nitrogen flow.
2. Mixing of lipid and dye in intended molar ratio in the chloroform methanol
mixture.
3. ITO plates are warmed on a heat plate above TM .
4. Roughly 8 µl of lipid solution are distributed over each plate with a
needle.
5. Evaporation of solvents under vacuum for 3 h.
6. Two plates are bonded to a frame. These chambers are filled with
saccharose-solution (degased, ≈ 200 mM) through a hole that is closed
with polysiloxane afterwards. A sinusoidal voltage is applied to the ITO
covered plates: (15 Hz, 2.3 V).
7. The temperature of the chamber is kept for 6 h - 18 h slightly above TM .
8. To detach adhered vesicles from the plate a square-wave voltage (4.5 V)
can be used at the end of the swelling process.
9. Use only pipettes with big opening for handling of the GUV dispersion
to avoid high shear forces.
10. The GUV are stable at 4◦ C for some days.
11. For microscopical observation it is helpful to bring the GUV in glucose solution. Because of the higher density the vesicles sink down and
lie on the glass slide. The osmolarity of both solutions has to be exact the same.
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D. Appendix - Membrane state
regulates enzyme acitvity
D.1. Thermodynamic studies of NTA-lipid
phosphodylcholine mixtures

Figure D.1.: Chemical structure of 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino1-carboxypentyl)iminodiacetic acid)succinyl] (nickel salt). Short name:
18:1DGS-NTA(Ni).

The strategy to bind histidin-tagged biomolecules to chelator lipids - or more
specific: 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic
acid)succinyl] (nickel salt) (NTA-lipid) - has been shown to be a highly defined
way to immobilize proteins to lipid surfaces [109]. The Ni atom in the head
group is exchanged with the histidin-tag of the enzyme. In the experiments
presented in chapter 8 this strategy is used to measure the activity of a per
se water soluble enzyme when it is bound to a lipid membrane. To understand the impact of the NTA-lipid on the studied phosphodylcholine monoand bilayers, its influence on the most meaningful thermodynamic variables
is studied.
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(a) Isotherms of lipid mixture (b) Lateral compressibilities

(c) Phase diagram

Figure D.2.: (a) Isotherms of a mixture of DPPC and 18:1DGS-NTA(Ni)
at 293K. Increasing the percentage of 18:1DGS-NTA(Ni) leads to a decrease in phase transition pressure. Similarities to an assembly of pure
DPPC isotherms of different temperatures is obvious. (b) Compressibilty
of isotherms in figure (a). (c) Estimated phase diagram of a mixture of
DPPC and 18:1DGS-NTA(Ni) for 293K. Dotted/dashed lines indicate the
estimated phase boundaries. Circles/Squares indicate borders of the coexistence region of liquid condensed and liquid expanded phase.

Lateral compressibility of NTA-lipid containing 16:0PC monolayers In
fig. D.2a isotherms of DPPC monolayers containing 2% to 100% 18:1 DGSNTA(Ni) are shown. This assembly of area-pressure isotherms, for a fixed
temperature but varying ratio of lipid contents, demonstrates that the chemical potential acts as a thermodynamic force, like temperature.

D.1 Thermodynamic studies of NTA-lipid phosphodylcholine mixtures

(a) Heat capacity of lipid mixtures
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(b) pH dependent heat capacity

Figure D.3.: (a)Heat capacity of mixtures of 15:0PC and 18:1DGSNTA(Ni). Increasing the percentage of 18:1DGS-NTA(Ni) leads to a decrease in phase transition temperature and a broadening of the transition.
The two peaks at a fraction of 10% 18:1DGS-NTA(Ni) indicates phase separation and independent melting of both components. (b) The heat capacity
profile of a sample under same conditions as experiments reported in 8 for
varied pH. Error bars indicate temperatures with half of the maximal heat
capacity. As no charged lipids are used, the TM is only weakly dependent
on the pH over a broad range. The shift compared to the samples of figure
(a) are caused by DMSO content of the substrate solution.

Heat capacity of NTA-lipid containing 15:0PC vesicles To study the activity of membrane-bound ADAMTS13 in chapter 8 vesicle experiments are
shown. The main constituent of a cell membrane is a lipid bilayer. So lipid
vesicles are a simple model system to study the enzyme activity in aqueous
solution. As the question of interest is the dependency of the enzyme activity
on the physical state of the membrane, one has to have an idea about the
multi dimensional state diagram of the lipid system. The axes of this phase
space are e.g. temperature, ratio of lipid mixture (connected with the chemical potential), pH, three dimensional bulk pressure and so on.
The parameters that influence the physical state of a lipid bilayer easily; besides the temperature; are the chemical potential and - mostly for charged
lipids - pH. Figure D.3 shows the heat capacity as function of temperature for
different vesicle samples. In figure D.3a the fraction of 18:1DGS-NTA(Ni) is
varied, while figure D.3b shows the heat capactiy of a 98%DPPC-2%18:1DGSNTA(Ni) sample for different pH values. The inset in this figure shows TM
as function of pH, where error bars indicate the temperatures, where Cp is
decreased to half of the maximal heat capacity. Increasing the pH from 4
to 9 causes a slight decrease of TM . Compared to the studied temperature
range and the transition width the shift is negligible. As expected pH changes
influence the temperature driven phase transition only weakly, while the lipid
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composition causes stronger effects. Already at a fraction of 10% 18:1DGSNTA(Ni) lipid phase separation and independent phase transitions appear, as
the two separated peaks indicate. Hence, this is a upper limit for the intended
experiments on enzyme activity.

D.2. Influence of His-tag on binding affinity

(a) Addition of enzyme to a DPPC monolayer.

Figure D.4.: Same volumes of ADAMTS13 (red circles) and
ADAMTS13His (black triangles) were added to a DPPC monolayer in
the liquid expanded phase at fixed area. Although the concentration
of ADAMTS13His is roughly half the concentration of ADAMTS13 the
pressure is even shifted above the phase transition pressure, indicating a
stronger binding affinity for the enzyme with the His-tag.

In fig. D.4 the lateral pressure of a monolayer as function of time is plotted.
At the point of time indicated with the arrow ADAMTS13 with respecitvely
without his-tag is given to the surface. The pressure increase for the enzyme
with his-tag is significantly higher than for the enzyme without his-tag. Taking
the concentrations into account and assuming the same area compression per
enzyme molecule bound to the membrane, the binding affinity is four times
higher for ADAMTS13His compared to ADAMTS without his-tag.

D.3 Exclusion of systematic errors - measurements and calculations
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D.3. Exclusion of systematic errors measurements and calculations
To convince the reader of the significance of the results concerning dependency of catalytic rate as function of the membrane state, it is essential to
exclude systematic errors of the experiment. Thus, at first the impact of pH
on the membrane, fluorescence absorption and geometrical constrainments are
discussed.

Influence of pH changes on membrane state
Heat capacity profiles of a typical lipid containing sample at different pH
were measured, to ensure that the state of phase of the lipids is not influenced
due to possible pH changes that could be caused by protonation during the
catalyzed reaction. The results are plotted in fig. D.3b. As no "charged" lipids
are used, TM is only weakly dependent on pH over a broad range. Thus, it
can be assumed that the temperature is the main parameter to change the
state of the membrane and pH effects can be neglected.

Influence of temperature dependent absorption of vesicle
solution on fluorescence signal
Since the enzyme activity is only measured by fluorescence spectroscopy, the
temperature dependent absorbance of vesicle solutions has to be checked carefully as possible source of error. In the following it is shown with temperature
dependent absorbance measurements in the range of the used wavelengths that
the transmittance of buffer is constant. However, the transmittance of vesicle
containing buffer with same concentrations as used in the experiments is a
function of temperature as can be seen in D.6. Thus, a minor contribution
to the increased intensity and thus catalytic rate is caused by the decreasing absorbance with increasing temperature. As the following considerations
show, the intensity of the vesicle containing sample should be the intensity
of a vesicle free sample multiplied by the square of the transmittance, if the
unquenched dye concentrations are equal.
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Figure D.5.: Comparison of fluorescence yield in vesicle free and vesicle containing samples. Left: The exciting light that reaches fluorescence
molecules is proportional to the transmittance T(485nm) of the sample.
Right: the detected light sent out from the fluorescent molecule is proportional to the transmittance t(535nm) of the sample. Assuming nearly
equal distribution of dye in the samples, the signal will be approximately
proportional to the product T (485nm) · t(535nm).

As indicated on the right side of fig. D.5 from the intensity I of a fluorescent
molecule the fraction IT1 is detected after crossing the vesicle free sample,
where T1 = T1 (485 nm) = 1 − A1 (485 nm) is the transmittance of the sample
for light with the wavelength 485 nm. The values for the vesicle containing
sample are named in analog way using subscript 2. Assuming the same real
fluorescence I in both samples the measured intensity of the vesicle containing
sample I2 is expected to be I2 = T2 /T1 I1 .
In the same manner during the excitation process light is absorbed on its way
to the dye. This leads in general to a reduced number of dyes fluorescing in the
sample. For light of the exciting wave length (535 nm) t1 is the transmittance
of the vesicle free and t2 the transmittance of the vesicle containing sample.
Hence the measured intensities for j =1, 2 are
Ij = ctj Tj

(D.1)

with c =constant. Consequently for same amount of fluorescent dyes the expected intensity ratio r is:
t2 T2
T2
I2
T2
r :=
=
≈ 22 =
I1
t1 T1
T1
T1


2

(D.2)

Temperature dependent absorbance measurements in the range of 490 nm 550 nm for buffer and vesicle containing buffer with same concentrations as
used in the experiments show that T2 is constant. However T1 is slightly a
function of temperature as can be seen in fig. D.6. Thus, a minor contribution
to the increased intensity and thus catalytic rate is caused by the decreasing
absorbance with increasing temperature. As the considerations above show,

D.3 Exclusion of systematic errors - measurements and calculations
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the intensity of the vesicle containing sample should be the intensity of the
vesicle free sample multiplied by the square of the transmittance.
However scaling the intensity of the vesicle free sample with the square of the
transmittance as function of temperature does by far not reproduce the kink
in the catalytic rate as function of inverse temperature. Thus, absorption
effects can be neglected to the greatest extend.

Figure D.6.: (a) Absorption of vesicle containing samples as function of
temperature.

Influence on measured fluorescence due to reduced volume
For the experiments separately MLVs were produced and sensor dye and enzyme was diluted in buffer. Roughly five to ten minutes before start of the
reaction vesicles and dye were mixed and equilibrated to the designated temperature. Afterwards one to two minutes before start of the measurement the
enzyme was added and the solution was shaken for five seconds. Thus, a possible source of error is the reduced reaction volume compared to vesicle free
samples. Neither enzyme nor substrate can go to the enclosed volume inside
the vesicles (besides the measurements at the phase transition temperature
where budding occurs). The following calculations will show that less than
1% of the volume are closed.
The volume V of a spherical MLV with diameter d is V = 4/3(d/2)3 π = π/6d3 .
Furthermore the number concentration cN of MLVs can be estimated from the
total lipid concentration cL , the molar Mass M , the average number of bilayers
in a MLV and the average area A of a lipid molecule:
cN =

cL
NLipids
M
=
4πd2
2πd2
n A2
n A2

(D.3)
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Multiplying the number concentration of MLVs with the occupied volume of
one MLV gives the fraction of occupied volume v:
v=

AcL d
0.085
≈
12M n
n

(D.4)

with the known quantities cL = 0.8mg/ml, M = 710 g/mole and d= 3µm
(Hydrodynamic diameter from DLS measurements, not shown). Furthermore
A= 0.5 nm2 is assumed according to literature values [110] for the gel phase.
The number of layers in such an onion-like MLV are typically in the order of
10 to 100. Taking the lower limit gives an upper limit for the estimation of
occupied volume of 0.85%. Hence it can be assumed that effects due to that
reduced volume do also not significantly influence the catalytic rate.
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