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Introduction

Cells, the basic structural elements of living beings, play many different roles within
the body. There are epithelial, muscle, nerve and connective tissue cells. The ep-
ithelium is primarily responsible for the protection of the whole body as well as in-
dividual organs. To fulfil this task, the cytoskeleton, which consists of microtubules,
actin filaments and intermediate filaments, stabilizes cells under mechanical stress
(Janmey et al. (1991), Wang and Stamenovic (2000)). Especially important for
stress resistance is the intermediate filament network.

Mutations in intermediate filaments can lead to a reduction of the capability to
maintain cell rigidity and integrity. This results in severe diseases, as for exam-
ple the skin blistering disease epidermolysis bullosa simplex (Irvine and McLean
(1999), Takahashi et al. (1999)). It can be caused by various mutations in ker-
atins themselves (see e.g. Gu and Coulombe (2005)), but it can also originate from
malfunctioning of crosslinking between intermediate filaments or connections to
hemidesmosomes, for example by plectin mutations (Fuchs and Cleveland (1998),
Winter and Wiche (2013)). Severe plectinopathies do not only exhibit skin blis-
tering, but can also lead to other phenotypes like late-onset muscular dystrophy
(McLean et al. (1996), Pulkkinen et al. (1996), Uitto et al. (1996)).

Another important aspect concerning the deformability of cells is the invasive
behaviour of cancer cells. Metastasising cancer cells are more flexible than healthy
cells (Beil et al. (2003), Martin et al. (2006), Seltmann et al. (2013)). Thus, they
can migrate through the extracellular matrix (Wolf et al., 2003) and into other
tissues. This makes cancer treatment very difficult and leads to low five-year survival
rates for fast metastasising cancer types. The five-year survival rate of pancreatic
carcinomas is for example approximately 4% (Freelove and Walling, 2006).

Since cells are very complex systems, it is difficult to obtain detailed knowledge
about mechanics and functionality of single cytoskeletal components by only study-
ing complete cells. Therefore, this thesis investigates intermediate filaments, the
major contributor to cell rigidity, with the help of in vitro assays of keratin 8/18
networks. In particular the influence of monovalent ions on network stiffness is
tested by using KCl and is compared to crosslinking mediated by plectin. The re-
sults obtained with plectin in vitro are compared to extracted cells from the vulvar
carcinoma derived cell line A431 with and without plectin downregulation. Fur-
thermore, the special role of the C-terminal tail domain in network mechanics is
examined.

All samples are first analysed with electron microscopic methods to characterise the
network architecture and subsequently mechanical properties are investigated with

1



Introduction

passive microrheology. All issues concerning sample preparation and measurement
evaluation are discussed in detail and correction methods for passive microrheology
are tested to minimise errors.

Combining the findings from different methods and samples, a deeper insight in
intermediate filament network mechanics is obtained. Setting these results in con-
text with recent advances in other fields of biophysics and cell biology can be used
to find a deeper knowledge of cell behaviour.
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1. Basic Principles of Cells and
Associated Proteins

In this thesis, properties of keratin 8 and keratin 18, which are a special type
of intermediate filaments (IFs), are investigated. IFs form complex, fluctuating
networks within living cells. They provide resistance against mechanical forces
and therefore secure cellular integrity. This chapter gives an overview over cells in
general down to the theoretical biochemical background of keratins.

1.1. Eucaryotic Cells

There are two types of cells: eucaryotic and procaryotic. Eucaryotic cells contain a
nucleus in which the DNA is stored, while procaryotic cells do not have their DNA
in a separate compartment. Animals, plants and fungi consist of eucaryotic cells,
whereas bacteria are procaryotic.

Within, cells are compartmentalised into organelles, as for example the nucleus
or the Golgi apparatus. These organelles are embedded in the cytoskeleton and
the cytoplasm. As a boundary there is the plasma membrane enclosing all the
organelles. Through the plasma membrane cells correspond to their surroundings
via special proteins. Further reading on cells in general as well as different cell
organelles can be done for example with Alberts et al. (2002).

There are various types of eucaryotic cells, depending on the tissue they are from
and the tasks they have to accomplish. Here we are interested in epithelial cells.
They cover surfaces of organs and blood vessels. Epithelial tissue can be classified in
simple epithelium, consisting only of a monolayer of cells, and stratified epithelium,
which is two or more cell layers thick. Cell junctions to connect the cytoskeleton
with neighbouring cells and the extracellular matrix are very abundant in epithelial
cells. Keratin 8 and 18, which are studied in more detail in the following chapters,
are expressed in simple epithelium.

1.2. Cytoskeleton

The cellular component of interest in this thesis is the cytoskeleton. It is a network
system consisting of three different filament types: actin filaments, intermediate
filaments and microtubules. They have different functions and structures and are
distributed differently within the cell. Unlike suggested by the name ’skeleton’,
they do not constitute a rigid framework, but they are flexible and can adapt to
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1. Basic Principles of Cells and Associated Proteins

the current situation as necessary. Furthermore, the three cytoskeletal subsystems
do not only act individually (Huber et al., 2014). They can interact indirectly via
biochemical signalling and gene regulation and directly through physical contact
mediated by crosslinkers and through steric effects.

Since keratin 8 and 18 are intermediate filaments, they will be described in more
detail in a separate chapter. For actin filaments and microtubules a short overview
will be given.

1.2.1. Actin Filaments

Actin filaments, also called microfilaments or F-actin (filamentous actin), are fibres
with a diameter of 5-9 nm and a length of 30-100µm. They are built of two G-
actin (globular actin) strands in α-helical formation (Holmes et al., 1990). They are
mainly found in the cell periphery where they can be present as network or they form
stress fibres, as can be seen in figure 1.1 C (cells with fluorescently labelled actin).
They are connected to the extracellular matrix (ECM) through focal adhesions and
to the actin network of neighbouring cells through adherens junctions (figure 1.2,
general overview over the cytoskeletal components within cells).

They can be quickly polymerised and depolymerised and therefore they can, to-
gether with many other proteins, react to current circumstances. With the help of
this process cell migration, division, adhesion and the shape of the cell are regulated.
A summary of actin properties can be found in Pollard and Cooper (2009).

1.2.2. Microtubules

Microtubules are 20-25 nm in diameter and are very stiff. They have a persistence
length in the mm-range, which is much more than for actin filaments with approxi-
mately 18µm (Gittes et al., 1993). The basic building blocks are α- and β-tubulin
dimers. They first react to protofilaments and these protofilaments then react lat-
erally to form hollow cylinders (Desai and Mitchison, 1997).

In cells they are organized by microtubule organizing centres (MTOCs). MTOCs
are usually close to the nucleus and serve as nucleation centre for microtubules.
From there on, they grow radially towards the cell periphery, as is shown schemati-
cally in figure 1.2. In the fluorescently stained cells in figure 1.1 A it is more difficult
to see because there are many fibres, but especially the middle cell shows a radial
growth from the centre. Compared to figure 1.1 C and D it can also be seen that
microtubules do not stretch as far to the periphery of the cell as actin filaments.
The actin filament networks of neighbouring cells touch each other, microtubules
do not. They are not connected to the networks of other cells or the extracellular
matrix.

Microtubules are the transport-highways of cells. With the help of motor proteins
arbitrary molecules can be carried to specific places within the cell (Mallik and
Gross, 2004). If these molecules were only distributed by diffusion, they would reach
their destination too slowly. To be able to always reach the area within the cell where
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1.3. Intermediate Filaments

the molecules are needed, microtubules can be polymerised and depolymerised very
fast. Additionally, they stabilise cells because of their stiffness and play an important
role in cell division (Nigg, 2001).

1.3. Intermediate Filaments

Intermediate filaments (IFs) have a diameter of 8-12 nm (Ishikawa et al., 1968)
and a persistence length of approximately 300-400 nm, depending on the length of
the filaments and the substrate (Mücke et al. (2004, 2009), Leitner et al. (2012),
Lichtenstern et al. (2012)). This makes them the most flexible component of the
cytoskeleton and classifies them as semiflexible polymers. Within cells IFs form
bundles with a persistence length of approximately 1 mm (Nolting et al., 2014).

The purpose of intermediate filaments is to provide mechanical stiffness and sta-
bility to cells. Guo et al. (2013) found that the presence of vimentin doubles the
cytoplasmic shear modulus, intracellular components are more localised and the
mechanical integrity of cells is increased.

When only a low force is applied, the filaments are flexible, can bend and transfer
signals. However, when the force becomes higher, the structure of the fibres changes
and they show a plastic behaviour (Kreplak et al., 2008). They can stretch to up to
three times of their original length before they rupture (Kreplak et al., 2005) and
so called strain hardening can occur (Fortier et al., 2012). Summarising, it can be
said that IF networks are softer than actin or microtubule networks at low strain,
and they can endure higher deformations than the other components.

IFs can be found throughout the whole cell, but they are more abundant close to
the nucleus than in the cell periphery (figure 1.1 B). The density is not necessarily
the same in all directions, as can be seen in figure 1.1 B at the cell in the lower left
corner. It depends on the direction of migration and outer influences, as for example
mechanical stress. IF networks are connected to the ECM through hemidesmosomes
and to neighbouring cells through desmosomes (figure 1.2).

IFs can be classified into so called sequence homology classes (SHCs), depending
on their amino acid sequence identity (Fuchs and Weber, 1994). In total there are
five SHCs which group different IFs. Class I and II comprise acidic and basic cyto-
keratins, class III are vimentin, desmin and glial fibrillary acidic protein (GFAP),
class IV includes the different neurofilament triplet proteins and class V contains
lamins. For an overview see table 1.1.

1.3.1. Structure

Even though the primary structure is not strongly conserved (Herrmann and Aebi,
2004), all IF dimers show the same basic structural elements (Geisler and Weber,
1982): a central α-helical rod which is flanked by the N-terminal head domain and
the C-terminal tail domain (see figure 1.3).
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1. Basic Principles of Cells and Associated Proteins

Sequence
Homology
Class

Members Typical Occurrence

I Acidic cytokeratins All epithelia

II Basic cytokeratins All epithelia

III Vimentin Mesenchymal cells
Desmin Muscle Cells
Glial fibrillary acidic protein
(GFAP)

Glia cells, astrocytes, stellate
cells of liver

Peripherin Diverse neuronal cells
Synemin (also SHC V) Muscle cells
Nestin (also SHC IV) Neuroepithelial stem cells,

muscle cells

IV Neurofilament triplet proteins
(NF-L, NF-M, NF-H)

Neurons

Paranemin (also SHC I) Muscle cells

V Lamins (type A/C) Most differentiated cells
Lamins (type B) All cell types

Table 1.1.: Different types of intermediate filaments and their classification into se-
quence homology classes (SHCs) (Herrmann and Aebi, 2000), including
the tissue where they occur predominantly.

Rod

The rod is the central part of the IF-dimer. It has a length of approximately 45 nm
(Steinert et al., 1993). Amino acid sequence identity is low between different types
of intermediate filaments, but highly conserved clusters are found at each end of the
rod domain. This seems to be essential for correct folding and filament assembly
(Fuchs and Weber, 1994).

As shown by Strelkov et al. (2003), the main part of this domain displays an α-
helical coiled-coil conformation (figure 1.3). Within each monomeric α-helix there
is a heptad repeat of amino acids, meaning there are always seven amino acids
abcdefg displaying the same properties at identical positions within the heptad. At
positions a and d hydrophobic residues are typically found. Therefore, there is
a hydrophobic stripe winding around the α-helix as shown in figure 1.4. The α-
helices of two monomers wind around each other in a way that they shield their
hydrophobic residues from the aqueous solution, resulting in a coiled-coil. This
principle is explained in detail by Burkhard et al. (2001).

As can also be seen in figure 1.3, the coiled-coil structure is interrupted several
times by non-α-helical domains. Linker L12 separates coil 1 and coil 2 from each
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1. Basic Principles of Cells and Associated Proteins

other. In case of keratins 8 and 18 it consists of 18 amino acids each (Herrmann
and Aebi, 2004). Coil 1 is divided into coil 1A and coil 1B by another non-α-helical
structure called linker L1. The keratin 8 part of L1 includes 8 amino acids while
keratin 18 includes 7. Coil 2 is completely α-helical, but it has two regions where the
α-helices of the monomers lie parallel to each other. They are called parallel bundle
(pb), lying next to linker L12, and stutter (st), in the middle of coil 2 (Herrmann
et al., 2009).

Head and Tail

The rod is flanked by the non-α-helical amino-terminal head and carboxy-terminal
tail domains. These domains can differ a lot between various intermediate filaments.
They have different lengths and different amino acid sequences. It is assumed that
this has an impact on the type of assembly mechanism used by different IFs (also
see chapter 1.3.2). Keratin 8 includes 90 amino acids in its head and 87 in its tail,
while the keratin 18 head contains 79 amino acids and the tail 45 (Herrmann and
Aebi, 2004).

Herrmann et al. (1996) investigated the role of head and tail in filament assembly.
They found that removal of the head domain completely stopped filament forma-
tion. Only small oligomeric compounds could be found. For further reading on the
influence of the head domain see Traub and Vorgias (1983), Kaufmann et al. (1985),
Quinlan et al. (1989), Raats et al. (1990), Herrmann et al. (1992) and Heins et al.
(1993).

On the other hand, truncation of the tail still yields long filaments, in vitro as
well as in cells. When using heterodimeric cytokeratins, filament formation takes
place by tail-truncation of one or even both involved monomers. This was shown
in vitro by Hatzfeld and Weber (1990) with keratins 8, 18 and the naturally tailless
keratin 19. Bader et al. (1991) worked with the same keratins with and without tail.
Instead of looking at in vitro assembly, he investigated assembly in non-epithelial
mouse 3T3-L1 cells. Normal-looking IFs were found which formed bundles and
extensive fibrillar networks.

However, tailless vimentin showed a relaxation in width control due to alternative
modes of subunit aggregation which could be seen by diameter and mass-per-length
measurements (Herrmann et al., 1996). Measured with negative staining transmis-
sion electron microscopy (TEM), wildtype human vimentin (HumVim(wt)) showed
an average diameter of 16±2.6 nm, while tailless vimentin (HumVim(∆T)) displayed
20±3.2 nm. Additionally, the diameter distribution for HumVim(∆T) was broader
than for HumVim(wt). When assembled for longer times, the mass-per-length dis-
tribution of HumVim(wt) showed one peak at 45±9 kDa, while HumVim(∆T) ex-
hibited four peaks at 51±5, 77±5, 99±5 and 131±5 kDa.

Furthermore, tail domains influence filament-filament interactions. As suggested
by proteolysis studies in vitro (Herrmann and Aebi, 1998) and accessibility to kinases
in vivo (Omary et al., 1998), the tail is exposed on the filament surface and is
therefore accessible for interactions with the filament surroundings. It is supported
by Bousquet et al. (2001) who found that bundling under salt conditions partially
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1.3. Intermediate Filaments

depends on the presence of the K14 tail domain. Isolated K14 tail domains behave
like keratin bundling proteins. The binding site within the K14 tail domain is also
displayed by K18 and may be shared by other type I keratins as well.

Moreover, Herrmann et al. (1996) observed that the assembly speed was altered
after tail removal. After 10 s of assembly at 37◦C HumVim(wt) displayed a sym-
metric length distribution with a maximum at 58±9 nm which ranged from 35 to
70 nm. HumVim(∆T) peaked at 63±16 nm with a significantly broader range of
lengths.

1.3.2. Assembly

As already mentioned above, IFs can be grouped into different SHCs. Depending
on the SHC classification, IFs show various assembly mechanisms:

• Assembly Group 1 (keratins): SHC I and II

• Assembly Group 2 (vimentin-like proteins): SHC III and IV

• Assembly Group 3 (lamins): SHC V

Between these assembly groups bonding processes are different. An overview can
be found in Herrmann and Aebi (2004). Elongation reactions in vitro are discussed
in detail by Kirmse et al. (2007), Portet et al. (2009), Portet (2013), Mizera et al.
(2012), Czeizler et al. (2012) and Martin et al. (2015).

Assembly Group 1

In assembly group 1 the basic constituents are always heterodimers consisting of
one acidic keratin from SHC I and one basic keratin from SHC II. These dimers
first react laterally to form so called unit-length-filaments (ULFs) of approximately
65 nm length (Herrmann et al., 1996) (see figure 1.5). Two heterodimers react in
anti-parallel fashion resulting in a nonpolar tetramer. ULFs react longitudinally to
form elongated filaments. Both reaction processes, lateral and longitudinal, happen
on the same time scale. The diameter of ULFs as well as of longer filaments is
8-12 nm (Ishikawa et al., 1968). It does not change during the reaction.

Elongation proceeds via step-growth reaction. Here it is possible that two ULFs
react with each other, an ULF binds to an already elongated filament or two fila-
ments react. This can be seen in figure 1.6. In vitro these reactions are irreversible
under standard buffer conditions. Winheim et al. (2011) and Nöding et al. (2014)
showed that fluorescently labelled red and green vimentin, which was preassembled
separately before mixing, still displayed distinct red and green segments on IFs,
even days after mixing the filaments with the different colours. There were only
few yellow patches where dimers with red and green labels were present in the same
ULF. In vivo experiments by Rosevear et al. (1990) with mitotic cells show that
IF disassembly is mediated by phosphorylation. For detailed information also see
Chou et al. (1989, 1990, 2003) and Eriksson et al. (2004).
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1. Basic Principles of Cells and Associated Proteins

Figure 1.5.: Schematic overview over the three different assembly groups of IFs.
Members of assembly group 3 form protofilaments from dimers which
then anneal laterally. In the assembly groups 1 and 2 first dimers (het-
erodimers or monodimers) react laterally to form unit-length-filaments.
They elongate by longitudinal annealing. (Republished with permission
of Annual Reviews, Inc., from Herrmann and Aebi (2004); permission
conveyed through Copyright Clearance Center, Inc.)

Figure 1.6.: After the formation of ULFs there are different possible elongation re-
actions. (a) Two ULFs can bind to each other. (b) An ULF can react
with an already elongated filament and (c) two extended filaments can
bind. (Adapted with permission from Portet et al. (2009). Copyright
(2009) American Chemical Society. Only part of the original image is
shown.)
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1.4. Crosslinking

Assembly Group 2

This assembly group is based on homodimers which react to ULFs and then to
elongated filaments (see figure 1.5). The process is similar to assembly group 1.
However, the two reaction types, lateral and longitudinal, are temporally separated.
For elongation the same reaction processes are allowed as for assembly group 1, as
can be seen in figure 1.6.

Additionally, there is a compaction process (Herrmann et al., 1999). In the begin-
ning, ’immature’ vimentin or desmin filaments have a diameter of approximately
16 nm that later matures into 11 nm (Herrmann et al., 1996). Until now it is not
known how the incorporated dimers rearrange for this.

Assembly Group 3

Lamins also start with building homodimers. These are approximately 50 nm long
and have two globular domains at one end. They longitudinally bind ’head-to-
tail’ to form protofilaments which then anneal laterally to form fibres. For further
reading see Herrmann and Aebi (2004) and Aebi et al. (1986).

1.3.3. Keratin

Keratins can be classified into α- and β-keratins (also hard-keratins). The basic
structure of α-keratins are α-helices, while β-keratins are built of β-sheets. β-
keratins can be found in feathers of birds, whereas α-keratins are present in epithe-
lial cells, hair and nails. The IFs examined here, keratins K8 and K18, belong to the
group of cytokeratins (CKs), a special type of α-keratins. There are 8 basic cyto-
keratins (CK1-CK8) and 11 acidic ones (CK9-CK10, CK12-CK20). Basic keratins
constitute SHC II while acidic ones belong into SHC I.

Cytokeratins are mainly expressed in epithelial cells. Different epithelia express
different CKs, often various ones at the same time. This can be used for example
in cancer diagnostics. Antibodies against IF proteins can be used as diagnostic and
prognostic markers, because epithelial malignancies show the same keratins as their
respective cells of origin (Moll et al. (1982), Karantza (2011), Knösel et al. (2006)).

1.4. Crosslinking

In vivo, cytoskeletal networks are not just entangled but crosslinked. This occurs
either via electrostatic interactions with ions like magnesium, calcium or potassium,
or with crosslinking proteins which specifically bind at certain positions. These pro-
teins can either bind two filaments of the same type, for example two intermediate
filaments, but they can also connect two different cytoskeletal components. Ex-
amples for proteins used only for IF bundling are the highly charged crosslinkers
filaggrin and trichohyalin, while desmoplakin, plectin and the bullous pemphigoid
antigen 1 (BPAG1) not only link IFs among themselves but also to microtubules,
F-actin and/or adhesion complexes (Coulombe et al., 2000).
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Figure 1.7.: Plectin contains a central coiled-coil rod domain which is flanked by
a plakin domain and an actin-binding domain at the amino-terminal
end and by plakin repeats on the other side. The IF-binding domain is
found between repeat 5 and repeat 6. Integrin α6β4 can be bound on
both sides of the rod. (Reprinted from Leung et al. (2002), Copyright
(2002), with permission from Elsevier. Only part of the original image
is shown.)

The number of IF crosslinking proteins is much smaller than for F-actin (Coulombe
et al., 2000). This can be explained by the fact that IFs evolved later in evolution
than actin or microtubules. Therefore they could use already existing constituents
of cells.

1.4.1. Plectin

In this work plectin, a member of the plakin family (Ruhrberg and Watt, 1997),
will be studied in more detail. Proteins from the plakin family are also referred to
as cytolinkers. For an overview summarizing various IF crosslinkers see Leung et al.
(2002).

The plakin family is defined by the common basic structure of its members: a
carboxy-terminal IF binding domain, a central, α-helical dimerisation domain and
various amino-terminal domains (Wiche et al., 1991). In plectin (structure see
figure 1.7), the carboxy-terminal domain includes six repeating motifs, where the
IF-binding site can be found in a ∼50 amino acid residue long sequence between
repeat 5 and 6 (Wiche et al. (1993), Nikolic et al. (1996)).

A plectin monomer has a molecular mass of >500 kDa (Steinböck and Wiche,
1999), the precise value depending on the investigated isoform (Elliott et al., 1997).
In vivo, plectin is found in a dimeric state with a dumbbell shape that was first
observed by Foisner and Wiche (1987) by electron microscopic methods. Such a
dumbbell displays a rod of 184 nm length and 2 nm diameter, flanked by globular
domains with approximately 30-60 nm diameter. Purified plectin is shown in figure
1.8(b). Here, the rods as well as the globular end domains can be seen.

Plectin can be found in a wide range of tissues. Wiche et al. (1983) investigated
rats and found plectin in the liver, tongue, urinary bladder, stomach, kidney, small
intestine and uterus, in fibroblasts, endothelial, smooth, skeletal and cardiac muscle,
nerve and epithelial cells of various types (stratified and non-stratified). In some
cases plectin was found throughout the whole cytoplasm (fibroblasts, endothelia and
epithelia), in others primarily at the cell periphery (hepatocytes and smooth mus-
cle), or both (also epithelia). Wiche et al. (1984) confirmed this wide distribution
for humans.
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(a) (b) (c)

Figure 1.8.: Electron microscopy images of plectin alone and included in extracted
and in vitro assembled intermediate filament networks. (a) Extracted
network of a rat embryo fibroblast. Asterisks: gold particles from im-
munogold staining of plectin; black arrows: IF free of label; white
arrows: unlabelled filaments with 2-3 nm diameter. Bar: 150 nm.
(Foisner et al. (1988). Originally published in ’The Journal of Cell
Biology’. doi: 10.1083/jcb.106.3.723. Licenced by CC BY-NC-SA
3.0 (http://creativecommons.org)) (b) Rotary-shadowing electron mi-
croscopy of plectin molecules showing the dumbbell shape with two
globular heads connected by a long thin rod. Bar: 100 nm. (Reprinted
from Foisner and Wiche (1987), Copyright (1987), with permission from
Elsevier.) (c) Rotary-shadowing electron microscopy of in vitro assem-
bled networks with vimentin and plectin. The globular heads of plectin
attach to vimentin while the thin rods extend away from the filaments.
(Foisner et al. (1988). Originally published in ’The Journal of Cell
Biology’. doi: 10.1083/jcb.106.3.723. Licenced by CC BY-NC-SA 3.0
(http://creativecommons.org))

The first interaction of plectin with another protein was discovered by Pytela and
Wiche (1980) with vimentin. Foisner et al. (1988) confirmed interaction also with
epidermal cytokeratins, GFAP, desmin and neurofilament triplet proteins. Plectin
can also bind to lamin B, a component of the nuclear envelope (Foisner and Wiche,
1991). Figure 1.8(c) shows purified vimentin and plectin. The globular end domains
of plectin are associated with vimentin while the thin rods extend away from the
filaments.

In extracted cell lines thin IF-connecting filaments were found by Foisner et al.
(1995) and Svitkina et al. (1996). They had 2-3 nm diameter and 176±20 nm length,
matching the results of Foisner and Wiche (1987). In the cell periphery there were
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Besides crosslinking between different cytoskeletal components, plectin also an-
chors intermediate filaments to the cell surface. It directly binds to integrin α6β4

(Rezniczek et al., 1998), an important protein in the outer plaque of hemidesmo-
somes, a structure connecting the intermediate filament network with the extra-
cellular matrix (for further reading on hemidesmosomes see Nievers et al. (1999)).
Plectin also stabilises hemidesmosomes and therefore supports their formation (An-
drä et al., 1997).

Eger et al. (1997) showed that plectin can also bind to desmoplakin which is usually
directly connecting intermediate filaments to desmosomes, structures that interlink
the IF network of two neighbouring cells.

Moreover, IFs also interact with the cell surface without desmosomes or hemidesmo-
somes (e.g. in lymphocytes, fibroblasts and avian red blood cells). This happens
through interaction of plectin with the subplasma membrane skeleton proteins α-
spectrin and fodrin (Herrmann and Wiche, 1987).

In consequence of all its crosslinking activities plectin is important for the mechan-
ical integrity of various cells and tissues like epithelia, muscle or the heart (Andrä
et al., 1997). In plectin deficient mice the behaviour of actin stress fibres as response
to external stimuli was altered (Andrä et al., 1998). As a result, adhesion, migration
and resistance to shear stress changed. This was however not only due to mechanical
weakening of the network, but also due to changes in signalling-cascades.

1.4.2. Counterions

In contrast to crosslinking proteins, counterions do not bind to intermediate fil-
aments at specific reaction sites. Accumulated at the surface of IFs, they lead
to lateral accretion of filaments and therefore to bundling. This effect can be ex-
plained by treating IFs as polyelectrolytes with salt molecules as counterions. Water
molecules around polyelectrolytes are oriented according to charged groups of the
polyelectrolyte. Counterions in solution are attracted, enter the hydration region,
change its structure and condense on the polyelectrolyte until the charge density
on the polymer is reduced below a critical value (Manning, 1969). With this, the
apparent charge of polyelectrolytes decreases. Some of the counterions might be
bound to ionised groups, but most of them are assumed to move freely along the
polyelectrolyte (Oosawa (1957), Ikegami (1964), Magdelénat et al. (1979)).

However, this theory does not completely explain bundling. The net charge of
polyelectrolytes decreases, but two approaching polymers still have the same net
charge and therefore a repulsive force should be observed. There are two possible
explanations why the layer of freely fluctuating counterions can lead to bundle
formation.

Oosawa (1968) compared the situation with van der Waals’ interactions. A tran-
sient local excess or deficit of counterions and an appropriate condition on the
opposing polyelectrolyte can lead to opposite charges and therefore to an attractive
force. However, it is also possible that a repulsive force appears and therefore the
net attractive force which can be calculated from this model is small.
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Ray and Manning (1994) provide a theory which leads to higher attractive forces.
They postulate that condensed counterions are shared between two or more poly-
electrolytes and this greatly enhances translational entropy. The higher entropy is
caused by an increase in the condensation volume (also see Pietronave et al. (2008)
and Perico and Rapallo (2011)). The shape of the shared counterion volume and
the complete process of shared counterions can be compared to a covalent bond.

The distance at which forces become attractive differs between various polyelec-
trolytes and it also depends on the valency of the counterions. Therefore, for some
polyelectrolytes no bundling is observed with monovalent counterions because the
distance needed between two bundling polyelectrolytes is smaller than their radius.

The mathematical base for this theory can be found in Oosawa (1968), Manning
(1969), Manning (1977), Manning (1978), Manning (1979), le Bret and Zimm (1984)
and Ray and Manning (1994).

Intermediate filaments have negative as well as positive charges, but the net charge
of K8/18 is negative. For example, the nominal charge q of a keratin 8 monomer is
-6e− and of keratin 18 it is -11e−. The line charge of a K8/18 filament with a radius
R = 5 nm including m = 16 monomers per crosssection is -3 e−/nm and the surface
charge σ is -0.02 C/m2 (Block et al., 2015). σ is calculated according to Dammann
et al. (2015):

σ =
mq

2πRl
(1.1)

with l ≈ 45 nm being the length of a ULF included within a filament. Higher
valencies of counterions lead to lower counterion concentrations needed for bundling.
For vimentin the minimal bundling concentration for divalent ions (Mg2+, Ca2+,
Mn2+) is approximately 10 mM (Dammann et al., 2012), while only ∼ 0.01 mM K16

is needed (Janmey et al., 2014). These critical concentrations were determined by
abrupt changes in light scattering intensity.

Salt ions present within cells are sodium, magnesium, phosphorus, sulphur, chlo-
rine, potassium and calcium (Alberts et al., 2002). The concentration of each salt
varies according to the cell type. Romani and Scarpa (1992) give an overview over
the amount of magnesium in different cell types. Between 0.2 and 6 mM cytosolic
free Mg2+ was found. 3T3 fibroblasts contain for example 0.8 mM Mg2+ (Morelle
et al., 1994). Potassium on the other hand is more abundant. For example, in
frog sartorius muscle 139 mM K+ were found by Adrian (1956) and Lubin (1967)
measured 135 mM K+ in the murine fibroblast sarcoma cell line S180.

In living cells, the linkage between single IFs within a bundle is strong and they
can hardly slide along each other (Nolting et al., 2014). However, this is not only
due to salt, but also to crosslinking proteins (Osmanagic-Myers et al., 2006) and
to self-interaction (Lee and Coulombe, 2009). Furthermore, it has to be considered
that bundle formation does not cause irreversible changes in the internal structure
of polymers which is important for several cellular processes where cytoskeletal
networks have to be altered (Tang et al., 1996).
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In vitro, high salt concentrations also induce IF bundles (Kayser et al., 2012).
This leads to stiffer and more inhomogeneous networks as was shown with Mg2+

and Ca2+ by Lin et al. (2010a), Leitner et al. (2012) and Pawelzyk et al. (2013).

The bundling effect of salt can be inhibited by the heat shock protein 27 (Hsp27)
(Perng et al. (1999), Kayser et al. (2013)). It binds directly to IFs and alters the
assembly dynamics and network morphology. In systems containing counterions
single filaments covered with Hsp27 oligomers are found instead of bundles or clus-
ters. Again the C-terminal tail domain plays an important role in this behaviour.
K8∆T does not show an effect after addition of Hsp27.
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2. Experimental Methods

The following chapter describes the experimental methods used to characterise the
architecture and mechanical properties of intermediate filament networks. Further-
more, the models applied for evaluation are derived here.

Since intermediate filaments only have a diameter of 8-12 nm, they can not be
visualised by conventional optical microscopy. Therefore electron microscopy is
employed. When single filaments are investigated, transmission electron microscopy
(TEM) is used, while scanning electron microscopy (SEM) is applied on IF networks.
The microscopes used were a Jeol 1400 transmission electron microscope and a
Hitachi S-5200 scanning electron microscope.

The main purpose of this work is to determine mechanical properties of IF net-
works. These properties are tested by passive microrheology measurements and
the results thereof are partially compared to the persistence length of individual
filaments.

2.1. Electron Microscopy

To be able to image intermediate filaments, it is necessary to overcome the reso-
lution limit of classical light microscopy. This can be achieved with electron mi-
croscopy. The first electron microscope, including all the needed components, was
build by Max Knoll and Ernst Ruska (Knoll and Ruska, 1932). The following chap-
ter describes the basic principles needed to understand electron microscopy. The
descriptions are based on Flegler et al. (1995).

The Abbe diffraction limit restricts the resolution to d = λ/(2n sin θ), dependent
on the wavelength λ, the refractive index n and the angle θ with which the light beam
converges to a spot. Therefore, decreasing the wavelength used for imaging leads
to an enhanced resolution. One possibility to do this is to use matter waves instead
of electro-magnetic radiation. The most common particles for this are electrons,
but there are also applications with other particles. In case of matter waves the de
Broglie wavelength

λ =
h

p
(2.1)

applies. Here, h is the Planck constant and p = mvγ is the relativistic momentum,
with m being the electron mass and γ the Lorentz factor. The velocity v of the
electrons can be calculated by assuming that the kinetic energy equals the electrical
energy 1/2 mv2γ = eU . e is the charge of electrons and U the acceleration voltage
of the microscope. In case of this work U = 10 kV was used for SEM imaging
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and for TEM measurements U was set to 200 kV. This results in wavelengths of
λ(10 kV) ≈ 12, 1 pm and λ(200 kV) ≈ 2, 2 pm.

However, on these lengthscales the resolution is also highly dependent on other
parameters like cathode quality, mechanical stability and quality and corrections of
the lenses, but resolutions below 1 nm can be achieved.

2.1.1. Operating Modes

Various operating modes for image acquisition in electron microscopy exist. There
are two major differences and according to them these modes can be classified. The
first classification regards the positioning of the sample in the path of the electron
beam. In transmission electron microscopy thin samples are used where electrons
can pass through with only few interactions with the sample. In contrast to that
it is also possible to measure reflected electrons. In this case the surface is imaged
and it is not necessary to prepare thin samples.

The second difference concerns the way of image acquisition. For TEM measure-
ments often the whole field of view is illuminated at once and can be viewed with a
camera. On the other side, the field of view can also be scanned pixel by pixel. This
can be done in transmission as well as in reflection measurements. Accordingly one
talks of scanning transmission electron microscopy (STEM) or, when measured in
reflection, of scanning electron microscopy.

In TEM, electrons from the electron beam interact with the sample during tran-
sition and are detected afterwards. In SEM there are different options. The most
common imaging mode detects secondary electrons coming from the sample. How-
ever, it is also possible to measure backscattered electrons or X-rays.

Each measuring technique demands special sample preparation. TEM measure-
ments require very thin samples that can be passed by electrons. This is either done
by cutting bulk samples into thin slices or by placing small pieces of the sample on
a thin polymer surface that acts as a support. The surface is additionally coated
with carbon to enhance conductivity. Since biological samples show little electron
contrast, they are treated with heavy metal salts which are very dense to electrons.
The resulting samples usually have a thickness of approximately 60 nm.

For SEM measurements the sample thickness is not important. Here, the surface
has to reflect as many electrons as possible. Therefore, biological samples are coated
with a thin layer (few nanometers) of conductive material. Most common are carbon
and platinum. They are additionally needed to prevent charging effects.

Except for special microscopes, samples have to be dried because they are sub-
jected to vacuum during measurements. The easiest way is air drying. However,
with this method delicate biological samples can be destroyed because of surface
tension. Therefore, other techniques are used. The most common ones are freeze
drying and critical point drying. In freeze drying the sample is frozen in liquid ni-
trogen that is then sublimated again. In critical point drying the buffer containing
the sample is replaced by alcohol. Then it is brought to the critical point of the
alcohol, where it is in the aqueous and the gaseous phase simultaneously. In this
state surface tension is reduced.
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lenses, aberrations lead to reduced image quality. While astigmatism can be cor-
rected easily by stigmators, spherical aberration and chromatic aberration can be
compensated only partially, since contributing parameters mutually influence each
other. This limits the resolution of electron microscopes.

Within the transmission electron microscope, condenser lenses adjust the illumi-
nation of the sample. Objective lens, diffraction lens and intermediate lens are
needed to magnify the image and the projector lens projects the image either onto
a fluorescent screen or a camera. This can be seen in figure 2.2.

For scanning electron microscopes a similar lens system is used. However, since
the field of view is scanned, the electron beam has to be steered over the surface.
Therefore, a deflection system is installed additionally, as can be seen in figure 2.1.
Several detectors can detect different signals like secondary electrons, backscattered
electrons or X-rays.

2.1.3. Beam Damage and Imaging Artefacts

Electrons can damage the sample when hitting it or they can distort the apparent
image. This has to be taken into account during evaluation. The most common
problems are:

• Even though the substrate is prepared to be as conductive as possible, charging

effects can be seen that blur and distort the image.

• Additionally, lighter elements like hydrogen or oxygen might be lost because of

collisions. This is especially problematic for biological samples which mainly

consist of these light elements.

• Through collisions with valence electrons the sample can be ionised. This leads

to the formation of radicals that then react with other parts of the sample.

• The energy transferred to the sample can cause breaking of chemical bonds.

Some of these damages can be reduced by special preparation or measuring tech-
niques. The main problem for our SEM measurements are charging effects, when
the platinum coating is not thick enough. Thus, it has to be taken care that a suffi-
cient platinum layer is deposited. TEM samples are not problematic when measured
soon after preparation. Older samples (several months old) show bleaching when
illuminated at the same spot for too long.

2.2. Persistence Length

The persistence length λ is a measure for the flexibility of polymer chains and
is therefore an interesting tool to investigate mechanical properties of filamentous
proteins. It is based on a polymer chain with fixed valence angle. This assumes
a chain of interconnected rods with flexible connection points. This fits to IFs
with stiff ULFs as basic building blocks that can bend at positions where they are
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connected through overlapping, flexible head domains. If the length of the rods
decreases towards zero, this model displays a worm-like chain.

Additionally, the model postulates that the angles θ between segments all have
the same probability and are independent of each other. The persistence length
describes the mean length over which the direction of the polymer chain does not
change. This can be mathematically expressed with an orientation correlation func-
tion, leading to a relationship between the contour length s of a polymer and its
end-to-end distance R. A sketch of a polymer chain including all necessary quanti-
ties can be seen in figure 2.3.

Figure 2.3.: Sketch of a polymer chain with contour length s and end-to-end distance
R which is bend by an angle θ.

To apply the model, IFs, which are measured on the surface, have to be equilibrated
in two dimensions. This is the case when interactions between IF and surface are
in the range of the thermal energy. Different surfaces were tested by Mücke et al.
(2009). The energy necessary to maintain the configuration on the surface can be
calculated by (Rivetti et al. (1996), Mücke et al. (2004, 2009)):

E = Y Iθ2/2s, (2.2)

where Y is the Young’s modulus and I the area moment of inertia of the cross-
sectional area of the filament. When these two quantities are known, the persistence
length λ can be determined with

Y I = kBTλ (2.3)

with the Boltzmann constant kB and the absolute temperature T . From equations
(2.2) and (2.3) the normalised probability distribution function in two dimensions
can be derived. It can be written as a Gaussian:

P (θ(s))2D =

√

λ

2πs
e−λθ2/2s . (2.4)

It depends on the contour length s of the filament, the angle θ by which it is bent
and the persistence length λ. From here it is possible to obtain the mean squared
angle and the mean squared end-to-end distance in two dimensions:

〈

θ2(s)
〉

2D
=

s

λ
, (2.5)
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〈

R2(s)
〉

2D
= 4λs

(

1 − 2λ

s

(

1 − e−s/2λ
)
)

. (2.6)

It is also possible to determine the mean squared end-to-end distance in three
dimensions for filaments in a dilute solution. However, this is difficult to measure
and therefore we only use evaluation in 2D.

To calculate the persistence length λ, the contour of filaments is traced on images.
Then 〈R2〉 is calculated for all possible subunits along the filament covering all
feasible contour lengths s. 〈R2〉 is plotted over s and the resulting curve can be
fitted with equation (2.6). λ is the resulting fit parameter. It is also possible to
calculate θ, plot 〈θ2〉 and fit equation (2.5).

2.3. Passive Microrheology

In this section the fundamental principles of passive microrheology are described.
This approach is used later to characterise mechanical properties of intermediate fil-
ament networks. The following description of rheological techniques and the deriva-
tion of the method employed for analysis is taken from a summary of Gardel et al.
(2005) and the original publications from Mason and Weitz (1995), Mason et al.
(1997a), Mason et al. (1997b) and Mason (2000).

Rheology studies the responses of materials to applied stress and aims to determine
the shear modulus as a function of frequency. Originally, this was done by using
mechanical shear rheometry, where shear strain is exerted on a bulk sample and the
resulting stress is measured. Drawbacks of this method are the large sample volumes
which are required (in the order of milliliters) and that no local measurements
can be performed. Only the bulk response is gained. Both disadvantages can be
overcome with microrheological techniques, where micron-sized beads locally probe
the sample.

Various microrheological techniques were developed that can be classified into
passive and active methods. In active methods external forces are applied on micron-
beads to specifically influence them. It is determined how the beads react on these
forces. From this, mechanical properties can be concluded. The most common active
methods are optical tweezers, magnetic manipulation and atomic force microscopy.

On the other hand, passive techniques measure the Brownian motion of beads due
to thermal energy. No additional forces are applied. The motion is recorded and
the mean squared displacement (MSD), the time dependent position correlation
function, is calculated:

〈

∆~x2(τ)
〉

=
〈

|~x(t + τ) − ~x(t)|2
〉

t
(2.7)

Here ~x is the d-dimensional bead position, τ is the lag time, ∆ indicates discrete
time steps and the brackets imply an average over all times t. This average in time
is allowed when the fluid is thermally equilibrated and the material properties are
constant over time.
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There are three main methods to measure the movement of beads. In laser deflec-
tion particle tracking (LDPT) the bead moves within a laser beam of low intensity,
which does not influence the movement. When the bead changes its position, the
laser deflection caused by the bead also changes. The laser deflection is measured
and from this the MSD is calculated. This technique can only measure single beads,
but at a very high spatial and temporal resolution.

It is also possible to determine an ensemble averaged MSD of many beads by
light scattering techniques, as for example diffusing wave spectroscopy. Here, large
amounts of beads are measured at the same time. However, the heterogeneity of
the sample cannot be detected.

The third technique is high-speed video microscopy. This is done either with
fluorescent beads or with bright field microscopy. A time series of microscope images
is obtained and based on this the bead motion is digitised. The advantage of this
method is that the motion of several beads can be measured at the same time,
but nevertheless each single trajectory can be determined. Therefore, an ensemble
averaged MSD is obtained, but it is also possible to probe for inhomogeneities of the
sample. Unfortunately, digitising the bead movement introduces errors that have
to be considered.

For the measurements discussed later high-speed video microscopy is used. A
bright field setup is employed (see section 2.3.2) and the resulting MSD is corrected
for different errors (section 2.3.4).

Materials can show properties of an elastic solid, like rubber, or a viscous fluid,
like water. Solids can store energy while fluids dissipate it. Cytoskeletal networks
(see chapter 1) are more complex. They show both viscous and elastic behaviour.
Therefore, they are described as viscoelastic. The ratio between elastic and viscous
contributions depends on the frequency.

Beads in a purely viscous fluid show simple diffusion or Brownian motion. The
diffusion coefficient D can be obtained from the MSD:

〈

∆~x2(τ)
〉

= 2dDτ. (2.8)

Here, d gives the dimensionality of the bead movement. The viscosity η of a fluid
surrounding a bead with radius a is obtained by the Stokes-Einstein equation:

D =
kBT

6πηa
. (2.9)

This equation assumes laminar flow around the particle and a no-slip boundary.

Viscoelastic materials can not be described by a linear dependency in τ . They
have a material-dependent scaling behaviour:

〈

∆~x2(τ)
〉

∼ τα. (2.10)

α is called diffusive exponent. If it is 0 < α < 1, it describes sub-diffusive motion
and α > 1 implies super-diffusive motion. The bead is locally constrained for α = 0.
This means that a purely elastic, homogeneous material shows a plateau in the MSD.

28



2.3. Passive Microrheology

(a) (b)

Figure 2.4.: SEM images of IF networks with embedded polystyrene beads (1µm
diameter). (a) Extracted PANC-1 cell prepared according to Beil et al.
(2003) (Image adapted from Paust (2012), with kind permission of To-
bias Paust). Only intermediate filaments are left. Keratin 8/18 spans
the area of the cytoplasm whereas lamins are arranged around the nu-
cleus. Hence the nucleus can still be seen. Beads are embedded in
the keratin 8/18 network. (b) In vitro assembled keratin 8/18 network
(0.5 mg/ml, prepared according to appendix A.5). Here again beads
are embedded within the network. The mesh size is smaller than the
beads. Thus, when the bead is moving, it has to deform the network.

Figure 2.4 shows two examples of beads embedded in a viscoelastic material. In
figure 2.4(a) they are embedded in the intermediate filament network of an extracted
pancreatic cancer cell of the cell line PANC-1. These cells only express keratin 8/18
IFs. The beads are incorporated through phagocytosis. Figure 2.4(b) depicts an
in vitro assembled keratin 8/18 network also including beads. Here the network
grows around the beads and therefore incorporates them. The beads move within
the network due to thermal energy and this can be measured.

To probe macroscopic properties of the network, the included beads have to be
larger than the size of the surrounding structures, here the mesh size, otherwise they
diffuse through meshes and only local responses and steric hindrances are measured.
In figure 2.4 it is seen that in our case the beads are larger than the mesh size.

Additionally, measured samples have to be sufficiently soft in order to be able to
detect the movement of the bead. When the thermal motion of the bead is below
the noise level of the detection method, the MSD can not be determined.

Based on the mean squared displacement, the so-called dynamic shear modulus
G∗(ω) can be obtained. It consists of a real part G′ describing the elastic behaviour
of a viscoelastic material and an imaginary part G′′ characterising the viscous part:

G∗(ω) = G′(ω) + iG′′(ω) (2.11)

G′(ω) is called the storage modulus and G′′(ω) is the loss modulus. The following
chapter describes how these quantities are calculated.
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2.3.1. Theoretical Background

In this section the relation between MSD and dynamic shear modulus is derived.
For this, the forces acting on the beads are considered. There can be collisions
with other beads, thermal forces due to molecular movement around the bead (they
act randomly with a Gaussian distribution), and, as described above, energy stored
within the network because of its elastic component. The stored energy was trans-
ferred to the network in the past. Therefore, a time-dependent memory function is
needed. This allows energy to be stored in the network and to be returned to the
bead at later times. The complete process can be mathematically described by a
generalised Langevin equation:

mv̇(t) = fR(t) −
t∫

0

ζ(t − τ) v(τ) dτ. (2.12)

This equation depicts the forces on a thermal bead of mass m and velocity v(t)
in a complex material. fR(t) includes inter-bead forces and stochastic Brownian
forces. The integral contains the time dependent memory function ζ(t) and the
bead velocity at all previous times to account for the energy stored in the material.

Equation (2.12) is divided by m, multiplied with the velocity at time zero v(0)
and the ensemble average is taken:

〈v̇(t) · v(0)〉 =
1

m
〈fR(t) · v(0)〉
︸ ︷︷ ︸

= 0

−
t∫

0

ζ(t − τ) 〈v(τ) · v(0)〉 dτ. (2.13)

〈fR(t) · v(0)〉 = 0 because causality guarantees that the distribution of random
forces is entirely decoupled from the distribution of velocities.

According to the equipartition theorem it is

〈v(τ) · v(0)〉 =
kBT

m
. (2.14)

Here, kB is the Boltzmann constant and T is the temperature. Equation (2.14)
can be used to simplify equation (2.13). By taking the unilateral Laplace transform
Lu, equations (2.13) and (2.14) lead to

〈ṽ(s) · v(0)〉 =
kBT

ζ̃(s) − ms
, (2.15)

with s being the frequency in the Laplace domain and the tilde denoting quantities
in the Laplace domain.

The mean squared displacement can also be transformed to the Laplace domain:

Lu

[〈

∆~x2(t)
〉]

=
6

s2
〈ṽ(s) · v(0)〉 (2.16)

=
6

s2

kBT

ζ̃(s) − ms
. (2.17)
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The term ms can be neglected because m is very small. For polystyrene beads
with 1µm diameter it is m ≈ 5.5 · 10−13 g. It becomes relevant only for very high
frequencies, but they are not accessible with video microscopy. With this, the
memory function in the Laplace domain can be calculated:

ζ̃(s) =
6kBT

s2 Lu [〈∆~x2(t)〉] . (2.18)

Now the generalized Stokes law (with stick boundary conditions) is used to calcu-
late the bulk viscosity η:

η̃(s) =
ζ̃(s)

6πa
. (2.19)

Equation (2.19) is exact for purely viscous fluids, but only an approximation for
viscoelastic materials. It can be used here when the medium surrounding the beads
can be treated as a continuum. This is the case when the length scale of the structure
around the beads, the mesh size, is much smaller than the radius a.

With equations (2.18) and (2.19) the frequency-dependent form of the generalized
Stokes-Einstein equation (GSE equation), which is the viscoelastic spectrum in the
Laplace domain, can be derived. For this, spheres moving in a purely viscous fluid
are considered. Then it can be shown that the viscoelastic spectrum is linear in s:

G̃(s) = s η̃(s) (2.20)

=
s ζ̃(s)

6πa
(2.21)

=
s

6πa

6kBT

s2 Lu [〈∆~x2(t)〉] (2.22)

=
kBT

πasLu [〈∆~x2(t)〉] . (2.23)

For a freely diffusing particle it is Lu [〈∆~x2(t)〉] = 6D/s2. When this is applied
on equation (2.23), then the standard Stokes-Einstein equation shown in (2.9) is
obtained again.

An analogous derivation in the Fourier domain or, respectively, a transformation
of G̃(s) into the Fourier domain, Fu, leads to the dynamic shear modulus:

G∗(ω) =
kBT

πaiω Fu [〈∆~x2(t)〉] . (2.24)

G∗(ω) determines the stress induced in a material through application of shear
strain at frequencies ω. As described above in equation (2.11), G∗(ω) can be split
into a real and an imaginary part, describing storage and loss modulus (G′(ω) and
G′′(ω)). They are not independent of each other and because of causality they obey
the Kramers-Kronig relations.

Application of this theory on real data involves two problems. First, data ac-
quired from samples is not continuous but has discrete values. And second, only
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a restricted frequency range can be measured, depending on the method used for
data acquisition. Hence, the behaviour of the mean squared displacement is not
known for all times. There are several methods to overcome these problems. The
one used later in this thesis was shown by Mason (2000). He introduced an algebraic
estimation of the transformation. A local power law expansion of 〈∆~x2(t)〉 is done
around a frequency of interest ω and the leading term is retained:

〈

∆~x2(t)
〉

≈
〈

∆~x2(1/ω)
〉

(ωt)α(ω). (2.25)

Here, 〈∆~x2(1/ω)〉 is the magnitude of 〈∆~x2(t)〉 at t = 1/ω and the power law
exponent α(ω) can be written as

α(ω) =
d ln 〈∆~x2(t)〉

d ln t

∣
∣
∣
∣
∣
t=1/ω

. (2.26)

α(ω) describes the logarithmic slope of 〈∆~x2(t)〉 at t = 1/ω. For a purely elastic
medium the MSD is constant, corresponding to α(ω) → 0. If the medium is purely
viscous and the beads diffuse freely, α(ω) approaches one.

According to equation (2.24), the Fourier transform of the mean squared displace-
ment is needed to calculate G∗(ω). It can be approximated with

iω Fu

[〈

∆~x2(t)
〉]

≈
〈

∆~x2(1/ω)
〉

Γ[1 + α(ω)] i−α(ω), (2.27)

with Γ representing the Gamma-function. Substituting equation (2.27) into equa-
tion (2.24) yields

G∗(ω) ≈ kBT

πa 〈∆~x2(1/ω)〉 Γ[1 + α(ω)] i−α(ω)
(2.28)

or

|G∗(ω)| ≈ kBT

πa 〈∆~x2(1/ω)〉 Γ[1 + α(ω)]
(2.29)

With equations (2.11) and (2.29) storage and loss modulus can be calculated.

The Mason method was tested on our results by Paust (2012). He found that
noisy data introduces problems for the local power law fit. The reason is that this
fit is implemented always for two successive points of the MSD. However, due to
noise, the fitted power law does not correspond to the shape of the MSD.

The solution for this is finding a fit that describes the complete MSD. An example
of a suitable function is a stretched exponential:

MSDFit(t) = ec t2 + eb − ea exp
[

−
(

t

et0

)m]

(2.30)

The term ec t2 describes the long term behaviour, when the MSD rises again at
longer times due to movement of the bead to a different mesh (or cage). In our
samples we never see saturation and consecutive increase again. Therefore this
term is not important.
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(a) (b)

Figure 2.5.: (a) Basic design of an inverted microscope as used in our setup (Own
representation based on Drotleff (2011)). (b) Image of polystyrene
beads (1µm diameter) incorporated in a keratin 8/18 network. The
network itself can not be seen, but the beads are resolved and when
measured over time, their trajectories can be traced. Depending on
their position relative to the focus, they appear black or white and
have different apparent radii.

This function has to be Fourier transformed to obtain G∗. However, there is no
analytical solution for

∫∞
−∞ MSDFit(t) e−iωt dt. Therefore, the Mason method with

power law fitting is used to transform MSDFit (instead of the real MSD data). The
fitted function does not include noise and hence the power law fitting provides a
stable method.

2.3.2. Setup for Passive Microrheology Measurements

As already mentioned above, high-speed video microscopy was used to measure the
mean squared displacements of beads embedded in intermediate filament networks.
The basic setup used here is an inverted microscope (see figure 2.5(a)). The light
source is mounted on the top. In our setup a cold light projector (Karl Storz GmbH,
Techno Light 270) was used as light source in the beginning. Later it was replaced
by a LED (OSRAM GmbH) with tunable light intensities. The LED provides higher
intensities and is easy to adjust to an appropriate level. Both light sources supply
stable illumination without large intensity fluctuations.
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Underneath, a condenser (Nikon, 16x, NA = 0.65) is mounted. In the beginning
the light was focused on the sample. Later Köhler illumination was used. Below the
condenser the sample is build in (geometry explained in appendix A.8). It can be
moved up to 50 mm in xy-direction by stepper motors (Owis PS90, LTM 60) and for
fine displacements a piezoelectric table is used in xyz (PI-561-3DD, Physikalische
Instrumente, Controller E-710 - 45 x 45 x 15µm).

The sample is viewed from below with an objective (Nikon, ApoTIRF, oil immer-
sion, 100x, NA = 1.49). By changing the distance between sample and objective,
the focal plane can be adjusted.

For image detection a high-speed camera is used (MotionPro X4, Imaging Solutions
GmbH). Measurements were mainly done with frame rates of 1000 and 5000 Hz. It
is possible to use a maximum of 512 x 512 pixels, corresponding to approximately
50 x 50µm. For the measurements shown later 256 x 256 pixels (25 x 25µm) were
used.

The resolution of the setup is not high enough to image the investigated networks.
Only polystyrene beads, used as probes, can be observed. Videos are recorded in
which beads are automatically detected afterwards by software (section 2.3.3) and
time-dependent trajectories are determined. Figure 2.5(b) shows such a measure-
ment. Beads have different radii and they can be black or white depending on their
position relative to the focus. If they are below the focus they appear black, above
they appear white.

2.3.3. PolyParticleTracker

The software used for particle tracking was published by Rogers et al. (2007) and is
called PolyParticleTracker. It fits a quartic polynomial function (equation (2.31))
that is weighted by a Gaussian (equation (2.32)):

Ifit(x, y) =
i+j=4
∑

i=0,j=0

Pi,j(x − xn)i(y − yn)j, (2.31)

W (x, y) = exp

(

−α
(x − xn)2 + (y − yn)2

R2

)

. (2.32)

Here, I is the intensity, x and y give the position, Pi,j are the coefficients of the
polynomial function, α is the decay constant which is set to 1 to ensure that the
particle itself is weighted and the surroundings are excluded and R is the estimated
radius of the bead. The radius is the distance between the peak position and the
inflection point of the fit. In case of an ellipse there are different distances depending
on the direction. Therefore, the radius is estimated by the geometrical mean of the
four distances on the principal axes.

The quartic function (equation (2.31)) can also be written in matrix notation:

I = P20 x2 + P02 y2 + P11 xy + P10 x + P01 y + P00, (2.33)
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I =
[

x y 1
]






P20 P11/2 P10/2
P11/2 P02 P01/2
P10/2 P01/2 P00











x
y
1




 (2.34)

For an ellipse, the coefficient matrix is positive or negative definite, depending
on whether a maximum or a minimum is fitted, corresponding to black and white
beads. If it is positive definite all principle minors are positive, and in case of a
negative definite matrix, the sign is alternating. Therefore, positive and negative
definite matrices have in common that the second principle minor has to be positive
and the third one is not allowed to be zero. These criteria can be used to check if
really an ellipse or circle is fitted. The second principle minor is calculated as

J = P20P02 − 1

4
P 2

11. (2.35)

Later it will become important to calculate the signal to noise ratio S/N of beads.
J can then be used for calculating the signal of the bead with (Rogers et al., 2008)

S =
√

J · R2. (2.36)

In the Rogers method, the noise is calculated by looking at the standard deviation
of grey levels of the pixel nearest to the fitted peak position over time. The noise is
higher with a higher amount of photons reaching the detector. Therefore, for white
beads the noise on the bead is higher than in the background while for black beads
it is the other way around.

The PolyParticleTracker was used here because of its insensitivity towards the
background of the bead and the possibility of using beads that are close to each other
(as long as they do not overlap) because it can also fit an elliptical function. Other
methods fail when the background is inhomogeneous, as was shown by Cheezum
et al. (2001). Additionally, the Rogers method can also be used for larger beads
that do not represent a point source. This is the case for our beads.

2.3.4. Sources of Errors

When watching the videos with beads moving within a network it seems obvious
where the beads are in which image. However, several sources of error distort the
positions resulting from particle tracking and lead to imprecise MSDs. In general,
it is discerned between static and dynamic errors (Savin and Doyle, 2005).

Static Errors

Static errors originate from noise which is independent of particle movement. They
are random and come from photon counting statistics (for example shot noise). Due
to this noise, grey levels of single pixels fluctuate and this leads to slight shifts of
fits from particle tracking. Therefore, the resulting positions are inaccurate. The
fluctuations lead to a larger apparent motion and therefore to MSDs which are
higher then they should be.
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(a) (b)

Figure 2.6.: (a) Measurements of fixed beads with different light intensities. The
dark image has an average grey level of 30 while the brighter one has
100. All other parameters are kept constant. (b) MSDs resulting from
the measurements shown in (a). The darker image has a worse signal
to noise ratio resulting in a higher offset in the MSD.

This error can be corrected for example with the help of fixed beads. They should
have a zero MSD for all times because they do not move. However, when tracking
such beads, constant MSDs unequal to zero are found. The constant offset depends
on different parameters of the measurement, as for example light intensity or focal
plane. Figure 2.6(a) shows fixed beads measured with different light intensities.
All other parameters are identical. The resulting MSDs are shown in figure 2.6(b).
The darker image (average grey level = 30) with worse signal to noise ratio (SNR)
shows an MSD which is more than one order of magnitude higher than the MSD
calculated from the brighter image (average grey level = 100). Hence, using a higher
illumination intensity decreases the offset caused by noise. However, increasing the
illumination intensity is limited because of detector saturation and the maximum
possible illumination intensity of the light source.

With the help of fixed beads offsets can be determined for specific conditions which
can then be applied to measurements of samples of interest. The constant value of
the fixed bead MSD is subtracted from the sample MSD. As a result an MSD is
obtained that is corrected for static errors.

A more general way to correct for static errors is to determine a master curve
relating the SNR to MSD offsets. Then the SNR can be determined for each mea-
surement, or even for each individual bead, and the corresponding offset can be
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learned from the master curve. This has the advantage that unspecific parameters
as for example the exact calibration of the setup are easier to include. This method
is for instance used in Kowalczyk et al. (2015).

Another method to correct for static errors depends on the assumption that the
MSD for each sample has to be zero at time zero because the bead can not have
moved when no time has passed. However, the shortest time accessible with video
microscopy is the lag time between two images. Therefore, the MSD has to be fitted
and the y-intercept is the wanted offset. The drawback of this method is that it is
unclear how the MSD behaves at times smaller than the ones measured. Hence it
is uncertain whether the obtained offset is correct.

Static errors can also arise from out of focus beads passing by the tracked bead.
This leads to a distortion of the originally round bead. The tracking algorithm
used here (see section 2.3.3) was tested for the case of a bead moving against an
inhomogeneous background and was shown to be unaffected (Rogers et al., 2007).

A more detailed investigation of the dynamic error in our system and different
possibilities for correction is discussed in section 3.4.

Dynamic Error

Another type of error is the dynamic error. It arises from the extended exposure
time during image acquisition (Savin and Doyle, 2005). The recorded bead can move
during this time and this blurs the resulting image. However, the opening time of
the shutter of the camera cannot be reduced to arbitrarily short times because then
not enough photons reach the detector and mechanical and electronic constraints
limit reaction times of the shutter. The faster beads move, the higher the resulting
dynamic error is.

With an infinitely short exposure time (or an immobilised bead) the bead recorded
in the image is round, as it should be. This scenario is depicted in the left case of
figure 2.7 (red). The bead position is determined correctly and the distance over
which the bead moved between two images is also accurate.

If the bead moves during the exposure, it is blurred in the resulting image, as can
be seen in the other cases in figure 2.7. The faster it moves, the more blurred it is.
The position is determined as the recorded intensity weight (centre of mass). It is
therefore different depending on how far the bead moved during exposure.

If the bead moves in the same direction with the same velocity in two consecutive
images (figure 2.7, bright blue), the positions are not correct. However, the distance
∆2 measured between two positions is identical to the correct distance ∆1.

This is not the case if the direction of movement changes. In the dark blue case
the bead apparently moves towards itself in two successive images. Therefore, the
measured distance ∆3 is too small. The green case depicts the opposite scenario,
where the bead moves away from itself. Distance ∆4 is too large.

These considerations can be taken even further when the bead velocity or direction
of motion changes during image acquisition.
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Figure 2.7.: Sketch of blurred beads and its effect on position and distance determi-
nation. The red case shows the optimum scenario. The bead position
is captured precisely due to an infinitely short exposure time. ∆1 is the
correct distance between the two bead positions. In the other cases the
blurring effect is taken into account. This leads to an incorrect position
determination which can result in false distances.

Goulian and Simon (2000) showed that the mean squared displacement resulting
from beads that move during image acquisition is too low. They assumed that the
random trajectory ~x(t) of the bead satisfies 〈(~x(t) − ~x(t′))2〉 = 2dD |t − t′| with d =
2 in two dimensions, as already introduced in equation (2.8). The time difference
for an arbitrary time step is |t′ − t| = k∆t with k = 1 for the shortest time step
(found between two consecutive images). ∆t is divided into n subintervals of length
ε (∆t = nε) to determine all positions ~r(t) within one image:

~r(t) =
1

n

n−1∑

m=0

~x(t + mε). (2.37)

From here, the mean squared displacement can be calculated as

〈

∆~x2(k∆t)
〉

= 2dD ∆t
(

k − 1

3

)

. (2.38)

As a consequence, for two adjacent images (k = 1) it follows a diffusion constant
of D′ = 2/3 D which is lower than it should be. For larger time steps and therefore
larger k the percentage of deviation decreases.

Ritchie et al. (2005) confirmed this effect with simulations and measurements of
beads in confinements. In general, for smaller confinements shorter exposure times
are allowed, to be able to properly resolve the confinement. In case of our samples
higher crosslinker densities lead to smaller confinements. Here it has to be regarded
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that the confinement is not the mesh size (beads are larger than the mesh size in all
networks), but the distance the beads can move through the network. So especially
for highly crosslinked networks it is important to have a low dynamic error. The
impact of the dynamic error in our networks is investigated in detail later in section
3.5.

System Vibrations

The setup used for measuring the bead movement (see section 2.3.2) is placed on
an optical table that dampens vibrations. However, there is still system movement
which is transferred into the sample and leads to additional movement of the beads.
There are mainly two ways to correct this error.

An intuitive approach is to measure fixed beads simultaneously to the beads em-
bedded in the network. Then the movement of the fixed beads, that should be only
due to system movement after correcting for static errors, is subtracted from the
movement of the other beads. The drawback of this method is that fixed beads are
directly above the substrate, while the free beads should be measured away from
the surface to reduce the influence of interface effects (Faxén, 1922). Therefore,
when measuring beads moving within the sample, fixed beads are far out of focus,
if they can be seen at all.

The only way to get both fixed and freely moving beads in focus, is to measure
them separately. However, the system movement is not necessarily the same then.
Thus, the movement of the fixed beads does not represent system movement during
the sample measurement.

Another way to remove system movement is by calculating it from the correlated
movement of sample beads, as started by Crocker et al. (2000). This method is
based on the assumption that external system vibrations induce the same apparent
motion in all beads. Hence, the mean displacement of all beads is calculated for
each time step to get the centre of mass (CoM) trajectory (the mass of all beads is
identical). Then, the mean of the CoM trajectory is subtracted from each time step
of itself to get a fluctuation around zero. This trajectory can then be subtracted
from each trajectory of beads embedded in the sample to correct them for system
movement. This correction method is later referred to as centre of mass correction
(CoM correction).

Unfortunately, it is possible that all beads move in the same direction by chance
and not because of external forces. Especially with a low number of beads this is
likely. Rowlands and So (2013) addressed this problem and derived a correction
factor based on the probability that a known number of beads which undergo a
random walk move in the same direction without external influences. In the further
course of this thesis this factor will be called the Rowlands-So correction factor cRS:

cRS =
n · MSDCoM corrected

n − 1
(2.39)

with n being the number of beads included in the measurement.

Centre of mass correction including the Rowlands-So correction factor will be used
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later for data evaluation. The impact of these two corrections on network MSDs is
investigated more closely in section 3.6.

Evaluations in 2 and 3 Dimensions

To obtain the correct MSD, the bead movement in three dimensions has to be
considered. However, it is not easy to determine the movement in z-direction. The
PolyParticleTracker software uses the bead radius for this. When the bead changes
its z-position, it also changes its apparent radius. This can be seen in figure 2.5(b),
where different beads have different apparent radii even though they are all 1µm
in diameter. There is a certain range where this radius change is related linearly to
the change in z-position. By calibrating the radius change with known z-movement,
it is possible to obtain the three dimensional movement of the bead.

The disadvantages of this method are that the radius determination is very sus-
ceptible to static noise and, even more, that the linear correlation between radius
and distance is small. In most of the samples examined later the movement was
larger than the linearly correlated distance.

These problems are avoided when only the movement in the xy plane is considered.
This is a projection of the real motion and neglects the z-movement. However,
it systematically leads to mean squared displacements that are too low because
the motion in z-direction is discarded. In section 3.7 the problems of z-movement
evaluation are estimated.
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Errors

For data acquisition of passive microrheology measurements, beads moving within
a network are recorded with a high-speed camera. Then the bead movement is
digitalised with the particle tracking software PolyParticleTracker. The bead po-
sitions in each image are used to calculate the mean squared displacement, from
which the dynamic shear modulus can be determined. Each step includes oper-
ations which can introduce errors to the results. This chapter discusses possible
errors through sample preparation and data evaluation, and furthermore methods
for error correction are presented.

3.1. Choice of Beads

An important factor, that influences microrheology results, is the selection of suit-
able beads used as measuring probes. The particles are added to the basic com-
ponents of the assembly before they are mixed. After starting the assembly, the
network grows around the particles and integrates them.

Two particle properties are important. The first one is the particle size. As
already mentioned in chapter 2.3, the beads have to be larger than the mesh size ξ
to measure network properties. To estimate the minimum size which is allowed, a
cubic grid of rigid filaments can be assumed (Schmidt et al. (1989), Pawelzyk et al.
(2014)). Then ξ is calculated according to

ξ =

√

3λ

c
. (3.1)

For keratin 8/18 Pawelzyk et al. (2013) estimated the mesh size ξ at a protein
concentration of c = 0.5 g/l and the mass per unit length λ = 3.16 · 10−11 g/m
(Herrmann et al., 1999) to 435 nm.

Measurements of meshes in SEM images resulted in a mesh size of approximately
200 nm (Leitner, 2011). It is however not known to what extent the drying proce-
dure for these samples influences the mesh size. Additionally, only a 2-dimensional
projection of the 3-dimensional network is seen in these images.

Dynamic light scattering (DLS) measurements do not include drying of the sam-
ple and 3-dimensional networks can be investigated. This was done by Masoud
Amirkhani and it resulted in mesh sizes of about 90 nm (data not published). How-
ever, DLS measurements turned out to be difficult because of huge inhomogeneities
in the network and because the precise viscosity, which is needed for calculation of
the mesh size, is unknown.
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Furthermore, it has to be considered that these values obtained by different meth-
ods are only averages. Due to inhomogeneous networks there are also larger meshes.
Hence, the beads should be chosen in a size large enough to also prevent diffusion
through wide meshes.

On the other side, measurements done with beads with a diameter of 3µm showed
fast sedimentation. In pure keratin networks without crosslinker most of the beads
are already fixed on the surface when the assembly has finished. The rest is sedi-
menting fast instead of staying incorporated within the network.

Therefore, beads of 1µm diameter proved to be the best choice. They are larger
than the mesh size and they also stay incorporated in the network with little to no
sedimentation.

The second important property is the bead material. Microrheology results are
sensitive to interactions between filaments and bead surface. The underlying mi-
crorheology theory assumes no-slip boundary conditions. Experimentally, McGrath
et al. (2000) showed that the surface influences the interactions between bead and
surrounding network. Thus, if the wrong beads are chosen and the network is not
binding, the micro-environment is weakened. Then no network properties can be
recorded, especially at low frequencies. When the crosslinking density is increased,
this does not lead to changes in the MSD. For higher frequencies (> 104 rad/s) this
effect becomes less pronounced.

In previous measurements (Leitner et al. (2012), Paust et al. (2013)) the chosen
material was polystyrene (PS). It was used for passive microrheology measurements
with in vitro assembled K8/18 networks as well as with cell networks and it is also
suitable for active microrheology measurements done with an optical trap. Since
measurements with increasing concentrations of MgCl2 showed a reduction of the
MSD, there seem to be interactions between bead and network. Furthermore, beads
attached to extracted cell networks can not be removed, even when they are not
incorporated within the network. Thus, there are interactions between beads and
network and PS is appropriate for our system. It is however not clear how strong
the interactions are.

In all further measurements uncoated polystyrene beads were used too, to be able
to compare new results with old ones. Comparison of results with macroscopic
measurements of the dynamic shear modulus, for example by shear rheometry, has
to be done carefully.

Additional to the properties of beads themselves, the distance between bead and
substrate is important. The influence was calculated by Faxén (1922) for viscous
fluids. When his formula for the force acting on a bead moving parallel to the
substrate is used with a viscosity of 1.5 mPa s, a bead radius of 500 nm and a bead
velocity of 50µm/s (approximation of a K8/18 network without crosslinker) this
results in forces up to 2.8 pN at small and approximately 700 fN at large distances.
Lowering the bead velocity also lowers the forces, higher network viscosities lead to
larger forces.

The formula of Faxén depends on the distance between bead centre and substrate.
When investigating the distance dependency of the force it is observed that the
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substrate influence is very strong up to a distance of approximately 2.5µm. Hardly
any changes can be seen for distances larger than 9µm. Assuming different values
for bead velocity or network viscosity does not change the shape of the curve.
However, keratin networks are not viscous but viscoelastic and this decreases the
substrate influence.

For measurements of networks the distance between focal plane and substrate was
adjusted with the help of beads fixed on the surface, which were used for focussing,
and a z-piezo for focus adjustment. The focal plane was always set at least 7.5µm
away from the substrate. Since also beads moving out of focus were measured,
the minimum distance between bead centre and substrate was approximately 5µm.
The force difference between 5 and 9µm distance is about 30 fN for viscous fluids
and therefore in a range where the substrate influence can be neglected.

3.2. Biological Influences

Preparation of the network can also have an effect on results. It has to be taken care
that the pH of the buffer is stable because this influences the assembly. The tem-
perature also plays a role, especially for the speed of the assembly process (Martin
et al., 2015). The measurements were always performed in a temperature-controlled
environment of approximately 21 ◦C.

It was tested in more detail how long it takes until there is a stable network,
because the assembly process was not of interest. Additionally, it was tested if the
protein batch effects the results and if DTT plays a role, because earlier samples
were prepared including DTT, which was omitted later on.

3.2.1. Assembly Time

When starting sample preparation, the basic building blocks are dimers and tetra-
mers. They have to anneal laterally and longitudinally to form elongated filaments.
This process needs time. Since the goal of our microrheology measurements is to
obtain the mechanical properties of stable networks, it has to be ensured that the
assembly process has finished before measurements start.

This was done with turbidimetry measurements (Bührdel, 2012), during which the
loss of intensity due to light scattering is determined with an inverted microscope.
This can either be done by measuring the mean grey level with a camera or by
measuring the intensity of a laser (transmitted through the sample) at a photo
diode. It is assumed that the laser does not influence the assembly.

Both techniques were applied and compared. For the method using the camera,
at each time point 100 images were taken within 0.1 s and an average of all images
and all pixels within each image was taken. For the laser method a Nd:YAG laser
with a wavelength of 1064 nm and an intensity of 100 mW was used. The laser was
focused 10µm inside the sample (from below).

Keratin 8/18 networks were prepared at a protein concentration of cK8/18 = 0.5 g/l
without crosslinker, because crosslinkers speed up the assembly. Therefore, pure
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Most likely it is due to sedimentation. A sample with approximately 1 cm height
was prepared for dynamic light scattering (DLS) and measured at different heights
more than 30 min after starting the assembly. It could clearly be seen that the
sample was more dense at the bottom than at the top. The scattering intensity
measured at the upper (less dense) part of the sample was approximately 80% of
the lower part. When measured in the middle of the sample, the results were similar
as in the upper part. Since passive microrheology samples as used here are flatter
(less than 1 mm) and broader, the effect is not as pronounced as for DLS, but can
still be seen. It continues even several hours after starting the assembly.

Networks including 80 mM KCl do not show this effect. There are small fluctua-
tions over time, but no general decrease is visible.

The overall trend shows more sedimentation for more flexible networks. There are
two possible explanations for this. One reason might be that the assembly with salt
results in bigger structures which assemble very fast. They can then also sediment
much faster and the process has already finished after half an hour. It is however
also possible that low MSD values and network inhomogeneity (shown in figure 4.6
for 0 mM and 80 mM KCl) of highly crosslinked samples mask the sedimentation
effect.

3.2.2. Protein Batch

The keratin 8 and 18 monomers used here for network formation are expressed in
bacteria. This results in a limited yield each time new monomers are obtained.
Therefore, new batches have to be produced regularly. To ensure that this does not
introduce variations in the mechanical properties of the resulting networks, different
batches were used and compared.

For the sake of clarity, always the same batch was used for keratin 18 (P262) and
only the keratin 8 batch was varied (P317, P379 and P380). Samples were prepared
at a protein concentration of cK8/18 = 0.5 g/l (without crosslinker) and as many
measurements as possible were performed during one day. Figure 3.3 shows the
results after averaging the MSDs of all beads of the same sample and using centre
of mass correction, Rowlands-So correction, subtracting the static offset and cutting
off the MSD (for a more detailed explanation see later in this chapter).

It can be seen that the resulting MSD curves are approximately the same. Small
variations can always be attributed to inhomogeneous networks and a limited num-
ber of beads per sample. However, the deviations between different batches are in
the same order of magnitude as the deviations between samples prepared in the
same way on different days.

It can be concluded that each time new monomers are produced by bacteria this
leads to the same networks. The protein batch does not influence the results.
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Figure 3.3.: Keratin 8/18 samples (cK8/18 = 0.5 g/l, no crosslinker) were prepared
with different protein batches of K8. The resulting MSDs are approxi-
mately the same. Therefore, it can be concluded that the protein batch
does not influence the results.

3.2.3. Dithiothreitol (DTT)

Dithiothreitol (DTT) is used in protein chemistry to prevent oxidation of sulfhydryl
groups in cysteine residues, which would lead to formation of intramolecular and
intermolecular disulfide bonds. Therefore, it is a common ingredient in buffers used
with proteins. In the beginning it was also a component of the buffers used for
sample preparation of keratin 8/18 networks. However, keratins 8 and 18 do not
include cysteines. Thus, DTT was omitted after some time and samples prepared
later do not include it anymore.

Due to the absence of cysteines in keratin 8 and 18, this omission of DTT should
not change the mechanical properties of the network. However, to be sure that this
is the case, it was tested. Figure 3.4 shows the resulting MSDs of networks prepared
with (bright blue) and without (dark blue) DTT. Always the keratin concentration
was cK8/18 = 0.5 g/l and no crosslinkers were used. There are slight variations, but
they can again be explained with the inhomogeneity of the network.

Hence, it can be inferred that DTT does not affect the mechanical properties of
keratin 8/18 networks. It does not matter if it is used for sample preparation. This
is important because of measurements with plectin. Plectin comprises cysteines and
therefore DTT has to be used when plectin is also included in the samples.
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Figure 3.5.: Influence of long-time sample illumination on network properties. Each
shown point is the average of three to six beads. No general trend can
be seen when the same position is illuminated for longer times.

include three measurements, do not even show the same behaviour in between the
two time gaps. Therefore, the network is not altered by illuminating the same
sample position for longer times. The different MSDs can be explained with the
very flexible network. It changes between two consecutive measurements. It can not
even be recognized if the same beads are measured twice. Only the same position
can be ensured.

Therefore, additionally a sample with strong crosslinking was tested (data set 5).
Here the beads are trapped at one position and can only fluctuate around the same
spot. Thus almost the same scenario can be measured twice. Due to the crosslinker
the MSD is lower then for the other data sets. The interesting fact is though that
the MSD between the two measurements does not change. The illumination does
not influence the sample.

3.4. Static Errors

Besides uncertainties in sample preparation, there can also be inaccuracies due to
the set-up, measurements and evaluation. As already discussed in section 2.3.4, one
problem is the static error originating from noise, which in turn depends on the
exact parameters and settings used during measurements.

Static errors lead to an offset in the MSD. It appears to be higher than it should
be. The error is constant for all time steps τ and can be subtracted from the
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of such a fit. The data points in blue are approximately linear. The used fitting
function (black) is

MSDFit 1(t) = 4Dt + 2σ2. (3.2)

The first term corresponds to diffusion in a purely viscous fluid in two dimensions
with D being the diffusion coefficient. The second term describes the offset coming
from a normalised standard deviation and it corresponds to the static error. Linear
fitting of the first five points of the MSD works very well, as indicated by the R2 of
0.999979 in the example shown in figure 3.6.

By fitting the parameters D and σ are obtained and with them the y-intercept
MSDFit 1(0) can be calculated. The example shown in figure 3.6 results in MSDFit 1(0)
= 151 nm2. This value can then be used for subtraction from every point of the
MSD.

The advantage of this method is that the offset of each measurement can be deter-
mined separately without knowing anything about the precise settings used during
measurements. However, the disadvantage of linear fitting is that intermediate fil-
ament networks are no purely viscous fluids. According to Wirtz (2009), on short
time scales the bead movement is influenced by fast lateral bending fluctuations of
the filaments. Theoretically, this results in a t3/4 power law. The exact power law
exponent depends on the sample type and is not known here. Thus, fitting a linear
function only results in an approximate offset. Due to the slope of the linear fit
compared to for example t3/4, the obtained offset value should slightly overestimate
the real offset.

An alternative way is to fit a function which describes the shape of the complete
MSD. As already mentioned in section 2.3.1, this can be done with a stretched
exponential (equation (2.30)). The linear drift term is neglected:

MSDFit 2(t) = ea −eb exp
[

−
(

t

ec

)m]

. (3.3)

a, b, c and m are fitting coeffients. The curve is weighted with 1/t because the
curve shape at short times is more important than at long times.

Figure 3.7 shows the result of such a fit when using the same data set as in figure
3.6. The data is described well by the fit, as indicated by R2 = 0.999793. There are
a few small fluctuations around the fit, however, at short time scales this can not
be seen.

To have a closer look at short time scales, the results are plotted logarithmically.
Figure 3.8 shows two data sets with logarithmic plotting, with the blue graph (data
set 2) corresponding to the same data as shown in figure 3.7. It can be seen that the
two fits in figure 3.8 under- and overestimate the real data, resulting in incorrect
y-intercepts. Consequently, the offset of the blue graph, MSDFit 2(0) = 348 nm2, is
larger than for the linear fit. Furthermore, the offset of data set 1 (figure 3.8) is
lower than for data set 2, even though the shape of the original MSD curves predicts
the opposite result.
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Figure 3.7.: Stretched exponential fit (equation (3.3), weighted with 1/t) of the
complete MSD for offset correction. The fit describes the general be-
haviour of the data at all time scales. The calculated y-intercept is
MSDFit 2(0) = 348 nm2.

For better assessment, the offsets obtained with both fitting methods are compared
with each other and with offsets determined by fixed bead measurements (for further
details on fixed beads see next section). Table 3.1 shows the offsets determined with
all three methods for ten different measurements with keratin 8/18 networks. No
errors are given. The offsets obtained by linear fitting result from a very good fit
and thus the errors are very small. The main problem arises from the low validity
of the linear fit which can not be put into numbers. The fixed bead offsets are
calculated from measurements including five to ten beads and that number is too
low for giving a statistical error. A general estimation of the error in fixed bead
measurements is done in section 3.4.2 (reproducibility).

Measurement 3 in table 3.1 corresponds to the red data set in figure 3.8, measure-
ment 4 to the blue data set. From the shape of the curves it is expected that the
red graph has a higher offset than the blue one. This is confirmed by the offsets
determined with fixed beads and linear fitting, while the stretched exponential fits
contradict with this. This is a hint that the stretched exponential fitting method is
inappropriate for offset determination.

Furthermore, the offsets of the stretched exponential fit are sometimes negative.
This can be explained by underestimation of the data by the fit at short time
scales. However, negative mean squared displacements are physically unreasonable.
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This shows that these fitting errors can not be neglected and fitting of stretched
exponentials can not be used to determine offsets.

Offsets determined by linear fitting are always positive. This makes sense because
the offset value is overestimated anyway. The MSD is not decreasing linearly to-
wards zero, but with τα with α 6= 1. Compared to fixed bead offsets, the linear
fit offset is larger most of the time. The reason why it is not always larger can be
explained with the problem to reproduce fixed bead measurements. This will be
discussed in more detail in section 3.4.2.

For the fixed bead measurements it can also be seen that some measurements have
the same offset. This is due to the fact that fixed bead offsets are determined by
reproducing the same parameter settings as used for the real measurements. Hence,
when two measurements were done at the same parameter setting, the same offset
measurement applies. The offset was only determined once.

In general it can be concluded that the possibility of fitting a stretched exponential
to the MSD can be discarded. Linear fitting to the first five data points gives an
estimate of the offset, but the result is imprecise.

3.4.2. Offset Determination with Fixed Beads

Due to the problems with fitting, all further evaluations are done with fixed beads.
The beads are brought in so-called bath solution (140 mM NaCl, 5 mM KCl, 1 mM
MgCl2, 2 mM CaCl2, 5 mM glucose, 10 mM HEPES, pH 7.4). The sample is pre-
pared the evening before measuring, so all beads sediment on the surface of the glass
cover slip (sample chamber prepared according to appendix A.8). The bath solution
introduces electrostatic forces sticking the polystyrene beads to the substrate.

These fixed beads are measured with high-speed video microscopy (see section
2.3.2), tracked and the mean squared displacement is calculated. Fixed bead mea-
surements for offset correction include approximately five to ten beads, except for
correcting cell measurements. In this case approximately 100 beads are used because
the sample MSD is very low and therefore erroneous offsets lead to large deviations
in the MSD. All beads representing the same offset are averaged.

Centre of mass correction is used on the trajectories to correct for system vibra-
tions. Otherwise, distinct oscillations can be seen in the MSD because of its low
magnitude. Only the first 1/4 of the MSD is used because of insufficient statistics
at the end. These corrections result in a constant MSD with small fluctuations.
It is averaged over all times to account for these small fluctuations. The obtained
value is the offset of the considered measurement.

Different parameters can be set for measurements. Besides direct setup adjust-
ments, the most important parameters are the illumination intensity, the gain and
the position of the bead compared to the focal plane. Their effect on the offset is
investigated in more detail.
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Grey Level

The parameter examined first is the illumination intensity. This is done by deter-
mination of the average grey level (GL) of the image. As long as there are only a
few beads in the image, this does not influence the average grey level significantly.
The effect of a spatially irregular illumination is more pronounced. Therefore, it is
important to adjust the setup well.

Before checking the influence of the grey level on the MSD, the stability of the
illumination intensity is analysed. Figure 3.9 shows the temporal distribution of the
grey level at different illumination intensities for measurements without beads. In
the live display they are set to approximate grey levels of 40, 50, 60 and 78. For
all measurements gain 1, exposure time 197µs and frame rate 5000 Hz was used.
The first 5 images are not shown because they are always darker than the rest. For
example at grey level 40, the first image has an average grey level of 1.3. When
looking at figure 3.9, it can be seen that image 6 should also be neglected. Especially
at grey level 78 the first value is still too low. The first five images are also neglected
when tracking real measurements.

For all four intensities fluctuations can be seen. They always span approximately
a grey level of one. Thus, the magnitude of fluctuations does not depend on the
illumination intensity. Moreover, due to these fluctuations it is not possible to adjust
the illumination to a specific value.

Besides, it attracts attention that the grey level adjusted according to the live
display is different from the one measured later. For example the grey level of the
measurement adjusted to 40 fluctuates approximately around 37.5. This is due to
the gain and is discussed later in this section.

In figure 3.10 the power spectral density of the grey level fluctuations is shown.
This was done to check if there is a regularity in the fluctuations which could be
corrected for. As can be seen, there are some peaks, but they are small and at
different positions for each measurement. This indicates that there are no regular
patterns similar in each measurement. In general, the fluctuations seem to be
random.

It can be concluded that there are fluctuations in the grey level, but they can not
be corrected for. However, they are small and should not have a detectable influence
on MSDs. As can be seen next when discussing the influence of the grey level on
the MSD in more detail, a grey level difference of 1 does not change the offset as
long as the basic grey level is sufficiently high.

The influence of the illumination intensity on the MSD is tested with the help
of fixed beads. The beads are measured at different grey levels, while all other
parameters are kept constant (gain 0 or 1, exposure time 197µs, frame rate 5000 Hz
and the beads are 0.5µm out of focus; for further discussion of these parameters
see the following sections). This is repeated several times on different days and the
offset values of the MSDs are calculated as explained at the beginning of section
3.4.2. All beads included in one measurement are averaged and the error bars
give the maximum and minimum offset of all beads included in the measurement.
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Figure 3.9.: Temporal distribution of background grey levels (gain 1, exposure time
197µs and frame rate 5000 Hz). Fluctuations of approximately 1 in
grey level can be seen over time. This is independent of the illumination
intensity.
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Figure 3.10.: Power spectral density (PSD) of the temporal distribution of the back-
ground grey levels shown in figure 3.9. Some small peaks can be ob-
served, but they are small and at different positions for each measure-
ment. In general, the fluctuations seem to be random.
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Figure 3.11.: MSD offset depending on the grey level. The error bars give the small-
est and largest single bead MSD measured within each measurement.
When the grey level increases, the resulting offset decreases for some
time and than levels off. This behaviour is reproducible.

Only apparently black beads are used. Figure 3.11 shows the results of four such
measurements (different colours).

All graphs display the same trend. When the background grey level increases,
the offset decreases first and then levels off. For grey levels larger than 70, the
offsets hardly show any grey level dependency. When measuring in this regime, the
fluctuations shown in figure 3.9 do not matter any more.

It is also interesting to note that in all four series of measurements the value at
grey level 60 does not fit. Data set 4 shows additional measurements at the grey
levels 55 and 65, whereof the offset at 55 is also higher than expected. This has to
be a result of a higher signal to noise ratio. After this was seen, measurements in
this grey level range were avoided.

Measurements performed later during the time of the thesis were done at grey level
78. In this regime grey level changes result in only small offset changes. Therefore
it is not as critical to adjust the grey level as it is for lower values. Additionally,
the chosen grey level should always be accessible, so that all measurements can
be done at the same grey level. When there are a lot of beads in the sample and
especially with the old light source (cold light projector) it is difficult to achieve good
illumination. Grey level 78 was approximately the maximum that could always be
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Figure 3.12.: MSD offset depending on the gain. For all three data sets the gain
was varied while the other parameters were kept constant. The offset
is always increasing for increasing gains. The increase is larger when
the basic offset is larger. The error bars give the smallest and largest
single bead MSD measured within each measurement.

reached. Furthermore, the illumination shouldn’t be too high because then detector
saturation becomes a problem, especially for white beads. This leads to problems
with tracking, because the fitting procedure of Rogers et al. (2007) does not work
any more.

Gain

Another parameter, which can be adjusted in the software, is the gain. It enhances
the signal, but it also enhances the noise. Therefore it is to be expected that higher
gains lead to higher offsets. In the camera software (basic Matlab code supplied by
Imaging Solutions GmbH, adjusted by Tobias Paust) the gain can be set to 0, 1 and
2, where 2 is the largest amplification.

Figure 3.12 shows three data sets where only the gain was changed within one
data set. All three were measured at a frame rate of 5000 Hz and a exposure time
of 197µs, but with different grey levels (32, 37 and 78). As expected, the offset
is higher for lower grey levels. For all three data sets the offset increases with
increasing gain. Consequently, the gain has to be considered when the offset is
determined and, if possible, gain 0 should be used for lowest possible offsets.
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Gain Grey Level Live Grey Level of Saved Image
0 32 29.8
1 32 28.7
2 32 25.8
0 78 76.6
1 78 75.5
2 78 72.9
0 101 91.5
1 101 86.7

Table 3.2.: Effect of the gain on the grey level. The grey level shown in the live
display of the camera software is compared with the grey level measured
in the saved images. The discrepancy increases for higher gains and at
higher grey levels.

Another reason for using gain 0 is the influence of the gain on the grey level. To
check this, images were taken at different gains with the same grey level given in
the live display. The mean grey level of the saved images is measured and compared
to the grey level given live in the camera software.

It can be seen in table 3.2 that the grey level measured in the saved images is
always lower than the grey level given live. For higher gains this effect becomes
stronger. For example at the live grey level 32, the difference between live and
saved at gain 0 is 2.2, while it is 6.2 between live and saved at gain 2. At grey
level 101 it happens the same. However, here the difference between live and saved
values at gain 0 is 9.5. Hence, the higher the grey level, the stronger this effect is.

Therefore, gain 0 should be used. At a live grey level of 78, which is used for most
measurements, the difference between live grey level and the grey level measured
in the saved image at gain 0 is 1.4. This is hardly more than the fluctuation range
seen in figure 3.9. Furthermore, at grey level 78 the offset graph shown in figure
3.11 is already in the almost constant regime and grey level changes of 1.4 hardly
result in differences in the offset.

For measurements done after noticing that there is an offset in the MSD caused by
different parameters, this effect is no problem. The live grey levels were noted and
offset measurements were done at the same live level. However, for older measure-
ments this was not the case. The grey levels of saved images can still be checked,
but they cannot be used as live values, because for this they are too low and will
therefore result in offsets which are too high.

In the end it has to be inferred that offsets which were determined with fixed
beads for old measurements (where the gain was not written down and the grey
level can only be determined from saved images) are not precise, even though they
should be in the correct order of magnitude. For newer measurements, where all
live parameters were noted, fixed bead offsets should give good results.
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Figure 3.13.: Beads in different focal planes are shown in the insets (left: in focus,
right: 2µm above focus). When black beads are in focus, the slopes in
the grey level plot drawn across the centre of the bead (upper graphs)
are highest and therefore the derivative (lower graphs) has the largest
maximum. This can be used to determine the focal plane. When
beads are above the focal plane, they become white. This results in a
pronounced peak in the grey level plot and very large maxima in the
derivative.

Focal Plane

The z-position of a bead relative to the focal plane affects its apparent radius and
its grey level. In this section it is shown that this has an influence on the static error
and thus on the MSD. Before, a method to determine the focal plane is explained.

If a bead is in or below the focal plane, it is seen as Airy disk with a black maximum
and a white rim. The left case in figure 3.13 shows a bead which is almost in focus.
The image of the bead as well as the grey level plot across its centre show a black
main part and a white rim. The further the bead moves out of focus, the broader
and flatter this maximum gets and the white rim becomes less distinct. The right
part of figure 3.13 shows a bead which is 2µm above focus. It is white on the inside
with a pronounced black rim. For white beads there is much less diameter change
than for black beads. They mainly blur more and more when the distance to the
focal plane increases.

The grey level behaviour along a line across the centre of the bead can be used to
determine the focal plane. It is normalized on the average grey level of the image,
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Figure 3.14.: Beads in different positions compared to the focal plane lead to differ-
ent maxima of the derivative. These maxima are plotted here. When
the bead is in focus, it is at z = 0µm. With this method the focal
plane can be found.

to be able to compare measurements at different illumination intensities.

As already mentioned, black beads further out of focus get broader. This also
results in less steep slopes in the transition areas of the grey level plot. The deriva-
tive of the grey level plot is taken by considering the slope between two consecutive
points. The slope is highest in the two transition areas. Therefore, the derivative
has a minimum and a maximum at these positions. The steeper this transition
is, corresponding to beads that are more in focus, the higher the maximum of the
derivative. Hence, when the bead is in focus, the derivative is at a maximum.

This procedure can be applied on a live image. In this approach we focus on
fixed beads with 1µm diameter and therefore the focal plane is 0.5µm above the
substrate.

The z-position can be changed with the help of a piezo. This was done in steps
of 0.1µm and the time average maximum was recorded for each position. Figure
3.14 shows the resulting plot. Low z-positions of the piezo correspond to black
beads far out of focus. Here, the derivative is low. When elevating the position, the
derivative first increases slowly, until approximately -0.6µm. Then there is a peak
at z-position 0µm. At z ≈ 1.4µm there is a second peak. The lower peak at 0µm
corresponds to the transition from black to white and therefore to the focal plane.

Now, the offset is calculated again from the averaged mean squared displacement
of fixed beads. Figure 3.15 shows three measurements, where the distance to the
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Figure 3.15.: MSD offset depending on the focal plain. The error bars give the
smallest and largest MSD measured within each measurement. Beads
close to the focal plane have a low offset. When the distance increases,
the offset also increases. From approximately a distance of 1µm on
the offset stays constant.

focal plane was changed systematically. The offset is lowest when the beads are in
focus. Then it increases until the distance to the focus is approximately 1µm. If
the defocus is increased further, the offset stays more or less constant.

Within real measurements the beads move and therefore change their distance to
the focus. Thus, the offset changes during measurements, especially for soft samples
where the beads move a lot. To correct for this, the distance has to be known for
each image. Theoretically this can be done. Before the measurement it can be
focused on beads on the surface and than one can move inside the sample with a
piezo. Then the focal plane is known. The PolyParticleTracker can calculate the
z-position with the help of the apparent radius of the diffraction pattern of the
beads (see sections 2.3.4 and 3.7). However, as will be seen later in this chapter,
this method is prone to errors.

Therefore, the offset change due to bead movement in z-direction during one mea-
surement has to be neglected, because it can not be determined accurately. However,
it has to be kept in mind that the offset calculated with fixed bead measurements
might be not precise. The offset values for specific measurements are all determined
with fixed beads which are 0.5µm out of focus.
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offsets 6 and 7 and they were done at the same day and at the same position.

One problem could be that beads can move a little bit. They are fixed at the
substrate, but the contact area is small. Therefore, the beads can slightly wiggle.

In total, the offset deviation probably determines the limit of the system. With
a pixel size of approximately 100 nm and a noisy system, it can be easily imagined
that it is difficult to determine differences of 5 nm2.

The parameter setting used here for checking the reproducibility was the same as
used most often for measurements (after starting to specifically use certain parame-
ters). The overall mean offset is 23.4 nm2 and the range of mean offsets of different
measurements goes from 18.2 nm2 to 30.5 nm2. On the other side, the lowest MSD
value (at the shortest time interval) of water is approximately 1000 nm2. Thus, it
does not make a big difference which offset value is subtracted. For keratin net-
works without crosslinker, the MSD at the beginning is hardly lower than water.
However, the stiffer the network gets, for example by adding salt, the lower the
starting value of the MSD becomes. The starting values when measuring extracted
cell networks are usually below 100 nm2. Therefore, subtracting the wrong offset
can lead to significant deviations in the MSD, especially at lower times. Therefore,
offsets determined for cell measurements were calculated by averaging over many
fixed bead measurements.

3.4.3. Signal to Noise Ratio

As could be seen till now, several parameters influence errors due to noise. There-
fore, for each measurement the exact settings have to be known and fixed bead
measurements have to be done to correct for the offset. However, no attention was
paid to this offset problem during early measurements and some parameters were
not written down. Therefore it is hard to reproduce the offset with fixed bead
measurements and the reliability of the results is not known.

Additionally, the offset measurements were done much later than the measure-
ments on samples and in between the setup was improved several times. This
results in lower offsets than during the original measurements. This effect can not
be reconstructed at all.

Therefore, a more general method, that can be used on measurements without
previous knowledge of special parameters, is helpful. The most common way (see
for example Kowalczyk et al. (2015)) is to determine the signal to noise ratio (SNR)
of each individual bead in each measurement. It represents the complete noise, no
matter where it originates from.

There are different methods to calculate the signal to noise ratio. We tested two
approaches and compared them. For testing fixed beads were used to exclude z-
movement. The signal to noise ratio was determined for each image and for each
bead. All ratios determined for the same bead were averaged over all images. This
gives an average SNR for each bead.

An advantage of this, compared to common fixed bead measurements as explained
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previously, is that inhomogeneous illumination is no problem. The offset for beads
in brighter areas is different from beads at worse illumination because no averaging
over all beads within the image is done.

A disadvantage of this method arises from beads at different distances to the focal
plane, which give different SNRs. This does not matter for fixed beads, but in real
measurements it is an important point leading to different SNRs for different beads.
Bead movement in z-direction during one measurement is averaged.

By relating the SNR and the MSD offset of fixed beads, a master curve can be
found by fitting with an appropriate function. Later the SNR of real measurements
is determined and the offset of this measurement, that has to be subtracted from
the MSD, can be calculated from the master curve.

The first method is based on the PolyParticleTracker software implemented by S.
S. Rogers and was already explained in section 2.3.3. The signal is calculated by
S =

√
J · R2, with R being the particle radius and J the second principle minor of

the intensity, as defined in equation (2.35).

The noise can either be calculated by the grey level distribution of all background
pixels within one image, or by choosing one pixel that is used to determine the grey
level distribution over time. In the second case either a pixel on the background or
a pixel on the bead can be used, but it should always be the same case.

However, automatically finding background positions is not straight forward. One
way is to use a grey level threshold. This is however very time-consuming for
evaluations and for severely inhomogeneous illumination it might fail. Another
approach is to take the bead positions known from tracking and the bead radius. So
these areas can be excluded from background, ideally with some additional margin
to account for diffraction fringes. However, it is not correct to assume that there
is nothing else in the image. There can be beads where tracking failed or there
might be dirt. Thus, the known position of some beads cannot be used to find
unambiguous background positions.

This implies that it would be best to use the centre pixel of the beads to determine
the noise over time. The centre position is known from tracking. When the bead
moves, the centre pixel also moves. However, this centre pixel method also intro-
duces a problem for our measurements. In general, the noise is higher at brighter
areas. It scales with the square root of counted photons. When for example flu-
orescent particles are investigated, the bead is brighter than the background and
therefore the noise on the bead is higher than on the background. This gives a
consistent way to determine noise. However, in bright-field microscopy, as in our
case, there are differences if the beads are above or below the focus. The beads
are either black or white and due to photon counting, black beads have less noise.
Additionally, white beads sometimes have the problem that the grey level saturates
(at 255) and therefore no noise at all can be detected.

Additionally, this method has the disadvantage that the z-movement in real mea-
surements introduces errors, since the grey level does not only change due to noise,
but also because beads moving further away from the focus become brighter.

Since determination of the background noise is difficult to accomplish, the noise
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Figure 3.17.: Signal to noise ratio calculated according to Rogers. No general trend
can be seen. The result can not be used as master curve.

is determined at the bead centre over time, as proposed by Rogers et al. (2008). It
is tested with fixed beads where the z-movement does not introduce problems. The
signal to noise ratio is calculated as time average for each bead and related to the
MSD of the respective bead. Both black and white beads are used.

The resulting curve relating the SNR and the offset of the MSD is shown in figure
3.17. Most beads show a signal to noise ratio between 0 and 50 and MSD offsets
up to 1000 nm2. No trend and hence no master curve can be found.

Since the Rogers method is not working, another method is tested as well. Here,
the most straight forward way to determine the signal is used: the intensity differ-
ence between the grey level of the background (here the mean grey level) and at the
centre position of the bead is calculated.

For noise calculation and determination of the mean grey level, the complete image
is used, including positions with beads or dirt. A grey level distribution is created.
This distribution has a main peak coming from the real background and a shoulder
on each side coming from black and white beads and dirt. The background shows
statistical noise, coming for example from the shot noise of the camera, that can be
described with a Gaussian distribution. As our test measurements were done with
fixed beads that are either black or white but not mixed, this shoulder can be either
on the left or the right side of the main peak, but not on both sides.

Since the shoulders were usually not very pronounced, a two Gaussian fit failed to
give the peak positions of the main peak and the shoulder and wasn’t stable. There-
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3. Data Evaluation and Sources of Errors

fore, only one Gaussian (see equation (3.4)) was fitted to describe the background
noise. This fit is almost as good as the double Gaussian fit, it is reproducible and
also faster. Fitting the grey level histogram of one exemplary image gave an R2

(adjusted for the number of fitting parameters) of 0.994 for the single Gaussian and
for the double Gaussian it was 0.998. The mean grey level of the image was 69.31,
the single Gaussian peaked at 69.41 and the two Gaussian peaks were at 69.97 and
68.73. Thus, both peaks of the double Gaussian fit describe the main peak instead
of main peak and shoulder.

fGaussian(x) = a1 · exp



−
(

x − b1

c1

)2


 (3.4)

The noise is given by the variance c2
1 of the fit and b1, giving the median of the

peak, represents the mean grey level. The signal is the grey level at the pixel closest
to peak position of the bead, corresponding to the intensity of the bead, minus the
background grey level b1.

The advantage of this method is that the z-movement of beads in soft networks
does not falsify the noise in the way the Rogers method does. Instead, it changes the
SNR over time because S includes the grey level at the centre position of the bead.
Additionally, inhomogeneous illumination is still problematic, because the mean
background determined with the entire image is used instead of the background
directly around the bead and it distorts the Gaussian which impairs fitting.

Again the SNR is related to the MSD offset and this time a master curve can be
computed. Figure 3.18 shows the result of this method, when used on the same data
set as with Rogers’ method. The data is shown with linear as well as logarithmic
scaling. This time a trend is clearly visible. For a low signal to noise ratio a very
high offset is found. It decreases until SNR ≈ 30 and then remains constant at
approximately 5 nm2. According to Kowalczyk et al. (2015) the behaviour can be
described with a power law of the form

f(x) = a · x−b. (3.5)

This can be seen very well by plotting the data logarithmically, where a linear
behaviour is observed.

The fit can now be used as a master curve for measurements. For this, the SNR
is calculated for each bead in each image, then the SNRs of each bead in all images
are averaged and these averages are related to an offset with the help of the master
curve. The average offset is subtracted from the MSD of the respective bead.

The quality of the fit to determine the master curve gives a measure for the validity
of the offset. For larger SNR, the difference between fit and data is only a few nm2

and thus the offset is very precise. For low SNRs this is however not the case.
Some data points are several hundred nm2 away from the fit. Therefore, the offsets
obtained in this SNR regime are prone to errors.

This method is now used on several data sets and compared to offsets determined
with fixed bead measurements. Table 3.3 shows the results of the different mea-
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Figure 3.18.: Signal to noise ratio calculated with a Gaussian fit of the background.
A power law behaviour is shown that is fitted with equation (3.5). The
fit is then used as a master curve to correct measurements for static
offsets.
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3. Data Evaluation and Sources of Errors

Data Set Offset Fixed Beads / nm2 Offset SNR / nm2

1 646 661
2 860 734
3 860 744
4 134 291
5 323 135
6 134 135
7 279 93
8 71 43
9 116 91
10 22 66

Table 3.3.: Comparison of the static offset determined with fixed beads and calcu-
lated with a SNR master curve. All measurements were performed on
keratin 8/18 networks without crosslinker at a frame rate of 5000 Hz.
However, different parameter settings were used and between the mea-
surement of data set 1 and 10 more than three years passed. Therefore,
also the setup itself changed due to improvements. In general it can be
said, that the static offsets from fixed beads are similar to those deter-
mined with the signal to noise ratio.

surements, that were all done on keratin 8/18 networks without crosslinker at a
frame rate of 5000 Hz. The parameter settings were different for most measure-
ments. Lower data set numbers indicate that the measurements were performed
earlier. Between data set 1 and 10 more than three years passed.

It can be seen that in most cases the offsets determined with both methods are
quite similar. The offset of data set 6 is almost identical for both methods. The
largest deviations can be found for data sets 5 and 7.

As can be seen at the same offset value determined from fixed bead measurements,
data sets 2 and 3 were done with the same settings and additionally they were
done at the same day. The SNR offset is not the same as for fixed beads, but
the two SNR offsets are very similar, which makes sense, because the setup was
not changed between measurements. The offset determined with the SNR is more
trustworthy, because the parameters were not written down for these measurements
and were only guessed to determine fixed bead offsets. Furthermore, the setup
changed significantly between real and fixed bead measurements.

Data sets 4 and 6 were also done with the same settings, but not on the same
day. Here, again the fixed bead offsets are identical because they come from the
same measurement, while there is a large deviation for the offsets determined with
the SNR. This can either be because the setup was adjusted worse or because on
average the beads were further out of focus. As could be seen in section 3.4.2, the
focal plane plays an important role in the offset. However, fixed bead measurements
to determine the static offset were always done 0.5µm out of focus.

It is also interesting to note that the offsets for data set 1 - 3 are much higher
than for the later measurements. This can be explained with the light source. As
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mentioned in section 2.3.2, the light source was changed from a cold light projector
to a tunable LED. This was done between data set 3 and 4. Higher illumination
intensities and therefore higher grey levels were provided. This reduces the offset
as can be seen in figure 3.11.

Another interesting offset is shown for data set 10. This measurement was done
with a very good setup that resulted, as expected, in a very low fixed bead offset.
The offset determined with the signal to noise ratio is higher. This is a behaviour
which can be seen for almost all measurements with low fixed bead offsets. Espe-
cially for measurements with stiff networks this becomes problematic because the
SNR offsets are higher than the MSD. After subtraction this results in negative
MSDs, which is physically unreasonable. It could not be found, why these problems
arise especially for measurements with a very good setup.

Concluding, it can be said that the advantage of this method is that no measure-
ment parameters have to be known and thus it can be applied on all measurements.
On the other side, the results are influenced by z-movement and inhomogeneous il-
lumination. Furthermore, only few points determine the shape of the master curve
at low SNR, but they have a huge impact on the offset of the corresponding MSDs.
Additionally, the deviation of single SNR measurements to the master curve can be
several 100 nm2. Thus the inaccuracy of the results is large.

In the end both offset methods, fixed beads and SNR, were used. For older mea-
surements, with unknown measurement parameters, offsets were determined with
the help of the signal to noise ratio. Newer measurements, that were mainly done
with the same parameters, were corrected with fixed bead offsets. Measurements
that were compared to each other, were always corrected with the same method.

3.5. Dynamic Error

In section 2.3.4 it was already discussed that movement of the bead during image
acquisition results in erroneous position determination and thus in an offset that
lowers the MSD. Depending on the relative direction of motion in two consecutive
images, the measured distance between two positions might be too small or too
large.

Since the movement, and especially the change in direction, is hard to reproduce
in a controlled manner, another quantity is used to estimate the relevance of the
introduced error: the shape of the bead in the image. A fixed bead should be a
perfect circle. When the bead is moved, its image elongates. The faster it moves
and the longer the exposure time is, the more elongated the bead becomes. A
measure for this, that is automatically given by the PolyParticleTracker software,
is the eccentricity e of the bead. It is calculated by

e =

√

1 − a2

b2
(3.6)

with a and b being the two semi-axis of the bead image. If a = b, implying a
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Velocity / µm s−1 Exposure Time / µs e x
0 997 0.191 0.982
0 997 0.198 0.980
50 997 0.211 0.977
50 200 0.182 0.983
300 997 0.178 0.984
300 500 0.194 0.981
300 200 0.187 0.982

Table 3.4.: Eccentricity e and ratio x between two half axes of bead images. Mea-
surements were done with different bead velocities and different exposure
times. Both parameters were varied in a range typical for measurements
of keratin 8/18 networks without crosslinker. No trend can be seen due
to these parameters. The order of magnitude of the error due to static
noise can be estimated from the difference between the first two mea-
surements, where fixed beads were measured with the same settings.

perfect circle, then e = 0. For lines it is e = 1. As a consequence, the ratio x
between the two semi-axis is

x =
a

b
=

√
1 − e2. (3.7)

Here, a perfect circle has x = 1. Elongation of the bead image leads to decreasing
values when a < b.

For testing, it was first determined how fast beads can move within a keratin 8/18
network. The fastest beads can be found in networks without crosslinking. The
maximum velocities found were around 300µm/s (measured between two consecu-
tive images). The average velocity was approximately 50µm/s.

To determine the eccentricity, fixed beads were measured. They were first mea-
sured at rest and then they were moved with a piezo stage in a triangular way. The
eccentricity was taken at images in the middle between two turning points, so no
acceleration effects of the piezo stage play a role.

Table 3.4 shows the eccentricities and resulting ratios between the semi-axes of the
bead image. The first thing that can be seen is that even for fixed beads (velocity
= 0µm/s) the images are not completely round. x is close but not equal to 1. This
can be explained by setup adjustments. The optics are adjusted by hand and it is
decided by eye if the alignment is good. Deformations in this order of magnitude
can not be seen by eye.

Additionally, there are fluctuations in the eccentricity due to noise. However,
they are very small as can be seen by comparing two fixed beads from the same
measurement. The first two values of table 3.4 have very similar e and x. The
difference between two fixed beads measured with the same parameters can be used
as a measure for the magnitude of the error.

When the beads are moved, faster movements and longer exposure times should
lead to more distorted beads and therefore to higher eccentricities e and lower ratios
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Figure 3.19.: Trajectory of a fixed bead. Instead of a fixed position, random noise
can be seen on top of a vibration.

x. Thus, when comparing 0, 50 and 300µm/s with an exposure time of 997µs, an
increase in e and decrease in x is expected. From 0 to 50µm/s this is the case,
but 300µm/s has an even lower eccentricity than 0µm/s. This means the bead is
less distorted than the bead at rest. The same effect is seen when the exposure
time is decreased. When the bead is moved with 50µm/s and the exposure time
is decreased from 997 to 200µs, the eccentricity decreases as well, as expected.
However, this effect can not be seen when looking at 300µm/s. Exposure times of
997, 500 and 200µs were used. No trend is visible here.

As it seems, the conditions used here for measuring do not introduce errors due
to bead movement and exposure time. The beads are not perfectly round, but this
is due to setup adjustments and not due to dynamic errors. Setup adjustments
are not problematic, because they lead to bead distortions which are identical in
every image (compare figure 2.7, case 2). Therefore no corrections have to be done
because of dynamic errors.

3.6. System Vibrations

As already discussed, bead positions can not be determined precisely due to random
noise coming for example from photon counting statistics. When the trajectory
of a fixed bead is plotted, a constant position superimposed with random noise is
expected. However, as can be seen in figure 3.19, the bead is moved by an additional
vibration with an amplitude larger than the random noise.

This vibration is due to system movement. The complete setup is vibrating and
this is transferred to the sample. Improvements to the setup, as for example ad-
ditional posts for stabilisation, reduced the amplitude of the oscillation. It could
however not be removed completely.

The frequency of the vibration is checked with a power spectral density. Figure
3.20 shows the resulting graph. Three main peaks are seen. One peak at a frequency
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Figure 3.20.: Exemplary power spectral density (PSD) of the trajectory of a fixed
bead. Three peaks can be seen. One at a frequency of approximately
40 Hz, one at about 65 Hz and one at approximately 85 Hz. In between
there is noise at most frequencies.

of approximately 40 Hz, one at about 65 Hz and one at approximately 85 Hz. Noise
is present at most frequencies.

Doing the same analysis with beads from different days, or sometimes even from
the same day but at different times, gives different peak positions. This implies that
the vibrations have various origins. Probably there are several other instruments in
the building which vibrate at different frequencies and depending on which of them
is running, different frequencies are seen in the measurement.

As already explained in section 2.3.4, there are two basic ways to correct for these
vibrations. The first one is to have fixed beads in addition to beads moving within
the sample. This is not possible here because the measurements are not done close
to the substrate and therefore the fixed beads are far out of focus. Alternatively,
the vibrational movement can be calculated. This is done by determination of the
centre of mass trajectory from the correlative motion of all beads measured in the
sample. The centre of mass trajectory is then subtracted from the motion of the
measured beads.

Figures 3.21 and 3.22 show measurements where centre of mass correction was
applied. In figure 3.21 this was done on measurements with fixed beads (at grey
level 30) while figure 3.22 shows the MSD of beads within a keratin 8/18 network
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this MSD starts at almost exactly the same value as the uncorrected MSD. For
the bright blue curve the difference at the shortest time step (τ = 0.0006 s) is only
0.6 nm2, but increases because of vibrations. For the keratin MSD the difference is
larger. At τ = 0.0006 s it is 56 nm2 and at 0.1 s it is already 5723 nm2. For small
times this difference is within the order of magnitude of the vibration, which is
approximately 100 nm2. For larger time steps showing a higher MSD the difference
becomes too large though. At 0.1 s the offset between corrected and uncorrected
MSD is approximately 10 % of the uncorrected MSD.

This means, even with Rowlands-So correction too much movement is subtracted.
This problem was reproduced with simulations done by Tobias Neckernuss and
Fenneke KleinJan (paper under preparation). When centre of mass and Rowlands-
So correction is applied on simulated data without vibrations or drift, the corrected
MSD is still smaller than the original one. The original MSD is not reproduced
correctly. The larger the original MSD is, the larger is the error introduced by these
corrections.

It can be concluded that centre of mass correction with the Rowlands-So factor
works very well for removing vibrations, which can be seen especially at low MSDs.
However, it also introduces offsets that increase for increasing MSDs. It is difficult
to define a limit separating low and high MSDs and therefore MSDs on which centre
of mass correction is applied or not. There will be either offsets for high MSDs or
vibrations on low MSDs. It was decided that it is important to correct for system
vibrations and also for drift and therefore offsets have to be accepted. For visual
comparison the graphs are plotted logarithmically and therefore the offsets can
hardly be seen. By comparison of special values this has to be kept in mind.

3.7. Evaluations in 2 and 3 Dimensions

To detect the bead position in a recorded image, the PolyParticleTracker fits a
quartic polynomial function weighted with a Gaussian (see section 2.3.3). The x-
and y-movement is determined by the position of the peak of the fit. It is however
less straight forward to determine the z-movement.

The approach chosen in the PolyParticleTracker software is z-determination with
the help of the bead radius. It changes depending on the distance to the focal plane.
For calibration a fixed bead is moved in z-direction with the help of a piezo table
in a triangular way. Hereby it is known how much the bead is moved up and down.
Figure 3.23 shows for example a black bead moved 1µm peak to peak and then
tracked with the PolyParticleTracker. During this movement the radius changes
from 6.2 to 8.1 pixels. Thus, the calibration factor is 1.9 pixel/µm. This factor can
now be used on real measurements.

The problem of this method is that the radius change is assumed to be linear.
However, in figure 3.23 it can already be seen, that the theoretically triangular curve
flattens slightly at the top peak. When the peak to peak distance is increased, the
flattening gets stronger until a minimum appears in the middle of the peak, as is
seen in figure 3.24. Here the peak to peak movement was 2µm. The global minima
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Figure 3.23.: Bead moved in z-direction in a triangular way with 0.5 Hz and a dis-
tance of 1µm peak to peak. The triangular shape is noisy and flattens
slightly at the peaks.

are still sharp edges as expected for triangular movement, but the top is not.

Therefore, when the bead moves out of focus for more than approximately 1µm
during the measurement, the linear calibration factor is insufficient. For measure-
ments with crosslinked samples this is no problem. The movement is restricted
enough to stay within an appropriate range. However, keratin networks without
crosslinker allow much more bead movement than 1µm during measurements.

For white beads z-calibration is no option, since the radius change due to z-
movement is marginal.

Thus, this method is not applied to our samples. Only x- and y-movement are
determined from the measurements. Nevertheless, it has to be kept in mind that this
leads to MSDs which are too low because the movement in z-direction is neglected.
This is no problem when comparing results later, because all are gained by the same
method, but comparison with literature data has to be done carefully.

When the behaviour of the sample is identical in x-, y- and z-direction and the
tested material is a purely viscous fluid, the 3D-MSD can be calculated by knowing
the 2D-MSD (Mason et al., 1997a).

There are two influences which have to be considered to judge whether x, y and z
consistency is given. One thing is the influence of gravity. Since most of the beads
do not sediment during one day, this effect should be low during measurements of
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Figure 3.24.: Bead moved in z-direction in a triangular way with 0.5 Hz and a dis-
tance of 2µm peak to peak. While the lower point of inflection shows
a sharp edge, the upper part flattens strongly and show a minimum in
the middle. For beads moved this far out of focus the z-position can
not be determined correctly by this method.

few seconds. The second issue are interactions with the substrate. To avoid this,
the focal plane is set at least 7.5µm away from the substrate which is sufficient to
exclude significant interaction with the surface for all observable beads.

However, although K8/18 networks are quite similar to a viscous fluid in the non-
crosslinked regime, in general IF networks are viscoelastic. Nevertheless, a keratin
8/18 network is taken for a rough estimation.

When all requirements are satisfied, the MSD in three dimensions has the same
shape as in two dimensions, but there is an offset. This comes from a constant,
dimension-dependent prefactor in the MSD (also see equation (2.8)):

MSD1D = 2Dt (3.8)

MSD2D = 4Dt (3.9)

MSD3D = 6Dt. (3.10)

With this, a relation between MSD2D and MSD3D can be found:

MSD3D =
6

4
MSD2D =

3

2
MSD2D. (3.11)
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Figure 3.25.: Evaluation of a measurement (cK8/18 = 0.5 g/l, no crosslinker) in 2D,
3D and 3D calculated from 2D. As expected, 2D evaluation results in
the lowest MSD. The 3D-MSD calculated from the 2D-MSD is larger
than the 3D-MSD obtained by radius tracking. This is due to the
behaviour of the radius shown in figure 3.24.

To test this method, one sample (cK8/18 = 0.5 g/l, no crosslinkers) is evaluated
in 2 and 3 dimensions and the 2 dimensional result is additionally multiplied by
3/2. Centre of mass correction, Rowlands-So correction, cut-offs and static error
correction is applied.

Figure 3.25 shows the resulting mean squared displacements. The blue graph shows
the result of 3D evaluation while the red graph is evaluated in 2D. As expected the
2D graph shows a lower MSD corresponding to less movement. Then the 2D result
is multiplied by 3/2, resulting in the green graph. It is slightly higher than the
direct 3D evaluation. This is reasonable due to the flattening of the calibration
peak shown in figure 3.24 and discussed above.

Furthermore, there is not only a difference in the total value of the MSDs in 3D,
but also in the slope. The slope can be used to calculate the viscosity η. Using
the MSD evaluated in 3D, this results in η ≈ 3.56 mPa s. The slopes of the 2D
evaluation and the 2D to 3D conversion result in η ≈ 2.91 mPa s. Their order of
magnitude is reasonable since water has η ≈ 1 mPa s at room temperature and
keratin networks without crosslinking are slightly stiffer. The difference between
the two values is not large, but the one from 2D evaluation is more trustworthy.

In general it can be said that tracking in 3D introduces errors that are not present
in 2D tracking. As can be seen by comparing the different result in figure 3.25,
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and can be averaged. Thus both graphs in figure 3.26 look straight at the beginning
and then start to become noisy around 1 s. By averaging over several beads (for
every sample type shown later more than 100 beads are averaged), the statistics
improve slightly, but still the data looks noisy.

Time intervals longer than 1 s include almost 3/4 of the data points, even though
this can not directly be seen due to the logarithmic scaling. Nevertheless, all this
data is deleted. Only the part of the graphs shown in bright blue and orange is
kept.

Additionally, the first two points are always removed. Sometimes there is a sharp
edge in the graph and the first two points increase again (figure 3.26 inset). This
is mainly found when evaluating in 3D, but it also occurs for 2D measurements.
Since it could not be figured out when or why this happens, the first two points are
always removed so that not all measurements have to be checked separately.

3.9. Tracking Parameters

It is possible to adjust several parameters for tracking. Some of them do not in-
fluence the resulting trajectory. These include for example settings that decide
if a particle is tracked or not, as the bead size. Unfortunately, other parameters
might influence the outcome. These are especially brightness and contrast as well
as smoothing of images.

In this section two measurements of fixed beads are used to characterise the impact
of these parameters. Data set 1 was done at grey level 30 and data set 2 at grey
level 90. Consequently, data set 1 is of bad image quality while data set 2 is easy
to track. No corrections are applied during further evaluation so only the effect of
the parameters is seen.

3.9.1. Brightness and Contrast

First, the influence of brightness and contrast adjustment is tested. Increasing both
to a certain level makes beads easier to track. Both data sets mentioned above are
tracked twice. The first time the automatically adjusted brightness and contrast
settings are used. When tracking the second time, both parameters are increased
to extreme brightness and contrast values.

Figure 3.27 shows all four scenarios: both data sets and each at automatic (left)
and at extreme (right) settings. It is obvious that the right images are brighter, the
contrast difference is hard to see. The circles at the beads indicate beads that are
tracked. So in all four cases all beads were tracked.

For all scenarios the MSD is calculated and the results are depicted in figure 3.28.
As expected, the MSD for data set 1, measured at grey level 30, is higher than for
data set 2 (grey level 90). For data set 1 no difference can be seen between automatic
and extreme brightness and contrast. Data set 2 shows a small deviation.

Calculating the MSD at τ = 0.6 ms gives a difference of 1.29·10−4 nm2 for data set
1 and a difference of 2.18 nm2 for data set 2. This difference stays approximately
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Figure 3.27.: Effect of brightness and contrast adjustment on images. 2 examples,
one with bad (data set 1) and one with good (data set 2) original
image quality are shown. The left images show the automatic settings
while the right images have enhanced contrast and brightness.

constant for increasing time steps. Thus, the deviation for good measurements is
larger than for bad measurements. It is also interesting to note that for data set
1 the MSD of the automatic brightness and contrast settings is larger than for the
extreme case, while it is the other way around for data set 2.

Summarising, it can be concluded that changing the brightness and contrast set-
tings for tracking introduces deviations in the MSD. However, these deviations are
very small and can therefore be neglected. The settings can be chosen in a way that
as many beads as possible are tracked.

3.9.2. Smoothing of Images

Another important parameter that can be adjusted for tracking is how much smooth-
ing and noise reduction is applied on the images. According to Rogers et al. (2007)
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Figure 3.28.: Effect of brightness and contrast adjustment on tracking. The MSD
is shown for 2 examples, one with bad (data set 1, grey level ≈ 30)
and one with good (data set 2, grey level ≈ 90) original image quality.
Hardly any difference can be seen between MSDs calculated with and
without contrast and brightness adjustment.

this is done by convolving the image with a Gaussian:

I(x, y) =
ω∑

i=−ω

ω∑

j=−ω

Iraw(x + i, y + j) exp

(

−i2 + j2

4λ2

)

(3.12)

λ is the correlation length or noise length of the image and ω = 3λ. The noise
length λ is a positive integer and values from 1 to 4 can be applied to our data.
Figure 3.29 shows images of the same two data sets as in the previous section
(automatic brightness and contrast) that are tracked with different noise lengths.
It was only possible to track all beads over a sufficient time for noise length 2 and
3. For the other measurements less beads were tracked. Data set 1 could not be
tracked at all for noise length 4.

For noise length 1 the beads can be seen with high contrast. Increasing the noise
length leads to images which are increasingly blurred. For noise length 4 the beads
can hardly be recognized any more and therefore tracking is difficult. On the other
side, when only little smoothing is done, fitting with a polynomial function weighted
with a Gaussian (equations (2.31) and (2.32)) is difficult, because the shape of the
beads is too noisy.

Again, for all settings the MSD is calculated (figure 3.30). Data set 1 is shown
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Figure 3.29.: Effect of the noise length on image smoothing. 2 exemplary data sets,
one with bad (data set 1, grey level ≈ 30) and one with good (data set
2, grey level ≈ 90) original image quality were tracked with different
noise lengths. For data set 1 it was not possible to track with noise
length 4. Higher noise lengths lead to more smoothing of the image
and the beads look more blurred.

in red and brown colouring, data set 2 in different shades of blue. In both cases
the MSD with noise length 2 is lowest, noise length 1 and 3 are similar, and noise
length 4, only calculated for data set 2, is much higher than the rest.

For easier comparison the value at τ = 0.6 ms is taken for each MSD and presented
in table 3.5. Here it can be seen even more clearly that noise length 2 gives the
lowest MSD, noise lengths 1 and 3 are similar, but higher than for noise length 2,
and noise length 4 is much higher than the rest.

Since the measurements are done with fixed beads, they should have an MSD
of zero. It was already discussed that this is not measured due to static noise.
However, it can be concluded that the lowest MSD is the one closest to the ideal
case. This is true for noise length 2. Since only integer numbers are allowed, noise
length 2 is the optimum. Therefore, all measurements shown later were tracked
with noise length 2.

3.10. Application to Data

As a last point, data sets evaluated without any correction are compared to the
same data sets analysed with all corrections discussed above. For this, 10 data
sets with keratin networks (cK8/18 = 0.5 g/l) without crosslinker are used. Half of
them are measured at a sampling rate of 5000 Hz, the other half at 1000 Hz. For
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Figure 3.30.: Effect of the noise length on the MSD. Data set 1 and 2 (see figure
3.29) are tracked with different noise lengths. All MSDs from the same
measurement show the same shape, but different offsets. The lowest
offset is always found for noise length 2. Noise lengths 1 and 3 result in
similar, but higher MSDs. Noise length 4 displays the highest offset.

Data Set Noise Length MSD (τ = 0.6 ms) / nm2

1 1 336.7
1 2 190.3
1 3 395.3
2 1 31.8
2 2 20.2
2 3 33.4
2 4 100.2

Table 3.5.: MSD at τ = 0.6 ms is compared for the two different data sets shown in
figure 3.30. Both are tracked with different noise lengths. Noise length
2 always gives the lowest value.
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all measurements the evaluation is done in two dimensions and the same tracks,
with the same parameters, are used for comparison of evaluations with and without
corrections.

The data sets are first evaluated with no further adjustments. Then centre of
mass correction with the Rowlands-So-factor is performed (section 3.6), a static
offset is subtracted (gained with the method using the SNR, see section 3.4.3), and
the beginning and the end of the MSD is cut off (section 3.8). Figure 3.31 shows the
resulting MSDs, once with and once without corrections. The same colour indicates
the same data set. For each each data set all measured beads from one day are
averaged. The number of beads included in each data set is given in brackets.

The most obvious difference is caused by cutting off the beginning and the end.
Removing the first two points would not have been necessary here, because no
increase can be seen. The last 3/4 of the data sets look less noisy than in figure
3.26. This is due to the fact, that in figure 3.26 the MSDs of single beads are
shown, while here the MSD is averaged over at least 37 beads. In figure 3.31 (top)
fluctuations can only be seen at the very end.

Another correction is done on system vibrations. They can hardly be seen here
because the MSD of keratin networks without crosslinker is usually higher than the
vibration amplitude. Only at low times slight vibrations can be observed without
correction. They are gone after correcting with centre of mass correction with the
Rowlands-So factor.

The last important correction concerns the static offset. When looking at MSDs
with no corrections, this error can be seen in two ways. The first indication shows
at low τ values at a sampling rate of 5000 Hz. Since no motion has taken place at
τ = 0 s, the MSD curve should go through the origin. That this is not the case can
be seen by the fact that the graphs are levelling of at low τ values. In a double-
logarithmic plot this means that there is an offset at τ = 0 s. This offset is different
for each measurement, because the signal to noise ratio is different and therefore
the various MSDs start at distinct values. After correcting the MSD, this effect can
not be seen any more.

The second indication is the difference between 5000 Hz (orange colouring) and
1000 Hz (blue colouring) sampling rate. Higher sampling rates lead to lower expo-
sure times per image. In case of 5000 Hz the longest possible exposure time is 197µs,
while at 1000 Hz it is 997µs. Therefore the images taken with 1000 Hz are brighter
and have a better contrast. This leads to lower offsets and therefore the blue lines in
the upper image of figure 3.31 are lower in the beginning than the orange lines. For
higher times this can not be observed any more due to double-logarithmic plotting.
After offset correction (lower figure 3.31) they overlap, as should be the case.

It can be concluded that correcting the MSD for vibrations and offsets due to
static noise and cutting off parts of the MSD due to bad statistics improves the
MSD. It will be done for all further measurements.
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Figure 3.31.: Samples with keratin 8/18 (c = 0.5 g/l) without crosslinker measured
with sampling rates of 1000 and 5000 Hz. The MSDs shown in the
top figure were not corrected, while the bottom figure displays results
obtained with centre of mass correction with Rowlands-So correction,
static error correction and cut-offs at the beginning and the end. The
corrected MSDs overlap better and do not show vibrations.
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(a) Data (b) Simulation

Figure 3.33.: Different MSDs are used to test the stretched exponential fit. (a)
shows single bead MSDs of different sample types: no, 1 mM and
1.5 mM MgCl2. For all of them the fit works very well. Additionally,
in (b) simulated MSDs for a soft and a hard network can be seen. Here
the stretched exponential also approximates the data well.

Another prominent method for the conversion from MSD to G∗ was published by
Evans et al. (2009). However, it has also problems with noise and additionally the
steady state viscosity and the MSD at τ = 0 have to be known, which is usually
not the case.

The most problematic part of the former methods is noise. Therefore, the noise has
to be removed, for example by fitting the noisy data with an analytical function.
This was already discussed by Maier et al. (2012). The difficulty is to find a fit
function describing the data. It could be achieved with a stretched exponential:

MSDFit(t) = ec t2 + eb − ea exp
[

−
(

t

et0

)m]

. (3.13)

This was already described in more detail at the end of section 2.3.1. It was men-
tioned there that there is no analytical solution for

∫∞
−∞ MSDFit(t) e−iωt dt. There-

fore, the fit is transformed with the Mason method.

Figure 3.33(a) shows three MSDs of single particles in keratin 8/18 networks with
different concentrations of MgCl2 (0 mM, 1 mM and 1.5 mM). All of them are cor-
rected as described in the previous sections. The network without MgCl2 (blue)
reminds of a viscous fluid as shown in figure 3.32(c). For increasing crosslinker den-
sities (orange and green) the MSDs and their slopes decrease and slight saturation
can be seen. For comparison, MSDs for soft and hard networks are simulated (sim-
ulations done by Tobias Neckernuss) and as for the test functions shown in figure
3.32 Gaussian noise with SNR = 40 is added (figure 3.33(b)).
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3.11. Transformation to Dynamic Shear Modulus

All data sets are fitted with a stretched exponential as shown in equation (3.13).
The fitting works well for all data sets, measured as well as simulated. This is also
shown in figures 3.33(a) and (b).

Now the original data as well as the fitted curves are transformed to G′ and G′′

with the Mason method. The results are shown in figure 3.34. It is seen that trans-
formation of the original data sets (measured as well as simulated) introduces large
errors, as expected from the tests shown in figure 3.32. Only G′′ of the network
without crosslinker results in a clear curve. The rest is not meaningful, especially
for large τ values, or low frequencies respectively, due to bad statistics. This changes
when transforming the stretched exponential fits. Here, all data sets result in clear,
smooth shear moduli. For larger frequencies, both original and fitted results con-
verge.

Therefore, for all measurements shown later, the MSD is fitted with a stretched
exponential and then transformed to G′ and G′′. To guarantee the best possible
fitting, the procedure is not applied on single bead data, but on the averaged MSD
of all beads included in the sample type. This especially reduces fluctuations at
larger times, or smaller frequencies.
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3. Data Evaluation and Sources of Errors

Figure 3.34.: The original MSD data as well as the fit (both shown in figure 3.33)
are transformed to G′ (upper graphs) and G′′ (lower graphs). While
the transformation of the fit gives reasonable results, the original data
sets only lead to meaningless noise. This is true for measured and
simulated data. The noise is especially large at low frequencies, due to
bad statistics in the MSD. For higher frequencies both transformations
(original data and fit) converge.
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4. Crosslinked Keratin 8/18
Networks

Cytoskeletal networks in cells are either crosslinked by electrostatic interactions ex-
erted by counterions like magnesium or potassium, or with cytolinkers like plectin
(see section 1.4). The two interaction types affect the network structure and there-
fore the mechanical properties in different ways. In this chapter, both crosslinking
scenarios are examined in detail with in vitro and in vivo assembled networks, fo-
cussing on network architecture and its influence on mechanical properties. The
protocols used for preparation of in vitro assembled networks for various measure-
ment types are found in appendix A, cell preparation is explained in appendix B.

Scanning electron microscopy is a powerful tool to investigate intermediate fila-
ment network architecture. The network is assembled on the final substrate so it
is not ruptured by later transfer. Furthermore, networks remain intact by appli-
cation of suitable drying techniques. The resolution of SEM allows investigation
of individual filaments, as can be seen in figure 4.1(a) with a non-crosslinked ker-
atin 8/18 network. The image shows single filaments that are partially stretched,
while others exhibit a corrugated conformation. Curvature of corrugated filaments
is determined by the persistence length of IFs. Without crosslinkers no bundling
of IFs takes place. There are many branching sites and connection points between
filaments, but they are probably due to preparation artefacts introduced by glu-
taraldehyde (GA) fixation (2.5% GA for 30 min) or critical point drying. In fact,
branching points of single filaments are found in cell networks as well as in in vitro
assembled networks, but they are less frequent than seen here (Nafeey et al., 2016).
No additional proteins can be observed at these connections. This is reasonable
since the keratin monomers are expressed in E. Coli and no crosslinking proteins
should be found in the sample (Herrmann et al., 2004).

The density of network seen in the image can not be used for quantitative analysis
or conclusions, since it is not necessarily typical for the sample type. Networks
without crosslinkers always look similar all over the sample, but when the same
sample type is prepared several times, the amount changes. This probably depends
on how rigorously the washing steps are performed. Thus, one has to be careful
when comparing the number of filaments on two images without knowledge of the
overall behaviour of the sample.

MgCl2 alters the network structure and distribution on the sample. The filaments
start to accumulate in some areas, where the network becomes denser, while almost
no filaments are found in other regions (Kayser et al., 2012). With increased MgCl2
this effect is enhanced, as shown in figures 4.1(b) and (c), where the network is
denser than in the upper image.
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(a)

(b) (c)

Figure 4.1.: SEM images of keratin 8/18 networks (c = 0.5 g/l) with different concen-
trations of MgCl2. (a) shows a network without crosslinker, (b) displays
a sample with 0.5 mM MgCl2 and (c) with 2 mM MgCl2. Increasing
MgCl2 concentrations lead to increased filament diameters, bundling
and fewer stretched filaments.

Additionally, networks assembled in the presence of MgCl2 show apparently thicker
IFs, as was also investigated by Hémonnot et al. (2015) with small-angle x-ray
scattering (SAXS). They demonstrated that the core radius increases linearly from
slightly below 4 nm without salt to approximately 5.5 nm with 1.25 mM MgCl2. The
same effect was observed for vimentin by Brennich et al. (2014). While figure 4.1(b)
(0.5 mM MgCl2) only contains few IFs with a larger diameter, in figure 4.1(c) (2 mM
MgCl2) nearly all filaments appear thicker. The diameter also seems to be more
inhomogeneous than without salt.

Additionally, lateral filament aggregation, or bundling, can be observed. The
bundling onset for vimentin including MgCl2 is at a counterion concentration of
10 mM MgCl2 (Dammann et al., 2012), while for keratin 8/18 bundling takes place
at approximately 1 mM MgCl2 or 25 mM KCl (Hémonnot et al., 2015). However,
partial bundling is already observed at 0.5 mM MgCl2 as can be seen for example
in the lower right corner of figure 4.1(b). The bundles at 2 mM are not very thick
and can therefore not include many filaments, but they are very compact, because
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In this network the beads can move more than in the other ones resulting in a larger
MSD. The more crosslinker is added, the stiffer the networks become and therefore
the MSDs are decreasing for increasing MgCl2 concentrations.

As already discussed in section 1.4.2, with monovalent ions bundling is not ob-
served for all polymers containing charged groups. Brennich et al. (2014) and
Dammann et al. (2015) showed for example that no vimentin bundling is induced
by potassium, a monovalent ion. Multivalent ions are needed.

In the following section, the question of bundling of keratin IFs due to monovalent
ions and the influence of these ions on mechanical properties is addressed. This
is important since monovalent ions are very abundant in cells. The results are
compared to networks with plectin as crosslinking protein. The impact of plectin is
examined in vitro and in cells.

4.1. Effect of Potassium on Keratin 8/18 Networks -

Results

4.1.1. Investigation of Networks with SEM

Before the influence of potassium on mechanical properties of in vitro assembled
keratin 8/18 networks is investigated, the network architecture is characterised.
K8/18 networks with different amounts of KCl are shown in figure 4.3. Figure
4.3(a) corresponds to figure 4.1(a) and shows a network assembled without salt.
The network shown in figure 4.3(b) includes 40 mM KCl, (c) 80 mM, (d) 150 mM
and (e) 300 mM.

The first observation is that the network again accumulates at some places and
vanishes at others, as also seen with MgCl2. Furthermore, increasing KCl concen-
tration gradually induces bundling. For lower concentrations, as for example with
40 mM KCl (figure 4.3(b)), single filaments partially start to align in parallel in
some places, but do not form bundles. This effect increases at higher KCl con-
centrations. Figure 4.3(c) shows clear parallel alignment and loose bundles. These
bundles become denser by further increase of the salt concentration. In figure 4.3(e)
the bundles are so dense that they appear as thick filaments. However, upon closer
examination individual filaments can still be distinguished inside the bundle.

The bundles do not remain together for long distances. They split and unite with
other bundles. They can divide in halves or only few or even single filaments leave
bundles and join others. This behaviour is called branching of filament bundles.

These images show that keratin forms bundles when influenced by monovalent
ions like potassium. However, there is no specific concentration at which bundling
occurs. By increasing the counterion concentration, filaments gradually start to
align, form bundles and decrease the spacing between filaments.
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(a)

(b) (c)

(d) (e)

Figure 4.3.: SEM images of keratin 8/18 networks (c = 0.5 g/l) with different con-
centrations of KCl. (a) control without KCl (b) 40 mM KCl (c) 80 mM
KCl (d) 150 mM KCl (e) 300 mM KCl. By increasing the counterion
concentration, the filaments gradually align in parallel, form bundles
and decrease their spacing within bundles.
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Figure 4.4.: MSD of keratin 8/18 networks (c = 0.5 g/l) with different concentrations
of KCl measured with a sampling rate of 5000 Hz. The numbers in
brackets give the amount of beads measured for each MSD. The MSD
of K8/18 samples without KCl is slightly lower than for water. Addition
of 5 mM KCl does not significantly change the MSD. Further increase
of the KCl concentration decreases the MSD. No differences is observed
between 80 and 150 mM KCl.

4.1.2. Mean Squared Displacements of K8/18 Networks
Including KCl

For the investigation of network mechanics passive microrheology measurements
are performed for networks (c = 0.5 g/l) with KCl at different concentrations. The
resulting MSD graphs are presented in figure 4.4. Additionally, for better assess-
ment of the network MSDs, the MSD of pure water, corresponding to the buffer
surrounding the filaments, is shown (blue). The MSD of the K8/18 network with-
out salt (black) is lower and has a smaller slope. Addition of 5 mM KCl (brown)
does not change the network behaviour significantly. Increasing the KCl concentra-
tion further, lowers the MSD. This continues until the last two measurements. The
MSDs at 80 and 150 mM KCl show nearly no difference. This surprises because the
corresponding networks, shown in figures 4.3(c) and (d), exhibit obvious differences
at these concentrations. By additional comparison of figure 4.3(e) it becomes even
more obvious that further increase of the salt concentration leads to drastic changes
in network architecture. Nevertheless, after reaching a KCl concentration of ap-
proximately 80 mM, no further effect on the network stiffness can be observed. It is
possible that there are slight changes, that can not be resolved with our technique,
but they are most likely not relevant.
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While water shows a constant slope for all times, corresponding to normal diffusion,
all samples with 10 mM or more KCl show decreasing slopes for higher τ , as is typical
for sub-diffusion. For 0 and 5 mM KCl this is hard to judge and has to be evaluated
further. However, for no sample a plateau can be observed in the studied time
regime.

When comparing these results with the MSDs obtained from networks with MgCl2
(figure 4.2), it is seen that the MSDs with 2 mM MgCl2 and 150 mM KCl start at
approximately the same MSD value, but the magnesium sample has a lower slope.
This means that the bead movement is more resticted in the magnesium sample
than in the potassium sample. Thus, 2 mM MgCl2 stiffens the network more than
150 mM KCl. It was expected that the divalent magnesium ion has a stronger effect
than the monovalent potassium ion. However, the difference in salt concentration
is not just a factor of two, as in valency. Also when considering the bulk ionic
strength, the effect of magnesium is stronger.

Since the MSD does not show changes any more between 80 and 150 mM KCl,
no further stiffening can be expected. For MgCl2 no samples with concentrations
higher than 2 mM were prepared. Therefore it is possible that more magnesium
decreases the MSD further. However, with the method for sample preparation used
here (appendix A.8) it is not possible to assemble networks with such high MgCl2
concentrations.

Both electron microscopy and MSD curves show gradual changes of the network
architecture and its stiffness. This is observed for MgCl2 as well as for KCl. There is
no bundling onset or threshold at a specific concentration, neither with a monovalent
counterion as potassium nor with the divalent MgCl2. With a specific bundling onset
concentration, at first no changes would be observed in the MSD after salt addition
and then there would be a jump. Here the only behaviour that could be interpreted
as onset appears between 5 and 10 mM KCl, but this does not fit to the bundling
onset at 25 mM KCl reported by Hémonnot et al. (2015).

It would be interesting to check if addition of salt before or after assembly makes
a difference. This could not be tested due to our sample chamber geometry. No
additional fluid could be added without disrupting the already existing network.
However, according to Brennich et al. (2014) salt addition does not change the
fundamental assembly mechanism, where first tetramers react laterally until they
form ULFs, which then react longitudinally to elongate filaments. Thus, it should
not result in different outcomes when the counterions are added later instead of at
the beginning of the assembly.

For better comparison of the MSD of various KCl concentrations, the MSD values
of each bead at τ = 0.1 s are used to make boxplots (see figure 4.5). Water is not
shown here since the magnitude of the MSD is much larger than for the others and
therefore especially for 80 and 150 mM KCl no details are seen anymore.

The boxplots in figure 4.5 also show that there is a continuous decrease and a
levelling off for higher KCl concentrations. For better comparison, the median
values for all samples are summarised in table 4.1. There is no significant difference
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Figure 4.5.: Boxplots of MSDs at τ = 0.1 s of keratin 8/18 networks (c = 0.5 g/l)
with different concentrations of KCl measured with a sampling rate of
5000 Hz. The median MSD decreases for higher KCl concentrations
and at the same time the distributions become narrower. There is no
significant difference between the samples with 0 and 5 mM and between
80 and 150 mM KCl.

between 0 and 5 mM KCl (p = 0.074, calculated according to Wilcoxon rank-sum
test, significance level of 5%) and between 80 and 150 mM (p = 0.399). Between
all other measurements there are significant differences. This illustrates again the
statement that 5 mM KCl does not change the mechanical properties of K8/18
networks, while 10 mM does. Additionally, it underlines that there is no difference
between 80 and 150 mM and that there is a levelling of, even though the network
structure still changes.

It can also be observed that the distribution of values, characterized by the size
of the boxes, becomes broader for networks with less salt. On the other side, the
median values also increase and therefore the extremes of the broader distribution
have less influence on the median. Thus, this influence was used as a measure for
the heterogeneity of the network. The contribution of the highest 10% of MSD
values (at τ = 0.1 s) to the ensemble average is calculated, as suggested by Tseng
et al. (2002a). When a sample is completely homogeneous, this method results in
a proportion of 0.1. The more heterogeneous a network becomes, the higher the
proportion gets.

Errorbars are calculated with bootstrapping of the measured data set. For each
measurement 1000 random samples with the same sample size as the originally mea-
sured sample are created. For each random sample the heterogeneity is determined,
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KCl Concentration / mM Median MSD at τ = 0.1 s / nm2

0 60532 ± 9481
5 57505 ± 8018
10 24357 ± 8744
20 12599 ± 3671
40 6770 ± 3401
80 2824 ± 1919
150 3040 ± 1822

Table 4.1.: Median MSD at τ = 0.1 s of keratin 8/18 networks (c = 0.5 g/l) with dif-
ferent concentrations of KCl measured with a sampling rate of 5000 Hz.
The errors give the median absolute deviation. The decreasing median
for higher KCl concentrations seen in figure 4.5 is put into numbers here.
The medians of 0 and 5 mM and of 80 and 150 mM are almost identical.
The total decrease ranges over more than one order of magnitude.

resulting in a normal distribution of heterogeneity values. The standard deviations
of these normal distributions are used as error measures.

The resulting values are shown in figure 4.6. Water, 0 mM KCl and 5 mM KCl
all have a proportion of approximately 0.15. Unlike expected there is no difference
between water and a pure K8/18 network without crosslinker and even water seems
to be inhomogeneous. The explanation is that passive microrheology as measur-
ing technique introduces deviations. When considering mean MSDs they are not
problematic because they average out when doing enough measurements. How-
ever, especially for very inhomogeneous networks it has to be taken care that many
different positions in the sample are measured.

When the salt concentration increases, the networks become more and more het-
erogeneous. The most heterogeneous network is the one with 80 mM KCl, while
the proportion reduces again for 150 mM KCl. This last effect can be explained
with the choice of measurement positions. In highly crosslinked samples there are
regions, where the network is so stiff that no bead movement can be seen in the
microscope, and there are places where they move a lot. Probably there are also
regions where no network exists, but the beads are trapped in the network and
therefore no positions without or almost no network are measured. Additionally,
even areas with incorporated beads can be very different. The measured areas are
chosen randomly by eye according to the amount of beads in a suitable distance to
the substrate. Thus, it is possible that for the data set with 150 mM KCl more simi-
lar positions were chosen than for 80 mM KCl. This also explains why the errorbars
calculated from bootstrapping do not overlap. Bootstrapping is based on the as-
sumption that the measured distribution is representative for the sample. However,
when regarding the considerations above, the measured samples are not completely
representative and thus the errorbars obtained from bootstrapping do not represent
the real error. However, the resulting mean MSDs at 80 and 150 mM KCl shown
in figure 4.4 are still similar. This finding limits the significance of results at high
counterion concentrations.
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Figure 4.7.: Power law fit versus stretched exponential fit, exemplary on the MSD
of a K8/18 network including 20 mM KCl. While the stretched expo-
nential (black) fits the data very well, there are obvious deviations for
the power law fit (grey).

diffusive exponent decreases in the beginning, because a lower exponent corresponds
to a stronger constraint and this is expected with more potassium.

Due to the bad goodness of fit, it can not be estimated how precise the obtained α’s
are, but they are all well within in the sub-diffusive regime, describing diffusion with
hindrances, as is the case with beads surrounded by networks. This corresponds to
the shape of the MSDs shown in figure 4.4 and confirms that networks with 0 and
5 mM KCl also belong in this regime. This probably does not change by a better
fit quality.

However, it has to be considered, that the bad goodness of fit indicates that K8/18
networks are not purely viscoelastic.

Particles in a purely viscous fluid, as for example water, show simple diffusion,
as described by the linear relation MSD = 2dDτ (also see equation (2.8)). Based
on this, the diffusion coefficient D is obtained by fitting the MSD and the Stokes-
Einstein equation (2.9) can be used to calculate the viscosity η. Keratin 8/18
networks are not purely viscous, but without crosslinker the shape of the curve is
almost linear. Therefore, the MSDs of water and non-crosslinked K8/18 networks
are used to calculate the corresponding viscosities and diffusion coefficients. Net-
works including potassium do not exhibit a clear linear regime and therefore G′′ has
no plateau. In this case, networks have no true viscosity (Wirtz, 2009).

The literature value for the viscosity of water is 1.002 mPa s at 20◦C and 0.890 mPa s
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(a) (b)

Figure 4.9.: G′ (a) and G′′ (b) of keratin 8/18 networks (c = 0.5 g/l) with different
concentrations of KCl. Both increase with increasing KCl concentra-
tions and all results are in the same order of magnitude. No plateau
modulus G0 can be observed.

different amounts of KCl. G′ as well as G′′ increase for higher KCl concentrations.
As in the MSD, the graphs obtained for 0 and 5 mM and for 80 and 150 mM are
similar. In all cases, G′ and G′′ increase for larger frequencies ν. The increase,
especially for G′′, appears linear, but this is only due to double-logarithmic plotting.
No minima, points of inflection or plateaus can be observed that could be used for
further analysis (see for example Lieleg et al. (2008)).

G′ for 10 mM KCl shows, in contrast to all other graphs, a slight levelling off for
the highest calculated frequency. However, this behaviour is not caused by special
properties of the sample, but it is due to the transformation method. As explained
in the theoretical part, the transformation includes either a Laplace transformation
or a Fourier transformation. They stretch to infinity, while the MSD data only
displays a limited time. The boundary condition introduces truncation errors at
the extreme frequencies of the graphs shown in figure 4.9 when using the Mason
method (Mason (2000), Cicuta and Donald (2007)). Therefore this behaviour at
10 mM can be neglected. The worse the MSD looks, for example due to noise that
is present when no fitting of the MSD is used, the extremer the effect at the highest
calculated frequency becomes.

No plateau modulus G0 can be observed for any graph. However, by using different
models, G0 can be calculated. In the affine model (MacKintosh et al., 1995) the
elasticity is calculated from thermal fluctuations of the filaments between crosslinks
or entanglements and

G0 = 6 ρ kB T
l2
P

l3
C

(4.2)
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is obtained. ρ = c/λ is the concentration / mass per unit length and is called length
density, kB is the Boltzmann constant, T the temperature, lP the persistence length
and lC is the contour length. Köster et al. (2010) supports the idea that the elasticity
of intermediate filament networks is indeed due to affine stretching of filaments
and therefore equation (4.2) can be used for our system. The length density was
already calculated in section 3.1 to determine the mesh size and it is approximately
1.58·1013 m−2. Measurements of the persistence length without counterions can be
found in literature (Leitner et al. (2012), Lichtenstern et al. (2012)) and are also
done in section 5.3 for comparison with tailless keratins. For calculation of G0 it is
assumed that lP = 0.3µm. The contour length of filaments in a network is difficult
to determine, but it has to be at least the mesh size, that defines a lower limit.
In section 3.1 the mesh size was estimated theoretically as 435 nm, Leitner (2011)
measured 200 nm in SEM images and dynamic light scattering performed by M.
Amirkhani resulted in approximately 90 nm. This gives plateau moduli of

Theory: G0 = 0.42 Pa

Leitner (2011): G0 = 4.34 Pa

DLS: G0 = 47.66 Pa.

When looking at figure 4.9, it is observed that the value calculated from theory is
just reached but no plateau can be observed. However, by fitting a stretched expo-
nential no plateau can ever be reached because it corresponds to a linear increase in
the MSD. The MSD of non-crosslinked K8/18 networks is almost linear at small lag
times τ and thus it is possible that there is a plateau slightly above the measured
frequency regime.

This estimation of G0 is only true for networks without crosslinker. With KCl the
plateau modulus can not be calculated because too many quantities are unknown.

Since no plateau modulus can be used to check for a possible scaling behaviour,
two arbitrary frequencies within the measured range, 10 s−1 and 100 s−1, are chosen
for analysis. The values of G′ at these frequencies are plotted against crosslinker
concentration. With this method, the form of the G′(cKCl) curve does not change
compared to the scaling of the plateau modulus G0(cKCl), only its absolute value
is affected (Hinner et al., 1998). Figure 4.10 shows G′(cKCl) at ν = 100 s−1. 0 mM
KCl is not shown because of the logarithmic scaling of the x-axis.

A power law fit, as suggested by MacKintosh et al. (1995) for entangled networks,
is done for all concentrations except 0 mM and 150 mM KCl. The last is excluded
because of the saturation of the graph. This is not the interesting behaviour here.

The resulting fit, shown in black in figure 4.10, scales with G′ ∼ c0.865. When the
same is done at ν = 10 s−1, then G′ ∼ c0.746 is obtained and thus a lower exponent
α. Since this analysis should be done at the plateau modulus and not at arbitrary
frequencies, the correct α might be slightly different, but should be in the same
range.

The calculated exponent is close to α = 7/12, as predicted for crosslinked networks
of flexible polymers (Pawelzyk et al. (2013), Rubinstein and Colby (2003)).
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Figure 4.10.: G′ at ν = 100 s−1 for different KCl concentrations. When fitting a
power law a c0.865 dependency is found. The value for 150 mM is not
fitted because the saturation effect is not of interest.

Leitner et al. (2012) obtained α = 1.68 for K8/18 networks with MgCl2. These
measurements were done with samples prepared and measured in the same way as
in this thesis. Here α is much higher than with KCl. This is reasonable, since
magnesium is a divalent ion and has therefore a higher charge and crosslinking
potential than potassium.

Yamada et al. (2003) and Pawelzyk et al. (2014) showed that the scaling parameters
depend on the rheology technique used. Shear rheometry and microrheology only
give the same results when surfactant is added for shear rheometry measurements.
Furthermore, it depends on how far the network is stretched in shear rheometry.
Larger forces can induce different responses. For example Pawelzyk et al. (2014)
determined α = 1.9 for increasing K8/18 concentrations (passive microrheology and
shear rheometry with surfactant). This fits within the range determined by Kroy
and Frey (1996) for entangled actin networks (α = 1.7 - 2.3), but is above the value
determined for the same system by Hinner et al. (1998) (α = 1.4).

It can also be observed that the scaling parameter measured with microrheology is
much larger when changing the keratin concentration than with KCl changes, and a
little larger than when changing MgCl2. Thus, changing the protein concentration
has a larger influence on the scaling than addition of counterions.

Lin et al. (2010b) and Pawelzyk et al. (2013) both tested the effect of Mg2+ on the
scaling behaviour. Lin et al. (2010b) used vimentin (cVim = 2 g/l) and neurofilaments
(cNF = 1 g/l) and applied shear rheometry. Both IF networks resulted in α = 0.6,
implying that both IF subtypes show the same behaviour when adding magnesium.
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The absolute value can not be used for comparison with our results because of the
different measuring technique.

Pawelzyk et al. (2013) tested K8/18 at c = 0.5 g/l (the same sample preparation
as used in this work) with different Mg2+ concentrations. However, no effect could
be seen at all. G0 stays constant. This fits neither to Lin et al. (2010b) nor to
Leitner et al. (2012) nor to figure 4.10. These results already show an effect with
monovalent ions and a strong effect with magnesium.

Lin et al. (2010a) also compared the influence of different divalent counterions,
Mg2+ and Ca2+, with vimentin networks (cVim = 1 g/l). Both showed the same
scaling behaviour. The valency seems to be the important factor.

By comparison of these results it is observed that sometimes different behaviour is
measured for the same system. Therefore, other parameters besides surfactant and
general measurement technique have to influence the results and classification has
to be done carefully.

Another interesting point is the crossover frequency. Here G′ and G′′ of the same
sample intersect and therefore the behaviour of the sample changes from mainly
elastic to mainly viscous or vice versa. However, no specific behaviour is be observed.
For 0 mM, 5 mM and 80 mM the crossover is at frequencies lower than the measured
ones. The others show no general trend:

10 mM: 8.5 s−1

20 mM: 12.8 s−1

40 mM: 18.1 s−1

150 mM: 6.5 s−1

This can not be used for further interpretation. However, all samples have in
common that the loss modulus G′′ dominates for higher frequencies and the storage
modulus G′ dominates at low frequencies.

According to Wirtz (2009), at short timescales and therefore at high frequencies
the displacement of beads is predominantly induced thermally by fast lateral bend-
ing fluctuations of filaments, while at intermediate frequencies slow longitudinal
back-and-forth fluctuations of entire filaments dominate. They are slower because
the entire filament is involved instead of small sections. At long times and low
frequencies the movement between meshes is observed. However, mesh hopping is
hardly seen in the measurements shown in this thesis. Networks are either very
stiff and beads stay within their mesh, or they are so flexible that the meshes move
by themselves and long distance movement of beads does not occur by hopping to
other meshes but because the meshes deform.

Comparing this with our crossover behaviour leads to the conclusion that bending
fluctuations of filaments cause a dominantly viscous behaviour while movement of
complete filaments shows elastic properties.

108



4.2. Effect of Potassium on Keratin 8/18 Networks - Discussion

4.2. Effect of Potassium on Keratin 8/18 Networks -

Discussion

The presented results can be used for a better understanding of keratin 8/18 net-
works. They can be compared with literature and explain properties on the level of
single filaments as well as complete networks.

The first study of viscoelastic properties of cytoskeletal filaments, including vi-
mentin exemplary for intermediate filaments, was conducted by Janmey et al. (1991)
on in vitro assembled networks. They found that actin exhibits the highest rigidity
at low strains, but fluidizes at high strains. In contrast, vimentin displayed a less
rigid behaviour at low strains and it hardened at high strains, resisting breakage.
With these properties IFs are able to maintain cell integrity. For microtubules they
found that it is unlikely that they significantly contribute to the active mechan-
ical behaviour of cells, but they may stabilize other cytoskeletal components. In
this work only in vitro assembled keratin networks were studied to investigate the
influence of counterions and therefore no interplay between different cytoskeletal
filaments was examined.

The influence of counterions on IF networks was already investigated by several
groups. Lin et al. (2010a,b) examined the mechanical behaviour of vimentin in the
presence of MgCl2 with rheology experiments. Leitner et al. (2012) and Pawelzyk
et al. (2013) did the same with keratin 8/18. Bousquet et al. (2001) studied K5/14
upon addition of NaCl, a monovalent counterion. This section focusses on properties
of keratin 8/18 networks including KCl as a crosslinker.

It was observed that K8/18 networks form bundles with the help of potassium.
Thus, monovalent ions are sufficient for bundling of K8/18. This agrees with Bous-
quet et al. (2001) who demonstrated bundling of K5/14 upon addition of NaCl. It
is in contrast to vimentin, where monovalent ions do not induce bundling (Bren-
nich et al. (2014), Dammann et al. (2015)). Sakamoto et al. (1980) found keratin
bundling only with divalent and trivalent ions, but not with monovalent ones as
potassium or sodium. However, these measurements were performed on rat instead
of human keratin and under slightly different buffer conditions. The general buffer
system seems to influence bundling. This is also important when comparing K8/18
and vimentin. While keratin already assembles to bona fide filaments with 10 mM
tris, vimentin at this ionic strength forms only tetrameric complexes. For assem-
bly the addition of monovalent ions such as sodium chloride to at least 50 mM is
necessary (Herrmann et al., 1996).

Hémonnot et al. (2015) found bundling onsets for K8/18 at approximately 1 mM
MgCl2 and 25 mM KCl. These concentrations were determined with SAXS mea-
surements and the onset concentration was defined by the amount of salt needed to
obtain a change in the SAXS signal. The results presented in this work do not sup-
port this statement. The KCl influence was examined with SEM at several different
salt concentrations and it cannot be concluded from the obtained images that the
onset concentrations of 1 mM MgCl2 and 25 mM KCl mark abrupt transitions in
the network structure. Even at 40 mM KCl, a concentration clearly above the onset
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concentration, only little bundling is seen (figure 4.3(b)). On the other side, SEM
images with 0.5 mM MgCl2 (figure 4.1(b)), which is below the onset concentration
of magnesium, already show slight bundling. Furthermore, MSD measurements al-
ready show the first effect with 10 mM KCl and thus below the onset concentration
determined with SAXS. When increasing the KCl concentration further a gradual
transition up to 80 mM is observed. There is no specific concentration which marks
a sudden change of mechanical properties.

Filament bundles are not separated from each other, but interconnected by bundle
branchings or associations, and even single filaments can change from one bundle to
another. The same behaviour is seen in cells. In Nafeey et al. (2016) keratinocytes
were prepared with high pressure freezing and subsequent freeze substitution, a
procedure that minimizes artefacts, and STEM tomography was used to image large
volumes, where bundles can be monitored over longer distances. Here also bundles
and bundle branching was observed. These bundles were not as dense as in figures
4.3(d) and (e), but denser than in figure 4.3(c). The KCl concentration found in
cells is between 130 and 140 mM (Adrian (1956), Lubin (1967)), closely represented
by figure 4.3(d). The fact that the filament bundles look less dense in cells, can
for example be ascribed to Hsp27 (Perng et al. (1999), Kayser et al. (2013)), a
protein that works as a spacer and thus inhibits bundling. Due to a more or less
constant KCl concentration in cells, Hsp27 can be utilized for controlling bundle
formation and hence for the regulation of network rigidity and therefore cell stiffness
and deformability. The fact that there is no change in mechanical properties for
KCl concentrations higher than 80 mM gives the cell some room where all rigidity
adjustments can be controlled by spacer proteins without having an influence of
changing salt concentrations.

SEM images of K8/18 networks including magnesium (figure 4.1) also show a
change in filament diameter. This effect was quantitated by Hémonnot et al. (2015),
who reported a linear core radius change from approximately 4 to 5.5 nm with mag-
nesium concentrations ranging from 0 to 1.25 mM. This behaviour was accompanied
by an increase in molecular weight of the filaments. They observed the same effect
for KCl, but much weaker and for higher salt concentrations. Here, the core ra-
dius changed from approximately 4 to 4.5 nm from 0 to 100 mM KCl. No diameter
changes were observed in SEM images. However, due to the weak effect and the
platinum coating this behaviour might not be observable. Hémonnot et al. (2015)
also did not see diameter changes in TEM images and attributed this to sample
preparation effects, especially drying, that do not occur for SAXS measurements
performed in buffer solution. These TEM images are also interesting for compari-
son with our SEM results. The observed bundles with 100 mM KCl correspond to
our results from SEM, even though the originally 3-dimensional network collapsed
on a 2-dimensional grid resulting in apparently smaller mesh sizes.

Hémonnot et al. (2015) also modelled the tail domains sticking out of the core of
the filament by assuming them as Gaussian chains. Based on SAXS measurements
they calculated the radius of gyration of this corona. For KCl, it increases from
about 1 to 3.5 nm up to a salt concentration of approximately 25 mM KCl, then no
further trend can be seen. This effect was explained by the accumulation of salt
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ions within the chains. At 25 mM KCl there is saturation and then bundling starts
as seen by a change in the SAXS signal. However, the microrheology measurements
shown before, that already display differences at 10 mM KCl, suggest that this pic-
ture is not complete. Since no bundling is observed at 10 mM KCl, accumulation
of counterions among tail domains seems to be enough to change mechanical prop-
erties. Electrostatic interaction of the charged amino acids of the tail domains is
already partially shielded.

This behaviour is not seen with vimentin and KCl. Here an interesting question
arises. Why is this counterion effect, especially of monovalent ions, stronger on
K8/18 than on vimentin? A possible explanation, that also goes along with Hé-
monnot et al. (2015), is the role of the charge density of different intermediate fila-
ments. While vimentin carries a line charge of -14 e/nm, keratin 8/18 only exhibits
-3 e/nm. Therefore less screening is needed for keratin 8/18. Furthermore, keratins
8 and 18 exhibit a higher relative hydrophobicity than vimentin (K8: 17.9; K18:
19.0; vimentin: 15.5). This might also lead to stronger influence of counterions.

Due to the behaviour seen with SAXS, Hémonnot et al. (2015) suggested three
regimes. First, at low concentrations (KCl < 20 mM, MgCl2 < 0.5 mM) the inter-
action between filaments is dominated by electrostatic repulsion. However, as can
be seen with microrheology, there is already a gradual decrease of repulsion affect-
ing network stiffness. Second, for intermediate concentrations (KCl 20 - 50 mM,
MgCl2 0.5 - 1 mM) there is a balance between electrostatic and hydrophobic forces
and bundling starts. In the third regime, at high concentrations (KCl > 50 mM,
MgCl2 > 1 mM), the counterions completely screen the filament charge and inter-
actions are determined by attractive hydrophobic forces. While the first regime
is compatible with our results, the second and third regime are difficult to bring
into accordance with our findings. Mechanically, there is a behavioural transition
between 40 and 80 mM KCl. Since no concentration between 50 and 100 mM was
measured by Hémonnot et al. (2015), this is also in agreement with their theory.
However, their results are based on the structure of bundles instead of mechanics
and our SEM analysis does not show a transition to another regime at these con-
centrations. The structural changes continue gradually up to 300 mM, which is the
highest concentration examined with SEM.

Another theory that can be used for explanation of our results is the Manning
theory presented in section 1.4.2. It describes that counterions condense on a poly-
electrolyte until the charge density is reduced below a critical value. Since the
structure of K8/18 networks including potassium shows changes even between 150
and 300 mM KCl, implying an ongoing increase of condensed counterions, the criti-
cal concentration has to be above 150 mM KCl. This concentration is much higher
than the critical concentration for the onset of bundle formation found by Hémonnot
et al. (2015).

Manning assumes that there is a shared condensation volume of two bundling
polymers, enhancing translational entropy. In Ray and Manning (1994) the shape
of the shared condensation volume is calculated. It is shown that the two polymers
need to be close enough to each other to have an overlap of their formerly separate
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condensation regions. This explains why Hsp27, acting as a spacer, prevents bundle
formation.

When two filaments approach each other further, the overlapping regions merge
to one single region, that then continuously decreases in size. This might explain
that the bundles become denser and denser with increasing salt concentrations.

A special feature of intermediate filaments, compared to classical polymers exam-
ined by Manning and Ray, is the fact that even though the net charge is negative
there are also positive amino acids. This was not considered by them. It is therefore
not known, to which extend their theory is altered by this fact, or how it influences
the critical concentrations needed for bundling, compared to polymers with only
one type of charge.

Another effect that is usually observed for intermediate filaments is strain harden-
ing. When higher stresses are applied, IFs become stiffer. This effect was described
for the first time by Janmey et al. (1991) for vimentin and was for example also
found for keratin 5/14 by Ma et al. (1999). However, we do not see this behaviour
with microrheology measurements, neither passive nor active. This is due to the
low forces applied by these techniques. So no comparison can be drawn with our
data for this very interesting behaviour.

Bundling of intermediate filaments is very important for cells. Mutations of K5/14
leading to epidermolysis bullosa simplex (EBS) reduce for example bundling abilities
under crosslinking conditions (Ma et al., 2001). This results in limitations of the
cell stability against large deformations and shows that bundling due to counterions
is an important mechanism in cells.

4.3. Influence of Plectin on Keratin 8/18 Networks

Plectin is a cytolinker protein found in many cell types. It is crosslinking interme-
diate filaments among each other as well as with other cytoskeletal components. In
contrast to counterions this occurs through direct binding of both ends of plectin
dimers to different IFs. This section examines the effect of plectin on the K8/18 net-
work structure and mechanics. The analysis is done on in vitro assembled networks
as well as cell networks of normal and plectin depleted cells.

4.3.1. In Vitro Networks - Properties of Plectin

For in vitro preparation, plectin proteins were isolated from rat glioma C6 cells by
the DKFZ (Deutsches Krebsforschungszentrum) in Heidelberg. The purified pro-
teins are tested by immuno blot analysis and show two bands, belonging to plectin
and vimentin (see figure 4.11(a), left). To reduce the amount of included vimentin
(∼ 50 kDa), the protein solution is dialysed with a molecular weight cut-off (MWCO)
of 100 kDa, which is sufficient to retain plectin (> 500 kDa). Interestingly, as can
be observed in the right part of figure 4.11(a), this procedure was not successful.
Vimentin is reduced, but not completely removed, and plectin is also reduced.
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Figure 4.12.: TEM image prepared with negative staining showing plectin molecules
(cP = 0.14 g/l, adsorbed for 30 s). Single molecules are seen as well as
aggregates of different sizes and forms.

observed, but also larger structures including several proteins are present. These
approximately globular structures and their aggregates were already found under
in vitro conditions by Foisner et al. (1988) and Nikolic et al. (1996).

4.3.2. In Vitro Networks - Investigation with SEM

The next step is to co-assemble keratin 8/18 and plectin. Steinböck et al. (2000)
found that vimentin and K5/14 assembly is impaired by plectin, depending on the
plectin concentration, and addition of plectin in large amounts to already assembled
networks results in disassembly.

Thus, it has to be tested if K8/18 and plectin co-assemble in the desired concen-
tration range. It is observed with SEM (figure 4.13) that plectin does not disturb
keratin assembly when mixed from the beginning. Keratin 8/18 networks including
plectin aggregates similar to figure 4.12 are seen. TEM measurements turned out
to be more problematic, since there the proteins are preassembled in an Eppendorf
tube and then have to be transferred to the TEM grid. This transfer seems to either
destroy the networks or they cannot be pipetted at all. The grids are empty most
times. SEM sample preparation does not include this transfer step. Everything is
assembled on the final substrate. This leads to the desired networks.

The plectin molecules in the network show the same behaviour as when imaged
alone with TEM. No dumbbells or thin connecting filaments can be found, but
aggregates of different sizes are formed. The higher the plectin concentration com-
pared to the keratin concentration is, the larger the plectin aggregates become and
also the more frequent. Figure 4.13(b) shows a sample with cP/cK = 0.12. A few
small connecting proteins are seen. In figure 4.13(d) it is cP/cK = 0.3. Here a lot of
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(a) (b)

(c) (d)

Figure 4.13.: SEM images of keratin 8/18 samples with different concentrations of
plectin. (a) no plectin; (b) cK=0.5 g/l, cP=0.06 g/l (cP/cK = 0.12); (c)
cK=0.1 g/l, cP=0.015 g/l (cP/cK = 0.15); (d) cK=0.1 g/l, cP=0.03 g/l
(cP/cK = 0.3). Plectin is included in the network as aggregate struc-
tures with different sizes, depending on the plectin concentration. The
aggregates connect intermediate filaments at specific binding positions
and do not induce bundling.

large aggregates are found within the network. The larger the aggregate, the more
IFs are interconnected. Figure 4.13(c) shows a close-up of such an aggregate. It
binds several intermediate filaments. The connections are not all at the same posi-
tion, but all over the aggregate. Therefore, several binding sites have to be exposed
on the outside of the aggregate.

The structure of the keratin network is not altered much. The filaments are inter-
connected by plectin, but in between they look very similar to IFs in non-crosslinked
networks (figure 4.13(a)). Some filaments are stretched, others are corrugated, even
though less stretched filaments are found in crosslinked networks with increasing
plectin concentrations.

This binding at specific points is in contrast to salt as crosslinker, where counteri-
ons have a shielding effect all along the filaments. Bundles are formed that become
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denser with increasing counterion concentrations. Plectin in in vitro networks does
not induce bundling.

For comparison with cells it is also interesting to know physiologically relevant
concentrations. Foisner et al. (1988) found a mass ratio of plectin/vimentin of 0.2
to 0.3 in rat glioma C6 cells. The ratio directly after solubilisation was 0.29. Since
vimentin has a mass similar to keratin, this value is also applied here. Therefore it
is

mP, Total

mK, Total

=
cP

cK

= 0.29 (4.3)

Figure 4.13(d) closely represents this ratio. A lot of large aggregates are seen. In
comparison to cell networks there seem to be too many plectin molecules in vitro,
even when considering that in cells plectin is present as thin connecting filaments
instead of aggregates. The reason is the distribution of plectin in cells. It does
not only serve as crosslinker between IFs, but it also interconnects IFs with other
cytoskeletal components and with hemidesmosomes. Therefore, the proportion of
plectin that only links IFs among each other results in a much smaller ratio than
0.29. The exact ratio can not be determined easily.

To prove that these aggregates really represent plectin, immunogold staining is
applied. The protocol used for sample preparation can be found in appendix A.6.
With this method plectin is recognised by specific primary antibodies. They are vi-
sualised by secondary antibodies labelled with 10 nm diameter gold particles. These
gold particles have a much higher scattering coefficient than biological material.
Therefore, they can be seen with SEM using backscattered electrons, while proteins
are invisible to this measuring technique.

Figure 4.14(a) shows an image recorded by detecting backscattered electrons. The
gold particles are seen as white dots in front of a black background. No network is
observed. Additionally, the same position is measured with SEM using secondary
electrons, to visualise the IF network and plectin. In this image (figure 4.14(b)) the
gold particles can hardly be recognised. Instead, keratin filaments and crosslinking
aggregates are shown. The network appears different from the SEM images shown
before because of the preparation technique that changes the network morphology.
An overlay of both images (figure 4.14(c)) shows the binding positions of the gold
particles.

In these images, gold particles are located at larger aggregate structures as well
as at positions where it is not clear if there is plectin present. However, the plectin
negative control sample, where a pure keratin network is prepared, does not include
any gold particles. Therefore, there seems to be no unspecific binding of the plectin
antibody to keratin. This means that the aggregate structures are plectin and that
there are smaller plectin molecules that cannot be distinguished from the keratin
network. This might be due to the bad network morphology with this preparation
technique.
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(a) (b)

(c)

Figure 4.14.: Electron-microscopic images of keratin 8/18 samples (cK = 0.5 g/l,
cP/cK = 0.2) with plectin. The presence of plectin is verified with im-
munogold staining. (a) Image acquired with backscattered electrons.
Only gold particles are imaged. (b) Familiar secondary electron image
of the sample. The network is seen including aggregate structures. (c)
Overlay of the two images. Gold particles are mainly seen at aggregate
structures. Networks prepared without plectin do not show any gold
particles.

4.3.3. In Vitro Networks - Influence of Plectin on the MSD

Since it is unknown how much of the plectin in cells contributes to IF-IF interactions,
different concentrations are tested to find the onset concentration where plectin
starts to affect K8/18 network mechanics. To be able to compare the results with
networks containing KCl, again a keratin concentration of cK = 0.5 g/l is used for
all networks. However, with this cK it was not possible to measure cP/cK ratios
up to 0.29 because of the very low plectin concentration in the stock solution.
The concentration was slightly increased with centrifugation, but this approach was
limited due to the lack of protein.
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Figure 4.15.: MSD of keratin 8/18 networks (cK = 0.5 g/l) with different concentra-
tions of plectin measured with a sampling rate of 5000 Hz. Networks
including 0.009 g/l (cP/cK = 0.018) and 0.03 g/l (cP/cK = 0.06) plectin
exhibit no significant difference to pure K8/18 networks. cP = 0.06 g/l
(cP/cK = 0.12) is needed to see a clear effect.

Figure 4.15 shows the resulting mean squared displacements. For comparison
again water is displayed. It is observed that networks containing 0.009 g/l (cP/cK =
0.018) and 0.03 g/l (cP/cK = 0.06) plectin are similar to pure keratin networks even
though they are not identical due to limitations of the correction methods. These
measurements were performed very early and bad illumination was a large problem
then (see section 3.4.2). As can be seen in figure 3.11, low grey levels lead to high
offsets and small grey level changes lead to large offset changes. So this regime is
very sensitive to grey level fluctuations.

By increasing the plectin concentration further to 0.06 g/l (cP/cK = 0.12) the
network becomes stiffer. The MSD is obviously lower than for the other network
types. It is similar to the MSD of networks including 10 mM KCl. Figure 4.13(b)
shows an SEM image of a network with cP/cK = 0.12. At this ratio there are small
aggregates connecting few filaments.

cP/cK = 0.12 is lower than 0.29, as determined by Foisner et al. (1988) for rat
glioma C6 cells. Therefore, plectin can contribute to IF network mechanics, even
when part of the plectin in cells is used for other connection types, for example
with actin or hemidesmosomes. However, with cP/cK = 0.12 the influence of plectin
on network rigidity is much smaller than the impact of physiological amounts of
KCl. Since it was not possible to measure higher plectin concentrations, it could
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(a) (b)

Figure 4.18.: G′ and G′′ of keratin 8/18 samples (cK = 0.5 g/l) with different con-
centrations of plectin. Networks with 0, 0.009 and 0.03 g/l of plectin
show similar results while cP = 0.06 g/l can be distinguished. No min-
ima, points of inflection or plateaus can be found, except for large
frequencies of G′, where truncation errors influence some results.

still positive, but the maximum at 1000 s−1 occurs because the slope approaches 1.

As for KCl, no plateau, minimum or point of inflection is seen that could be used
for further evaluation. Since only cP/cK = 0.12 shows an effect, no scaling behaviour
can be discussed either. Higher concentrations could not be measured due to the
lack of further protein.

A crossover frequency between G′ and G′′ is only observed for cP/cK = 0.12 at ν
= 5.6 s−1. This is below 10 mM KCl. The lower the plectin concentration becomes,
the lower the crossover frequency seems to be. These values can however not be
determined precisely because they are outside the measured frequency range.

Isolated, these results from in vitro assembled K8/18 networks including plectin
can only be interpreted in a limited way because it is unknown how much plectin
is used for IF-IF coupling in cells. As already mentioned, plectin does not only
crosslink intermediate filaments among each other, but also to other cytoskeletal
components and hemidesmosomes (when present). Therefore, the results become
much more meaningful when compared to cells. Thus, in the next chapter the same
measurements are performed on cells.

4.3.5. Cell Networks - Investigation with Microscopy Techniques

To be able to analyse the effect of plectin on cells, two cell lines are investigated:
a plectin depleted cell clone (downregulation to approximately 10% of the original
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Figure 4.19.: Fluorescence images of an extracted, plectin deficient cell. (a) Keratin
13-EGFP, (b) actin stained with phalloidin and (c) composite image
of both chanels with Höchst 33342 stained DNA. The keratin network
is denser around the nucleus than in the cell periphery and it can be
found in different heights of the cell. Actin is mainly seen directly
above the substrate. (With kind permission of Marcin Moch.)

amount of plectin by shRNA) and a scramble control clone with normal plectin
levels. Both are from the vulvar carcinoma derived cell line A431 clone AK13-
1 that is stably expressing keratin 13-EGFP (enhanced green fluorescent protein)
(Moch (2015), Moch et al. (2016)). Polystyrene beads with 1µm diameter are added
as measuring probes. The incubation time of 90 min for PS beads was chosen in a
way that the beads are attached to the network, but not completely incorporated.
With this, the beads are the furthest possible distance away from the substrate.
Thus substrate effects are minimised, the beads have only minimal toxic effects on
cells and, as will be seen in figure 4.19(b), the influence of actin should be at a
minimum. Then the cells are extracted with Triton X-100 as described in Beil et al.
(2003) for 20 min, so only PS beads, intermediate filaments, actin filaments and
associated proteins are left. Cell culture, sample preparation and measurements
were performed by Marcin Moch. For detailed protocols see appendix B.

To examine the extraction process, fluorescence microscopy is utilised to image
the IF and actin networks of plectin deficient cells after extraction. The observed
IF network is shown in figure 4.19(a). It shows thick bundles around the nucleus
and less network in the cell periphery. It is found throughout the complete height
of the cell. Actin on the other side forms dense networks above the substrate (figure
4.19(b)). It is more abundant in the cell periphery than close to the cell nucleus.
Figure 4.19(c) shows an overlay of both cytoskeletal networks to compare keratin
and actin distribution. Additionally DNA is stained to visualise the nucleus.

Next, it is verified that the beads are phagocytised. Figure 4.20 shows plectin de-
pleted and control cells. The left images are measured with differential interference
contrast (DIC). Primarily the nucleus and round structures are seen. The round
structures have different sizes, leading to the conclusion that not all of them are
PS beads. The others are probably vesicular structures which are leftovers from

122



4.3. Influence of Plectin on Keratin 8/18 Networks

Figure 4.20.: Comparison of plectin depleted and control cells with differential inter-
ference contrast (DIC) and fluorescence microscopy. The DIC images
mainly show the nucleus and round structures of different sizes. The
latter are partially PS beads (arrows) and partially vesicular struc-
tures. The other images show keratin 13-EGFP, either in a special
layer (middle) or throughout the complete cell (right). (With kind
permission of Marcin Moch.)

the extraction process. They are also seen in conventional microscopes, as the in-
verted microscope used for microrheology. Particles which definitely correspond to
PS beads are marked with red arrows in figure 4.20 and all others were not used for
MSD calculation.

The other four images in figure 4.20 show fluorescence images of keratin 13 net-
works of plectin depleted and control cells. The networks are visualised in different
layers. The middle images display the same layers as the DIC images on the left.
The right images show overlays of all layers. The plectin depleted cell is higher than
the control cell. With magnifications as used in figure 4.20 no striking differences
between the two cell types are observed. Single cells look different, but comparison
of many cells does not lead to a clear distinction. More detailed analysis on this
topic was done in Moch (2015) and Moch et al. (2016). They found an increased
bundle thickness in plectin deficient cells near the nucleus and less IF signal in
the cell periphery. The bundle length between branching points decreased due to
plectin depletion. In the images in figure 4.20 no differences in bundle formation
are observed. This is due to different waiting times between seeding and imaging.
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Figure 4.23.: MSD of plectin depleted and control cells (sampling rate 1000 Hz).
Plectin depleted cells result in higher MSDs showing that their network
is more flexible than the one with plectin. Both curves exhibit smaller
slopes than MSD’s of in vitro assembled networks.

located in higher layers that are removed during preparation for electron microscopy.
The only difference can be seen completely at the cell periphery, where small, thin
protrusions extend from the plectin deficient cells.

When changing to higher magnifications, they still both look similar. The shown
sections correspond to outer parts of the cell, since the larger structures around
the nucleus are removed. In this area control cells show a higher fluorescence signal
than plectin depleted cells. In the SEM images of both cell types filaments as well as
thin filament bundles are seen. They are decorated with small aggregate structures
which are probably lipid leftovers of the cell extraction process. However, the overall
impression is that in control cells, there are fewer single filaments and instead more
and thicker bundles are found. This agrees with the higher fluorescence signal.

4.3.6. Cell Networks - Influence of Plectin on the MSD

After adding beads, again mean squared displacements are determined. Figure 4.23
shows the resulting curves for both cell clones. Both curves display a similar shape.
They are much flatter than the other MSDs and show a saturation effect, even
though no plateau is reached within the measured time regime. Additionally, they
are lower than all the other measured MSDs, even below 80 and 150 mM KCl. Thus,
the bead movement is very restricted in cells, meaning that the cell networks are
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Figure 4.26.: G′ and G′′ of control and plectin depleted cells. As with the MSDs it
is seen that the control cells with more crosslinkers are more elastic
than plectin depleted cells. G′ approaches a plateau modulus towards
lower frequencies for both cell clones.

frequencies. It is approximately G′
0,control = 107 Pa for control cells and G′

0,depleted =
35 Pa for plectin depleted cells. This shows, like the MSDs, that the control cells
are stiffer than the plectin-depleted cells.

According to equation (4.2), the plateau modulus can be used to calculate the
mesh size ξ. This gives ξcontrol = 69 nm and ξdepleted = 100 nm. It is reasonable that
the mesh size is smaller with more crosslinking proteins.

It is also interesting to compare these values with the different values obtained for
in vitro networks without crosslinker. When using a keratin concentration of 0.5 g/l,
estimation from theory gives ξ = 435 nm, measurements from SEM images result in
approximately 200 nm (Leitner, 2011) and dynamic light scattering yielded roughly
90 nm. Since cell networks should have smaller mesh sizes than in vitro networks
because they include various different crosslinkers, the DLS result of 90 nm seems
to be too small because it is lower than ξdepleted = 100 nm. This can be explained
with the sedimentation effect observed with these samples. Sedimentation produces
denser networks at the bottom of the sample chamber and increasing mesh sizes at
higher positions.

Furthermore, no crossover frequency between G′ and G′′ is seen. According to
the trend of the graphs, it will be at frequencies higher than the measured range.
This is in contrast to the moduli of in vitro networks, where the crossover occurred
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either within the measured regime or at lower frequencies. Therefore, both types
of networks, in vitro and cells, have a dominating storage modulus G′ at lower
frequencies and a dominating loss modulus G′′ at higher frequencies, but the cell
networks are measured in the mainly elastic regime, while the in vitro networks
show a more viscous behaviour. The control cells with more crosslinkers are more
elastic than the plectin-depleted cells. Thus, crosslinking leads to higher storage
moduli and therefore more elastic behaviour.

4.4. Comparison of the Effect of Plectin on In Vitro

Networks and Cells

Plectin is a crosslinking protein that binds to specific positions on IFs, connecting
two or more filaments with each other. This can be observed in in vitro assembled
networks measured with SEM. However, the buffer system changes the morphology
of plectin from dumbbell shape to aggregates. This was also observed by Foisner
et al. (1988) and Nikolic et al. (1996).

In plectin downregulated cells the overall morphology does not change significantly
compared to control cells. The keratin network becomes more bundled around
the nucleus (2 days after seeding, Moch et al. (2016)) and in the periphery the
fluorescent signal of IFs decreases. This can be compared to Osmanagic-Myers
et al. (2006) who prepared plectin knockout and control cells (basal keratinocytes)
for immunofluorescence microscopy and TEM (thin sections of samples stained with
OsO4, dehydrated in ethanol and flat-embedded in epoxy resin). In fluorescence
microscopy both control and plectin deficient cells exhibited keratin networks in the
cell periphery, but in control cells the network was denser with more thin filament
bundles, while the network in plectin knockout cells contained more thick bundles
with fewer single filaments in between. Thus, plectin is responsible for smaller mesh
sizes of the keratin network. These observations correspond to the results found by
Moch et al. (2016) for plectin depleted A431 cells that were also used here.

However, the fluorescence microscopy methods used by both groups are insufficient
to resolve the networks at single filament level. The TEM images of mouse tissue
done by Osmanagic-Myers et al. (2006) were of better resolution, as are the SEM
measurements performed here. These SEM images clearly show single filaments
coated with platinum (> 10 nm) and also thicker bundles. Interestingly, they show
only little difference in network architecture upon plectin downregulation. The
lack of strong keratin bundles compared to previous observations with fluorescence
microscopy can be explained by the harsh fixation protocol used for SEM sample
preparation that can wash away thicker bundles.

Detailed comparison of the TEM images of Osmanagic-Myers et al. (2006) with
the SEM images measured here has to be done carefully, because here cells were
only seeded for a short time of 150 min before extraction. As already shown in the
fluorescence images in figure 4.20, the keratin networks are then more homolog in
the investigated cell clones. It was also confirmed by personal communication with
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Marcin Moch that A431 cells form more maturated (thick) keratin bundles after
longer cell cultivation times. On the other side, Osmanagic-Myers et al. (2006)
measured confluent cells and tissues, where cells are connected with each other.

Actin organisation was altered as well according to Osmanagic-Myers et al. (2006).
Plectin deficient keratinocytes exhibited slightly more stress fibres and formed more
lamellipodia, indicative for a transition from a stationary to a migratory phenotype.
Microtubule organisation was not changed.

While microtubules are dissolved during extraction, actin can not be observed
in our SEM images. It is usually located beneath the keratin network and is col-
lapsed on the substrate. For studying actin architecture, conventional fluorescence
microscopy is favourable. The fluorescent images of A431 cells only showed small
actin stress fibres or filaments. This corresponds to the fact that A431 cells do not
tend to migrate at the conditions used. Noticeably, small protrusions extending
from plectin depleted cells could be confirmed in SEM. It was however not investi-
gated if A431 cells form more lamellipodia upon plectin depletion, as was described
by Osmanagic-Myers et al. (2006) for primary basal keratinocytes, which are more
motile than A431 cells. It is not unlikely that plectin deficient cells contracted dur-
ing extraction or preparation for SEM and only some, especially strong, adhesions
remained at the original cell periphery, leading to apparent protrusions in SEM.

Foisner et al. (1988) studied extracted rat embryonic fibroblasts with SEM (see
figure 1.8(a)). They found thin connecting lines between vimentin filaments which
they recognized as plectin. In filament bundles observed with TEM they showed
that plectin was mainly located at branching and crossover points of bundles. In
our images it is not possible to unambiguously define thin connecting lines or other
structures that might be plectin. Only bundling is observed, which in turn cannot
be seen in the images of extracted cells in Foisner et al. (1988).

Comparing our in vitro results with cell images, it is interesting to note that in
vitro bundling is never observed. Even high plectin concentrations only lead to more
connections, but not to bundling. On the other side, in cells no single connections
can be found.

The most important part of this work was to characterise mechanical properties
of K8/18 networks under different crosslinking conditions. Plectin was chosen as
an example of a cytolinker protein. In cells, Foisner et al. (1988) found a mass
ratio of plectin/vimentin equal to 0.29. This ratio includes plectin crosslinking
intermediate filaments among each other, with other cytoskeletal components and
to hemidesmosomes. Our in vitro measurements showed that a ratio between 0.06
and 0.12 is needed to achieve an effect of plectin on IF network mechanics. So a
minimum of 20% to 40% of the plectin in cells has to be used for IF-IF coupling to
have a contribution to cell rigidity. A ratio of 0.12 decreases the MSD at τ = 0.1 s
to 40% of the value without plectin.

Furthermore, downregulation of plectin in cells to approximately 10% of the orig-
inal level increases the MSD by a factor of three. Thus, plectin has a significant
effect on the stiffness of cell networks.

When comparing these two system, the MSD is decreased by similar factors in cells
and in in vitro networks with cP/cK = 0.12. This could lead to the conclusion that
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this ratio represents the amount of plectin used for IF-IF coupling in cells. However,
several things have to be considered. First, in cells there is also crosslinking to
actin. Actin stress fibres are very stiff structures that can give a lot of stability
to intermediate filaments. Therefore, downregulation of plectin also softens the
network due to missing links between keratin and actin, even though here the cells
were in a state unfavourable for cell migration and therefore stress fibre formation
was not very pronounced. This is partially compensated by the fact that actin levels
are higher in plectin deficient cells (Osmanagic-Myers et al., 2006). Since there is
no complete plectin knockout in our model cells (only a downregulation to 10% of
its original levels) this actin upregulation can not be neglected. Furthermore, cells
are able to upregulate other crosslinkers (for examples see Coulombe et al. (2000))
as a response to plectin downregulation. This can lead to network stiffening which
is not due to plectin.

Microtubules and hemidesmosomes are not important in this study. In extracted
cell networks no microtubules are left. Only actin is not dissociated. The impor-
tance of hemidesmosomes for cell stabilisation was already shown by McMillan et al.
(1998) who observed morphological abnormalities and related them to diseases like
EBS. In the cells investigated here with passive microrheology hemidesmosome for-
mation was inhibited by using fibronectin as a substrate. With this, the influence
of plectin on cell rigidity was only studied concerning connections between two IFs
and between IFs and actin.

By comparison of in vitro results with cells, no matter if plectin was depleted or
not, it was also found that cell networks are much stiffer than in vitro networks, even
with high amounts of salt. This can be explained with other crosslinking proteins.
Plectin is not the only cytolinker affecting intermediate filaments. Thus, even after
plectin depletion, a lot of crosslinkers are left that make the network much stiffer
than in vitro.

Additionally, it has to be kept in mind that the IF concentration is not necessarily
the same in vitro and in cells. The concentration in cells is unknown. Furthermore,
Moll et al. (1982) showed that A431 cells do not only include K8/18, but also
keratins 5, 13, 15 and 17 as well as small amounts of keratins 6, 7, 14 and 16. They
might have different mechanical properties in themselves as well as different binding
affinities to plectin.

Another thing that has to be considered is the different plectin conformation. In
cells thin connecting filaments are seen, while in vitro intermediate filaments are
interconnected by aggregate structures. These might be more rigid and therefore
they probably have a different influence on network mechanics.

A last problem is that cells only include a limited amount of network and parts
can be lost due to extraction. Thus, the beads are very close to the surface during
measurements and their movement is probably influenced by interactions with the
substrate (see section 3.1). Therefore, results obtained from extracted cell measure-
ments with the same preparation technique can be compared with each other, but
their absolute values have to be considered carefully. This is different in in vitro
networks. There the network is up to 1 mm high and measurements can be per-
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formed away from the surface. Furthermore, cell networks are very stiff, leading to
a small bead movement. This is difficult to track precisely and the errors discussed
in section 3.4 have a large influence.

Instead of looking at the passive microrheological properties of extracted cells,
Osmanagic-Myers et al. (2006) studied the stress response of living cells. They
observed an increased plasticity of plectin knockout cells and demonstrated an im-
portant role of plectin to stabilize membrane surfaces by interconnecting them with
intermediate filaments. This gives the required resistance against deformations.
These results can however not be related to our measurements since it was focused
on the interaction between IFs and the cell membrane. No behaviour of the network
itself was examined.

In Moch et al. (2016) living cells from the same cell line as used here (A431)
were investigated. They found that hemidesmosome-like structures, that were only
found in control cells, decrease keratin movement. Interestingly, by applying atomic
force microscopy and magnetic tweezers, they did not see any significant changes in
mechanical properties in living cells. This could be due to forces generated by actin
or microtubules.

This is in contrast to our results and to Bonakdar et al. (2015). They compared
the influence of plectin on murine myoblasts (expressing desmin) and keratinocytes
(expressing keratin). Different cell properties (vulnerability, cell stiffness, adhesion
energy, fluidity, strain energy and velocity) were compared. All plectin dependent
properties behave differently when comparing myoblasts and keratinocytes. Table
4.2 shows for all of them if they increase, decrease or stay unaffected by plectin
knockout. For example, plectin stabilises cytoskeletal structures in myoblasts but
not in keratinocytes. Contractile force generation is altered by plectin in both cell
types, but differently. Keratinocytes show significantly higher strain energies than
myoblasts. In plectin knockout keratinocytes IFs were more bundled and less flexible
with greater mesh size compared to cells with plectin. Microtubules were more
stable. On the other side, plectin knockout myoblasts did not show these alterations.
Instead there was IF aggregation upon differentiation into multinucleated myotubes.
In both myoblasts and keratinocytes the total amount of IFs did not change upon
plectin removal.

From these results it can be seen that plectin depletion has different effects on dif-
ferent cell types and also on different IF types (for review also see Wiche and Winter
(2011)). This can be explained by different tasks that have to be accomplished by
different cell types. While keratinocytes are found in the epidermis, where they
are exposed to external mechanical stress, myoblasts are progenitor cells that dif-
ferentiate into myocytes, which are found in muscle tissue. To specialise for these
tasks, plectin seems to take over different roles. Thus, one has to be careful when
comparing results of plectin deficient cells with literature results, because different
cell types are used.

In summary, it can be said that plectin used as a crosslinker for IFs stabilises the
network. At least 20 to 40% of the total amount of plectin in cells has to be used for
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Biochemical Analysis Myoblasts Keratinocytes
Vulnerability ↓ ↔
Cell Stiffness ↓ ↑

Adhesion (Binding) Energy ↓ ↑
Fluidity ↑ ↔

Strain Energy ↓ ↑
Velocity ↔ ↑

Table 4.2.: Changes of biomechanical properties of plectin knockout cells compared
to cells including plectin (Bonakdar et al., 2015). ↑ increase compared
to cells with plectin; ↓ decrease compared to cells with plectin; ↔ com-
parable to cells with plectin.

IF-IF interconnection to have an influence on mechanical properties. Even though a
lot of plectin is found in hemidesmosomes, it is possible that this amount is used for
crosslinking of IFs in cells. Moreover, plectin also couples intermediate filaments to
actin, stiffening the network further. Furthermore, cell networks are stiffer than in
vitro networks per se, mainly because of additional crosslinkers that are still present
after plectin knockout. In total it can be concluded, that plectin is an important
regulator of IF network stiffness in cells.
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5. Network Formation and
Mechanical Properties of Tailless
Keratin 8 and 18

The basic structural elements of intermediate filament monomers are a central α-
helical rod, flanked by the N-terminal head domain and C-terminal tail domain
(figure 1.3). When forming filaments, the tail-domains are exposed on the surface
of the fibres. Thus, they are important for interactions with adjacent structures,
for example other filaments. Especially their charge is important for this. In the
following chapter it is investigated how these tail domains influence the mechanical
properties of keratin 8/18 networks.

This analysis is done by removing the tail domains of keratin 8 and 18 separately
according to Hatzfeld and Weber (1990) and Bader et al. (1991). The resulting
tailless keratins are combined with wildtype keratins leading to four different com-
binations: K8 and K18 are both wildtype (K8wt/K18wt), K8 is wildtype and K18
tailless (K8wt/K18∆T), K8 is tailless and K18 wildtype (K8∆T/K18wt) or both
proteins are tail-truncated (K8∆T/K18∆T). They are all assembled in vitro and
examined regarding the morphology of single filaments and complete networks and
concerning their mechanical properties.

5.1. Investigation of Tailless Keratin 8/18 Networks

with Electron Microscopy

For the investigation of individual filaments transmission electron microscopy with
negative stained samples is used (sample preparation see appendix A.7). These
images are used for the analysis of general morphology as well as for the calculation
of diameters, lengths and persistence lengths of each sample type.

Exemplary images are shown in figure 5.1. The filaments were assembled at a
keratin concentration of c = 0.01 g/l for 5 min. Then the assembly was stopped
by addition of glutaraldehyde. All images display filaments, showing that tail-
truncation does not inhibit filament formation. K8wt/K18wt (figure 5.1(a)) and
K8wt/K18∆T (figure 5.1(b)) show short, normal looking filaments. Thus, removing
the tail domain of K18 alone does not change the appearance of filaments. In
contrast, K8∆T/K18wt (figure 5.1(c)) and K8∆T/K18∆T (figure 5.1(d)), where
the tail domain of K8 is removed, can look different. While most filaments still
resemble those of K8wt/K18wt and K8wt/K18∆T, the diameter of some filaments
broadens and bundles are formed.
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(a) K8wt/K18wt (b) K8wt/K18∆T

(c) K8∆T/K18wt (d) K8∆T/K18∆T

Figure 5.1.: TEM images of keratin 8/18 samples (c = 0.01 g/l, 5 min assembly)
with different combinations of tailless keratin. K8wt/K18wt (a) and
K8wt/K18∆T (b) both exhibit short, regular filaments. In contrast,
K8∆T/K18wt (c) and K8∆T/K18∆T (d) display filaments with irreg-
ular diameters and filament bundling.
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Figure 5.2.: Close-up of a bundle of K8∆T/K18∆T filaments. Clearly, two filaments
are aligned in parallel. The diameters of the individual filaments are
obviously irregular.

Figure 5.2 shows a K8∆T/K18∆T-bundle at higher magnification. The bundle is
thinner than with KCl (see section 4.1.1), only two filaments seem to be included,
but these two filaments are very close together. To achieve this behaviour with
KCl, high salt concentrations are needed. Additionally, the bundle is decorated
with smaller filaments.

For analysis of the network architecture SEM is used. Obtained images are shown
in figure 5.3. All images display networks, showing that tail-truncation does not
inhibit filament elongation.

Again, K8wt/K18wt (figure 5.3(a)) and K8wt/K18∆T (figure 5.3(b)) look similar.
Stretched and corrugated filaments are found and connections between filaments,
probably resulting from glutaraldehyde fixation or critical point drying, are ob-
served. Filaments in (b) appear thinner than in the other images, but, since the
samples were not prepared together and the detection system to determine the
thickness of the platinum layer is not precise enough, different platinum coatings
might be the reason for this. Therefore, quantitative analysis of filament diameters
was only done with TEM images.

The other two samples, K8∆T/K18wt (figure 5.3(c)) and K8∆T/K18∆T (figure
5.3(d)) show denser networks with more filaments sticking together laterally, as
already seen with TEM. But even with complete networks instead of single filaments,
as studied with TEM, no intensive bundling can be seen.

However, these dense networks for K8∆T/K18wt and K8∆T/K18∆T are only
observed in very few areas. In total, very little network is left on the samples.
The rest is washed away during sample preparation for SEM, that includes several
washing steps. Therefore, even though lateral aggregation of filaments is observed,
the networks seem to be less stable than K8wt/K18wt and K8wt/K18∆T.
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(a) K8wt/K18wt (b) K8wt/K18∆T

(c) K8∆T/K18wt (d) K8∆T/K18∆T

Figure 5.3.: SEM images of keratin 8/18 networks (c = 0.5 g/l) with different combi-
nations of tailless keratin. K8wt/K18wt (a) and K8wt/K18∆T (b) look
similar, in the overview shown here as well as when comparing complete
samples. K8∆T/K18wt (c) and K8∆T/K18∆T (d) show only very lit-
tle network when looking all over the sample and only few positions
with network are found. The network displays filaments sticking to-
gether more than in (a) and (b), but not in the form of bundles. Only
single filaments stick together.

TEM images as shown in figure 5.1 are now used to calculate the length and
diameter of filaments. The median lengths of samples assembled at a concentration
of c = 0.01 g/l for 5 min are shown in table 5.1. There is hardly any difference
between all four samples. By comparison of the complete distribution of lengths it
is also observed that the differences are of only low significance, as indicated by the
calculated quartiles. Thus, all filament types have the same assembly speed at low
assembly times.

Evaluation of the mean diameters shows that all tail-truncation types exhibit
similar values as wildtype IFs when only considering normal looking filaments.
K8wt/K18wt filaments display the largest diameter (see table 5.2) and truncation
of one or both tail domains decreases it. This decrease is however not very pro-
nounced. Especially when considering the heterogeneity of IF diameters (Herrmann
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Sample Type Median Length (c = 0.01 g/l,
5 min Assembly)

Lower
Quartile

Upper
Quartile

K8wt/K18wt 146 nm 106 nm 206 nm
K8wt/K18∆T 140 nm 100 nm 227 nm
K8∆T/K18wt 131 nm 95 nm 179 nm
K8∆T/K18∆T 135 nm 91 nm 191 nm

Table 5.1.: The median lengths of K8/18 filaments with different combinations of
tail-truncation are measured from TEM images as shown in figure 5.1.
The lengths are similar for all sample types.

Sample Type Mean Diameter (c = 0.01 g/l,
5 min Assembly) / nm

K8wt/K18wt 8.6 ± 1.6
K8wt/K18∆T 8.0 ± 1.6
K8∆T/K18wt 7.3 ± 1.3
K8∆T/K18∆T 7.0 ± 1.3

Table 5.2.: The mean diameters and corresponding standard deviations of K8/18
filaments with different combinations of tail-truncation are measured
from TEM images as shown in figure 5.1. Filaments with K8 and K18
being wildtype display the largest diameter. Substitution of K18 with a
tailless mutation decreases the diameter. With K8 instead of K18 being
tail-truncated the diameter decreases further. The smallest diameter is
shown by K8∆T/K18∆T.

et al., 1999) and the limited number of measured positions, the variations between
different sample types are insignificant.

When also measuring broadened filaments of K8∆T/K18wt and K8∆T/K18∆T,
diameters up to 14 nm are found. This is never observed for the other two filament
types and it is also rare here. Often it could not be distinguished if a broadened
filament or a bundle was present. Therefore, these diameters were not included in
the mean values shown in table 5.2. Nevertheless, truncation of the K8 tail domain
impairs the width control of filaments.

5.2. Mean Squared Displacements of Tailless Keratin

8/18 Networks

The influence of the tail domain on network mechanics is investigated with passive
microrheology with 1µm PS beads included in the network. Their movement is
tracked and the mean squared displacements are calculated. This analysis is done for
all four versions of tail-truncation in in vitro networks. First, pure keratin networks
are compared and then the influence of monovalent counterions is investigated by
the addition of 80 mM KCl.
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The resulting graphs are shown in figure 5.4. In (a) the already known curves
for wildtype keratin and water are shown. By removing the tail of K18 (b, dark
blue) the network becomes stiffer. It is similar to K8wt/K18wt with 80 mM KCl.
In contrast, by removal of the tail domain of K8 the networks become more flexible.
The MSDs of K8∆T/K18wt (c, dark green) and K8∆T/K18∆T (d, red) are similar
to those of water or buffer. So even though electron microscopy showed that there
is network present, it has no influence on the bead movement. The MSD is only
determined by the surrounding buffer, which is similar to water.

To verify that the water-like behaviour is not due to increased mesh sizes (mesh
sizes larger than the bead would change the diffusive behaviour), larger beads (3µm
diameter) are inserted into the network. These beads sedimented on the substrate
within the first 30 min. Thus, the network is too weak for the beads to stay incor-
porated and the water-like MSDs are not due to increased mesh sizes. It is unlikely
that the mesh size is even larger than 3µm, since removal of the tail domain should
decrease the mesh size when using the same protein concentration. Tail truncation
lowers the molecular weight and therefore the mass per unit length λ. With constant
protein concentrations of c = 0.5 g/l this leads to smaller mesh sizes for tailless IFs
than for wildtype filaments according to equation (3.1).

Addition of KCl, that was shown to induce bundling for wildtype filaments (sec-
tion 4.1), stiffens all networks. The stiffest network with salt is exhibited by
K8wt/K18∆T and the most flexible one by K8∆T/K18wt. K8wt/K18wt and
K8∆T/K18∆T including salt have very similar MSDs. Thus, removal of both tail
domains leads to an MSD similar to wildtype networks when KCl is included.

For better comparison again the MSDs at τ = 0.1 s are shown for all sample types
with boxplots in figure 5.5. Here it is seen even clearer that K8∆T/K18wt and
K8∆T/K18∆T are much more flexible than K8wt/K18wt. The corresponding me-
dian values are additionally given in table 5.3. Here also water is included. The me-
dian at τ = 0.1 s of water is three times the median of K8wt/K18wt. K8∆T/K18∆T
is slightly more viscous than water, K8∆T/K18wt appears softer. This is not possi-
ble. The medium surrounding the bead cannot be softer than water. Here the MSD
corrections seem to work not very well. On the other side, K8wt/K18∆T reduces
the MSD to 1/5 of the wildtype network.

By addition of KCl the MSD is decreased strongly for all sample types. The
smallest effect of KCl is seen with wildtype keratins. The median MSD is decreased
to approximately 1/21 of the original value. K8∆T/K18wt is reduced to about 1/27,
K8∆T/K18∆T to 1/31 and K8wt/K18∆T to 1/33. However, when considering the
error margins shown in table 5.3, these differences are insignificant. Thus, no general
conclusion about the influence of the tail domain on network stiffness in the presence
of KCl can be drawn.

The heterogeneity is again calculated according to Tseng et al. (2002a), where the
influence of the highest 10% of values on the ensemble averaged mean is consid-
ered (also see section 4.1.2). The errorbars are calcluated with bootstrapping of
the measured MSD distribution at τ = 0.1 s. Without salt, K8∆T/K18∆T and
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Figure 5.7.: The MSD of K8wt/K18∆T shows a time dependence. It decreases
during the first five hours after starting assembly before it stays ap-
proximately constant. This can be explained with an ongoing assembly
during this time.

show a slight decrease over time, while K8wt/K18∆T is almost constant. While
the first two satisfy the expectations, K8wt/K18∆T clearly decreases over the first
five hours, before it stays constant. This behaviour is shown in figure 5.7. As for
all samples, no measurements were performed within the first 30 min, so the main
part of the assembly process is not monitored.
This behaviour is reproducible (4 samples were prepared independent of each other)
and it was verified that really a time dependence and no position dependence is seen.
Thus, the assembly process is slower here than for the other networks. This effect
was not seen by measuring the length in TEM images, but these measurements were
done only 5 min after starting the assembly and the filaments are still very short,
containing only 2 to 3 ULFs on average. This can mask the effect of slow assembly,
that is seen clearly with passive microrheology.

5.3. Persistence Length of Tailless Keratin 8/18

Filaments

Changes in network stiffness due to tail-truncation might be either attributed to
changes in IF-IF interaction or to intrinsic changes and thus different flexibilities of
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5.3. Persistence Length of Tailless Keratin 8/18 Filaments

Sample type IFs > 200 nm # of values IFs > 400 nm # of values
K8wt/K18wt 224 nm 214 255 nm 75
K8wt/K18∆T 222 nm 144 234 nm 91
K8∆T/K18wt 218 nm 94 242 nm 17
K8∆T/K18∆T 242 nm 79 226 nm 33

Table 5.4.: Persistence lengths of different combinations of tailless keratin 8 and
18. Only considering filaments with contour lengths longer than 400 nm
gives similar results as when also including IFs down to contour lengths
of 200 nm. The persistence length between the different sample types
hardly varies. Tail-truncation does not alter the internal stiffness of
individual keratin IFs.

individual filaments. The second point can be tested by measuring the persistence
length. The basic theory underlying this method is explained in section 2.2.

For evaluation, single filaments are prepared for TEM with negative staining. It
was shown by Mücke et al. (2004, 2009) that IFs are equilibrated in this system and
thus the persistence length can be determined. The filaments are traced in ImageJ
(National Institutes of Health) and an automated ImageJ plug-in, supplied by Nor-
bert Mücke, is used to calculate the mean squared end-to-end distance depending
on the contour length. The resulting graph is fitted with equation (2.6).

It has to be taken care that the filaments used for analysis have a sufficient length.
ULFs are stiffer than elongated filaments that can also bend at connections between
ULFs. Filaments of 200 nm length only include approximately 5 ULFs and thus 4
connections. However, in contrast to the basic theory underlying persistence length
investigation, that assumes stiff rods and bending positions between rods, ULFs are
not completely stiff. When looking at electron microscopy images (figures 5.1 and
5.3), continuous bending is observed. This might be explained by the protofibrillar
substructure of IFs and the possibility that these fibrils slide along each other (Aebi
et al., 1983). Still, short IFs have higher persistence lengths than long filaments
and thus filaments as long as possible should be used for evaluation. Mücke et al.
(2004) showed that filaments should have a contour length of more than 1µm to
give a reliable persistence length.

However, this is not possible here, because K8∆T/K18wt and K8∆T/K18∆T start
to form bundles before a sufficient length is reached. However, filament bundles have
different persistence lengths than individual filaments. When two IFs are in contact,
for example by crossing each other, they are not equilibrated any more and thus
must not be used for persistence length evaluation.

To have truly individual filaments, they are only assembled for 5 min (c = 0.01 g/l).
Filaments found on these samples are always shorter than 1µm. To assess the
influence of the contour length, the persistence length is determined twice. Once,
all filaments shorter than 200 nm are ignored and the second time only IFs longer
than 400 nm are considered.

The calculated persistence lengths for both length constraints and the number of
measured filaments leading to the shown persistence length are listed in table 5.4.
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The values for > 200 nm and > 400 nm are similar. For K8∆T/K18∆T the value for
> 200 nm is larger, the other sample types behave reverse. Therefore, the influence
of the contour length on the persistence length is small, even though we are in the
range where the contour length becomes shorter than the persistence length (which
is the reason that 200 nm is the lower limit for contour lengths). Furthermore, since
it is most important to compare the four sample types among each other and not
with literature results, and for all samples the same conditions are applied, this
effect can be neglected.

Moreover, the values obtained here fit very well to literature. Tseng et al. (2002b)
named 200 nm, Leitner et al. (2012) reported approximately 420 nm and Lichten-
stern et al. (2012) about 300 nm. All of these literature persistence lengths were
measured on K8/18 wildtype filaments and the second two papers even worked with
the same evaluation technique and the same ImageJ plug-in. They are both in the
same order of magnitude as our results of 224 or 255 nm, only slightly higher. This
is explained by the fact that short filaments are stiffer than longer ones, because
the stiffness of single ULFs contributes more. And the filaments measured here are
shorter than in the two papers mentioned above.

Another limiting factor additional to the contour length is probably that the fil-
aments can not be recognized automatically and are therefore traced by hand in
ImageJ. Since this is done differently by different people, varying results can even
be obtained for the same data set. Considering this together with the fact that
the filaments used for our evaluation are too short, gives a rough estimation of the
error in these values. Comparison of the results shows that it is in the order of
magnitude of 100 nm. Since this tracing problem is the major contribution to the
error, no further error calculation is done.

The most important thing that can be learned from table 5.4 is that there are only
minor differences in the persistence length of different sample types. No significance
test can be done since the value is obtained by fitting and not from an ensemble of
values, but the discrepancies between different samples are approximately the same
as differences between the two length constraints. Thus, the persistence length for
different tailless keratins is the same. The varying results for network mechanics
have to be contributed to changes in IF-IF interaction due to tail-truncation.

5.4. Dynamic Shear Modulus of Tailless Keratin 8/18

Networks

At the end, again the dynamic shear modulus is calculated. The resulting graphs
for G′ and G′′ for all tail-truncated combinations without and with KCl are shown
in figure 5.8.

While G′′ is linear for all samples, without as well as with KCl, G′ drops at higher
frequencies for some samples. In figure 5.8(c) and (d) this drop results in negative
values. This is due to slopes of the MSD that are larger than 1, as already discussed
in section 4.3.4. Physically this means that these networks exhibit slightly super-
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5.4. Dynamic Shear Modulus of Tailless Keratin 8/18 Networks

(a) (b)

(c) (d)

Figure 5.8.: G′ and G′′ of keratin 8/18 networks (c = 0.5 g/l) with different com-
binations of tailless keratin that are compared to the same samples
including 80 mM KCl. G′′ is linear for all samples. G′ decreases at
the end, especially in (c) and (d), where it becomes negative at higher
frequencies. This is due to evaluation errors. No plateaus or mimima
are observed. Networks with KCl always have higher storage and loss
moduli than without. For networks without KCl, crossover frequencies
are at lower frequencies than with KCl.
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diffusive behaviour at short time scales. However, since the slopes have values only
very little above 1, it might also be that it is a measuring artefact. There is no
reason for super-diffusive behaviour.

For none of the graphs a plateau modulus or minimum is observed that could be
used for further analysis.

For all samples both the storage modulus G′ and the loss modulus G′′ are higher
for crosslinked samples than for networks without salt in the measured regime.
Crossovers between different sample types, indicating for example that networks
without KCl become more elastic than with KCl, might be found at frequencies
higher than the measured regime.

Crossover frequencies between G′ and G′′ are always at larger frequencies for sam-
ples with KCl than for samples without KCl. Thus, the transition between mainly
viscous and mainly elastic behaviour is at higher frequencies for crosslinked samples.

5.5. Effect of Tail-Truncation on the Mechanics of

Keratin 8/18 Networks

The different electron microscopic techniques applied on different combinations of
tailless K8/18 show that long filaments are formed, even after tail-truncation. This
is in accordance with Hatzfeld and Weber (1990), who assembled tail-truncated K8
(all but 6 residues of the tail domain were removed) with naturally tailless K19
(only exhibits a 13 amino acid long rod extension (Bader et al., 1986)) in vitro, and
with Herrmann et al. (1996), who showed the same for vimentin. Tail-truncated
K8, K18 and K19 (Bader et al., 1991) as well as vimentin (Eckelt et al. (1992),
Rogers et al. (1995)) can also assemble in the cytoplasm of cells. Furthermore, they
observed that non-filamentous structures of tail-truncated IFs can also be found in
the nucleus.

We additionally show that the assembly speed is not altered when considering
time scales of minutes. Regarding time scales of several hours, we see that the net-
work mechanics of K8wt/K18∆T changes for 5 hours after starting the assembly.
This infers ongoing assembly for these times. The other sample types, includ-
ing K8wt/K18wt, do not show this behaviour. In contrast, Eckelt et al. (1992)
showed that vimentin assembled faster after tail-truncation and they found longer
filaments after the assembly was finished. This could not be tested here since bund-
ling of K8∆T/K18wt and K8∆T/K18∆T inhibited tracing of complete filaments
after longer assembly times.

This bundling could only be partially reproduced in cells. While Bader et al. (1991)
(K8, K18 and K19) and Heins et al. (1993) (neurofilaments) saw more bundles after
tail-truncation, Eckelt et al. (1992) and Rogers et al. (1995) (both vimentin) saw
the opposite effect. However, these results have to be compared carefully, since in
cells additional proteins can inhibit bundling. One example for this, Hsp27, was
already discussed in section 4.2 (Perng et al. (1999), Kayser et al. (2013)).
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Figure 5.9.: Amino acid sequence of the tail domains of keratins 8 and 18 and vi-
mentin. In green, negatively charged amino acids are highlighted, red
are positively charged amino acids and blue hydrophobic ones.

Another question concerning the influence of the tail domain is its role in lateral
aggregation of dimers. Already Hatzfeld and Weber (1990) suggested that the tail
domain is needed for stabilisation. Herrmann et al. (1996) confirmed that there is
an influence of the tail domain on the diameter of filaments. They found that the
diameter of vimentin increased from 16 nm of wildtype vimentin to 20 nm after tail-
truncation, accompanied by an increasing amount of dimers included in one ULF.
For keratin 8/18 the diameter was also altered by tail-truncation, but the effect was
less pronounced and many normal looking filaments with similar diameters were
found. When removing the K8 tail domain some filaments broaden significantly.
Thus, an impact of the tail domain on width control was confirmed for the K8 tail
domain. The larger influence of K8 compared to K18 is reasonable since the K8 tail
is much longer than the K18 tail domain and is therefore probably more important
for stabilisation.

Comparison of the network rigidity under no-salt conditions between wildtype ker-
atin 8/18 without and with tail-truncation shows that the tail domains influence
network mechanics. This is in accordance with Pawelzyk et al. (2014), who found
differences between K8wt/K18wt and K8∆T/K18∆T under shear stress. They
showed that both network types exhibit increasing stress with increasing strain,
even though with different absolute stress values, and they both rupture under
higher strains. However, K8∆T/K18∆T ruptures earlier and shows no strain hard-
ening before rupture. Because of the behaviour of tailless keratins upon surfactant
addition, this was attributed to the abundance of hydrophobic amino acids found in
both tail domains (see figure 5.9, hydrophobic amino acids are highlighted in blue).
Since tail domains protrude out of the filament and due to their high flexibility,
these hydrophobic residues all along the domain have a large influence on filament
interactions.

Desmin including tail mutations (Bär et al., 2010) and tail-truncated K5/14 (Bous-
quet et al., 2001) behave similar to tail-truncated K8/18. Contrary to these results
Lin et al. (2010a) found that vimentin networks in the absence of divalent ions with-
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out and with tail-truncation look similar in TEM and also the elastic moduli found
with shear rheometry are roughly similar. However, already wildtype vimentin dif-
fers from other IFs after addition of divalent ions. Strain hardening vanishes under
these conditions (Schopferer et al., 2009).

Differences between wildtype and tailless keratins can be attributed either to prop-
erties of individual filaments or to interactions between adjacent filaments. The in-
fluence of individual filaments on stiffness can be tested by determination of the per-
sistence length. K8wt/K18wt, K8wt/K18∆T, K8∆T/K18wt and K8∆T/K18∆T
all show similar persistence lengths, meaning that the flexibility of individual fila-
ments is not significantly altered by tail-truncation. This was also found by Bär
et al. (2010) for desmin including mutations in the tail domain. Furthermore, un-
like vimentin (Herrmann et al., 1996), K8/18 only shows little changes in filament
diameter. This supports the idea that the internal structure of filaments is hardly
altered and therefore the flexibility of individual filaments stays the same.

Therefore, the varying influence on mechanical properties by truncation of tail
domains of different intermediate filaments has to be explained with interactions
between adjacent filaments and not with changes in intrinsic filament properties.
One possible explanation for these filament-filament interactions is the large amount
of hydrophobic amino acids, as discussed by Pawelzyk et al. (2014). Another expla-
nation was proposed by Leterrier et al. (1996) for neurofilaments. They described
filament alignment with charged amino acids leading to attractive or repulsive forces.
Figure 5.9 shows negatively charged amino acids in green and positive ones in red.
The tail domain of K8 includes 10 positively and 7 negatively charged amino acids,
while K18 displays 7 positively and 8 negatively charged amino acids. However,
both hydrophobic and charged residues can not solely explain the measured results.
Lin et al. (2010a) found hardly any effect of tail-truncation on vimentin networks,
even though the amount of hydrophobic as well as charged residues is similar to
keratins 8 and 18 (figure 5.9).

Due to the high flexibility of tail domains it is possible that interactions between
tail and rod domains occur. The rod domain is also highly charged and carries
many hydrophobic amino acids, but again keratin 8/18 and vimentin are similar.
They all include approximately 35% of hydrophobic residues and 35-40% of charged
ones (∼ 15% positive and ∼ 20% negative).

Therefore, the most likely explanation is a specific interaction between two tail
domains or between tail and rod domains. This was already shown for K5/14
by Bousquet et al. (2001) and Lee and Coulombe (2009). The K14 tail interacts
with two distinct positions on the K5 rod after NaCl addition. Thus, in case of
K8/18 even without counterions specific positions on the protein seem to mediate
interactions between adjacent filaments for K8/18, but not for vimentin.

One thing that can not be explained is the formation of bundles in EM with
K8∆T/K18wt and K8∆T/K18∆T. Furthermore, bundles should provide stiffer net-
works, but these networks are extremely flexible. Removal of the tail domain might
expose binding positions on the rod domain leading to bundling, but this would
also lead to stiffer networks. A better explanation might be the influence of glu-
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taraldehyde. It is used for fixation of samples for electron microscopy and even for
wildtype filaments it sticks filaments together. Maybe its influence is larger on K8
tail-truncated keratins. Passive microrheology samples on the other side are not
fixed and therefore no bundling can occur due to glutaraldehyde.

By adding counterions, all four sample types investigated here show stiffening.
This is again contrary to Lin et al. (2010a), who found no mechanical effect of
Mg2+ on tail-truncated vimentin. This was not only the case when the tail was
completely removed, but truncation of the last 11 amino acids is already enough for
the stiffening after salt addition to disappear.

The difference between keratin and the step-wise tail-truncated vimentin results
of Lin et al. (2010a) might be explained by a model proposed by Hémonnot et al.
(2015). They described the tail domains as Gaussian chains sticking out from a ’hard
core’ of the filament, represented by the rod and head domains. After addition of
counterions, they accumulate around these chains and shield their charges. This
model was applied on SAXS measurements and they found that upon counterion
addition, the radius of gyration of this corona of Gaussian chains increases. This
means that the chains are not collapsed on the filament core any more but they
protrude away from the filament.

In this conformation the tip of the tail domain is exposed most, while in the
collapsed state the complete tail is accessible. Thus, the charges located at the
tip are most important. The tip of the vimentin tail domain is highly negatively
charged. The last four amino acids comprise three charged ones, two aspartic acids
and one glutamic acid. All other truncation sites chosen by Lin et al. (2010a) display
hardly any charged residues at their new ends. When counterions are added now
and the tails protrude away from the filament, the exposed tips of the tail carry no
or only little charge and therefore the counterions have no effect.

In case of the keratin 8 and 18 proteins used here the complete tail domain is
removed. Thus, when both tail domains are truncated, no corona is present that
can be increased by salt addition. The highly charged rod domain is exposed to
the counterions. The counterions can act directly on the rod and therefore again a
shielding effect occurs, leading to bundling.

When only one of the two tail domains is truncated, the tip of the other one
has the major influence. Both tail domains have positively charged amino acids
at their end. In case of K18, the last five residues even exhibit three positively
charged ones. Upon addition of KCl, positively charged K+ and negatively charged
Cl− counterions are added. Therefore, the positive tips of the tail domains can be
shielded.

By comparison of the behaviour of the different tailless combinations no significant
difference is observed. Thus, the effect of the counterions is the same on the highly
charged rod as on one or both tail domains. This is surprising since the charge of
the K18 tip is larger than of the K8 tip and since the tail tips are positively charged
while the rod has a negative net charge.

The special influence of the rod domain was already shown by Lee and Coulombe
(2009) with K5/14 (K5/14 shows similar mechanics as K8/18 in the wildtype state
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(Yamada et al., 2002)). Lee and Coulombe (2009) demonstrated that the outside
half of the K14 tail domain interacts with two distinct regions on the K5 rod domain
upon salt addition. This shows that bundling is not only occurring through tail
domains but also includes the rod domain. It is however important to note that
Bousquet et al. (2001) found no influence of counterions after K14 tail-truncation.
This might be attributed to the fact that amino-acid identity between K8/18 and
K5/14 is very low and thus their structure and mechanical properties are different
per se, or that the chosen truncation positions and thus the exposed charged groups
have different influences.
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6. Summary

The purpose of this work was to investigate the architecture and nanomechanical
properties of keratin 8/18 filaments and networks. It was focussed on the influ-
ence of crosslinking on network mechanics by addition of counterions and of the
crosslinking protein plectin. Furthermore, network properties due to the tail do-
main of intermediate filaments were examined.

To obtain reliable results, at the beginning all factors influencing passive microrhe-
ology were checked and, when necessary, corrected. For this, first the sample prepa-
ration was investigated and effects of the assembly duration, the protein batch,
DTT and long-time illumination of the same sample position were excluded.

Furthermore, it was observed that static errors play a non-negligible role in the
MSDs obtained from passive microrheology by introducing offsets. This was espe-
cially significant for older measurements performed with weak illumination. Several
methods to correct for static errors were tested. Offset determination by fitting was
discarded because either fitting did not work well or the theoretical description of
the data towards small times τ was inadequate. Two other methods, direct offset
determination with fixed beads and creation of a master curve, do not have this
problem. Fixed bead offsets work very well as long as the parameters used during
the measurement are known and the offset determination is done with the same
setup as the original measurements. The master curve is a more general approach
and should be the preferred way of error correction, but the method to determine
the signal to noise ratio has to be revised. Sometimes offsets larger than the sample
MSD were obtained and this is not possible. Thus the master curve determined
here seems to be problematic.

Another problem for passive microrheology measurements are system vibrations.
Particularly for stiff networks, they are visible on the MSD. They can be successfully
removed by application of centre of mass correction and additional Rowlands-So
correction.

Dynamic errors, that can shift the MSD towards lower values, were shown to have
no influence on our measurement system with the chosen frame rates and exposure
times.

Evaluation in three dimensions, done by calculation of the apparent bead radius in
images to obtain the z-movement, did not give reliable results. Thus, even though
removal of the bead movement in z-direction systematically decreases the MSD, it
was determined from xy-movement only. With this, results can be reliably compared
to each other, but relation to literature results has to be done carefully.

The influence of tracking parameters on resulting MSDs was tested and critical
parameters were found. Their optimum was determined and they were not changed
between tracking of different measurements.
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6. Summary

The conversion method from MSD to dynamic shear modulus was improved on
the basis of Mason (2000) and Paust (2012). A new fitting function, a stretched
exponential, was found. It was transformed using the Mason method.

All measurements done to characterise special samples were evaluated considering
these influences and correction methods.

The second part of this thesis addresses the question of the influence of crosslink-
ing in K8/18 networks. This was first studied by addition of KCl, a monovalent
counterion. Counterions provide shielding of charges on amino acids and this leads
to lateral bundling of filaments. The behaviour is similar to MgCl2, which is di-
valent, but bundles induced with KCl seem to include more filaments than with
magnesium.

There is no specific bundling onset concentration, but a gradual lateral alignment
and increase in bundle density. This is manifested by a likewise gradual increase in
network rigidity, until a saturation is reached at approximately 80 mM KCl. This
saturation in network stiffness is reached at a concentration, at which further KCl
increase still leads to changes in the network architecture. Moreover, first influences
on network stiffness are observed at concentrations where no bundling was seen
in SEM. Compared to MgCl2 this behaviour is similar, but for KCl much higher
concentrations are needed to achieve the same increase in network rigidity, which is
not proportional to the increase in counterion charge.

Concluding, it was observed that monovalent ions, which are very abundant in
cells, have a large impact on network rigidity, and thus on cell stiffness, by bundle
formation.

Addition of plectin instead of KCl to in vitro assembled K8/18 networks has a
different effect on network architecture. No bundling is observed but filament con-
nections at specific points. At these connections, aggregate structures of plectin are
found.

According to in vitro measurements, more than 20% of the plectin available in cells
has to be used for IF-IF interconnection to achieve an increased network stiffness.
The precise amount that is indeed used for this is unknown because plectin is
also involved in crosslinking intermediate filaments with actin, microtubules and
hemidesmosomes. Since microtubules were dissolved during sample preparation
and formation of hemidesmosomes was inhibited, in our cell measurements only
connections to actin were important. Actin stress fibres are mechanically stable
structures and thus they probably also have a significant influence on IF network
rigidity. So even though an amount of plectin was found that has a similar influence
on network mechanics as is observed in cells after plectin depletion, this does not
have to be the amount used for IF crosslinking in cells.

The last part of this thesis concerns the role of the tail domain in network architec-
ture and mechanics. It was shown that removal of the K18 tail domain stiffens the
network, while K8 tail-truncation leads to water-like MSDs. The same was observed
when both tail domains were removed.
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It was excluded that this behaviour is due to changes in the flexibility of individual
filaments. Therefore, it has to be attributed to filament-filament interactions. The
most probable explanation is that tail domains can interact with each other or with
the rod domains through specific positions on the protein. It is also possible that
charged or hydrophobic amino acids play a role because they are both very abundant
on tail domains. However, this can not be very important since the tail domain of
vimentin displays an amount of charged and hydrophobic residues similar to K8/18,
but it behaves differently after tail truncation (Lin et al., 2010a).

Addition of monovalent counterions has the same effect on tail-truncated filaments
as on wildtype K8/18. All networks become stiffer. The differences in the reduction
of the MSD are insignificant. Divalent ions were not tested.

This behaviour can be attributed to charged amino acids in the tail domains. Here,
the charges at the tip of the tail domain are most important because the counterions
accumulate around the tails and therefore they protrude away from the surface.

For future work it would be interesting to step-wise truncate the two tail domains
in a way, that different charges or no charges are present at the end. With this,
the theory about the influence of the tip of the tail domain could be confirmed.
Furthermore, it should be examined which positions on the K8 and K18 rod domain
are responsible for interactions with the tail domain, as was already done for K5/14
(Lee and Coulombe, 2009).

In summary, the in vitro measurements shown in this thesis clarify the influence
of counterions and the crosslinking protein plectin on network mechanics. Further-
more, the role of the tail domain of K8 and K18 concerning network properties
could be understood in more detail. Since cells are very complex structures, these
aspects can not be easily studied there. The role of different cell components has
to be investigated separately to find a model describing complete cells in the end.
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A. Sample Preparation of In Vitro

Networks

The keratin 8 and 18 monomers used for sample preparation were expressed in
E. Coli (BL21 DE03 (cod+), Stratagene) and purified separately by the DKFZ
(Deutsches Krebsforschungszentrum) in Heidelberg as described by Herrmann et al.
(2004). Plectin was extracted from rat glioma C6 cells (also by the DKFZ) according
to Herrmann and Wiche (1987). All proteins were stored in 5 mM tris, 8 M urea,
1 mM EDTA, 0.1 mM EGTA buffer at -80◦C, pH 7.5.

Before use, plectin as well as an equimolar mixture of K8 and K18 have to be dial-
ysed into 2 mM tris-HCl buffer, pH 9.0. Depending on which proteins are dialysed,
this buffer also contains 1 mM DTT. DTT reduces disulphide bonds of proteins and
therefore inhibits these bonds between cysteine residues. However, K8/18 does not
include cysteines. Thus DTT was not used when only K8/18 was dialysed.

To produce an equimolar mixture, the protein concentrations of K8 and K18 have
to be determined. This is done with a Bradford protein assay (see section A.1 and
Bradford (1976)).

The complete sample preparation process proceeds as follows:

• A Bradford protein assay (section A.1) is done to determine the initial con-

centration of K8, K18 and plectin.

• The amounts of K8 and K18 needed to get an equimolar mixture are calcu-

lated.

• The equimolar mixture is left at room temperature for approximately 30 min.

• The proteins are dialysed according to section A.3.

• The protein solution can be centrifuged for cleaning. This was only done for

plectin because K8 and K18 were already very clean and no pellet could be

seen after centrifugation.

• The protein concentration has to be determined again, so the final concentra-

tion in the sample is known.

• In this state, the proteins are ready for assembly (see section A.4).

• Depending on the type of measurement (electron microscopy, microrheology)

the further preparation proceeds via section A.5 or section A.8.
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A. Sample Preparation of In Vitro Networks

A.1. Bradford Protein Assay

Materials needed:

• Bio-Rad solution:

– 3 ml Bio-Rad Protein Assay

– 12 ml millipore water

• 30µl bovine serum albumin (BSA) 1 g/l

Calibration:
6 Eppendorf tubes, 1 ml Bio-Rad solution per tube

• 1. tube: close

• 2. tube: 2µl BSA, close directly and shake

• 3. tube: 4µl BSA, close directly and shake

• 4. tube: 6µl BSA, close directly and shake

• 5. tube: 8µl BSA, close directly and shake

• 6. tube: 10µl BSA, close directly and shake

• Transfer of the solutions to plastic cuvettes (UV-cuvette semi-micro, Brand)

• Photometer measurements of the different BSA-dilutions for calibration

Sample:
2 Eppendorf tubes per sample, 1 ml Bio-Rad solution per tube

• Add 6µl protein, close directly and shake

• Transfer of the solutions to plastic cuvettes

• Photometer measurements (each of the two cuvettes is measured twice)

• Calculation of the mean of the four measurements and division by 6 to get
the protein concentration in g/l

A.2. Dialysis Tubing

The dialysis tubing (Servapor, 6 mm, MWCO 12000-14000) has to be boiled and
washed before use because the tubes are treated with glycerol and can contain traces
of heavy metals and sulphur compounds.

Washing buffer:

• 33.7 g sodium bicarbonate

• 3.72 g ethylenediaminetetraacetic acid (EDTA)

• Fill up to 2 l with millipore water

Boiling:

• Cut the tube to the desired length

• Put the tubing in 1 l of buffer, heat up to 95◦C, boil for 5 min

• Pour off the buffer and rinse with millipore water
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A.3. Dialysis

• Add 1 l of buffer and boil again for 5 min

• Pour off the buffer and rinse four times with millipore water

• Store in 10% ethanol in the fridge

A.3. Dialysis

The proteins are frozen at -80◦C in 8 M urea to prevent reactions during storage.
Before assembly the urea buffer has to be substituted by a buffer suitable for assem-
bly. This is achieved with dialysis. The two buffers needed for this are ’urea-buffer’
and ’dialysis-buffer’ and urea has to be solved (10 M).

10 M Urea:

• 300 g urea (urea, analytical grade, Serva)

• Fill up to almost 500 ml with millipore water

• 1 spoon of Mixed Bed Resin (TMD8, Sigma-Aldrich)

• Stir and heat until the urea is completely dissolved

• Fill up to 500 ml with millipore water

Urea-buffer (UB): 8 M urea, 2 mM tris, 1 mM DTT, pH 9.0

• 160 ml 10 M urea

• 0.048 g tris

• 200µl 1 M DTT (optional)

• Ad 200 ml millipore water

• pH 9.0 with HCl

Dialysis-buffer (DB): 2 mM Tris, 1 mM DTT, pH 9.0

• 0.036 g tris

• 1.5 ml 1 M DTT (optional)

• Ad 1.5 l millipore water

• pH 9.0 with HCl

Dialysis:

Buffer Volume
8 M urea, 2 mM tris, 1 mM DTT, pH 9.0, 20 min 200 ml UB
6 M urea, 2 mM tris, 1 mM DTT, pH 9.0, 20 min exchange 50 ml with DB
4 M urea, 2 mM tris, 1 mM DTT, pH 9.0, 20 min exchange 67 ml with DB
2 M urea, 2 mM tris, 1 mM DTT, pH 9.0, 20 min exchange 100 ml with DB
1 M urea, 2 mM tris, 1 mM DTT, pH 9.0, 20 min exchange 100 ml with DB
2 mM tris, 1 mM DTT, pH 9.0, 20 min 200 ml DB
2 mM tris, 1 mM DTT, pH 9.0, over night 1 l DB
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A. Sample Preparation of In Vitro Networks

The dialysis is started with 200 ml urea-buffer, which is then substituted stepwise
by dialysis-buffer. All steps except the last one are conducted at room temperature.
The over night step is done at 4◦C.

After dialysis the protein can be stored in the fridge for approximately two weeks.

A.4. Assembly

To start polymerisation, the pH has to be lowered. This is done with so called
’assembly-buffer’.

2x assembly-buffer: 20 mM Tris, pH 7.0

• 2.4228 g Tris

• Ad 1 l millipore water

• pH 7.0 with HCl

To prepare a sample, it has to be calculated how much protein is needed to obtain
the desired concentration. For this, the initial concentration has to be determined
with the Bradford protein assay. After that, it can be calculated how much the
protein solution has to be diluted to get the final concentration. In all measurements
performed for this thesis the final concentration was 0.5 g/l.

The volume of the final sample consists of the protein solution, 2x assembly-
buffer, salt or plectin if wanted, 1µm polystyrene beads (1.05 g/cm3 in dialysis
buffer, Duke Standards, Thermo Scientific) and then the rest of the volume is filled
up with dialysis-buffer. The volume of the 2x assembly-buffer is always half of the
sample. It can also be prepared in higher concentrations. 10x assembly-buffer only
needs 1/10 of the sample volume. When salt is added, salt and assembly-buffer are
premixed and then added to the rest together. In this way it is inhibited that one
of the two components induces reactions before the other component could.

For SEM measurements the sample volume was always 50µl, for passive microrhe-
ology measurements it was 100µl. An example will be given for a passive microrhe-
ology sample with 0.5 g/l K8/18 and 20 mM KCl. The K8/18 concentration after
dialysis was 2.33 g/l. Therefore the sample includes:

21.46µl K8/18
2µl 1µm PS beads
24.54µl dialysis buffer
2µl 1 M KCl
50µl 2x assembly buffer

A.5. Scanning Electron Microscopy Samples

For SEM samples cover slips are used as substrate. They are cut to 4x7 mm max-
imum. The assembly is performed directly on the substrate, whereby the network
is not damaged by transfer at a later stage. The network is assembled for approxi-
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A.6. Immunogold Staining

Figure A.1.: Metal sample holder for the Hitachi S-5200 SEM. In black the double-
sided adhesive tape can be seen, on top of which the cut cover slip with
the sample is placed.

mately 1 h. The rest of the preparation is done in the Central Facility for Electron
Microscopy:

• Fixation in 2.5% glutaraldehyde (structural formula see fig. A.2(a)), 1% sac-

charose, 0.1 M phosphate buffer for 30 min

• Washing 2x with phosphate buffered saline (PBS)

• Contrast enhancement with osmium in PBS (ratio 1:1) for 10 min

• Washing with PBS

• Stepwise substitution of the liquid part of the sample with propanol (steps:

30%, 50%, 70%, 90% and 100% propanol, 5 min per step)

• Critical point drying (CO2 with propanol; critical point at 38◦C, ∼80 bar)

(method see Anderson (1951))

• Fixation of cover slip to sample holder with double-sided adhesive tape

• Rotary coating with ∼3.5 nm platinum

An image of a completed sample is shown in figure A.1. For measurements a
Hitachi S-5200 SEM was used.

A.6. Immunogold Staining

As in SEM sample preparation the network is assembled for approximately 1 h
directly on the glas cover slip which is cut to 4x7 mm maximum. Then the following
procedure is applied for immunogold staining (Faulk and Taylor (1971), Hermann
et al. (1996)):

• Fixation for 1 h with 4% formaldehyde (structural formula see fig. A.2(b)) in

0.1 M cacodylatbuffer (cacodylic acid: (CH3)2AsO2H)
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A.7. Negative Staining

Figure A.3.: Copper grid used as substrate for transmission electron microscopy
(300 lines/inch, Plano GmbH). It is covered with a layer of Formvar R©

and on top a layer of carbon is evaporated for further stabilization and
better conductivity.

The grid is coated with a Formvar R© polymer film (81% polyvinyl formal, 9.5-
13% polyvinyl acetate, 5-6.5% polyvinyl alcohol) which is interspersed by 1,2-
dichloroethane due to preparation (structural formulas see figure A.4):

• Figure A.5.1: Formvar R© is dissolved and an object slide is dipped into the
solution. Then this object slide is pulled out of the solution at constant speed,
whereby a thin film of Formvar R© is drying on the object slide. The thickness
of the film depends on the speed by which the object slide is pulled, 40-50 nm
are required.

• Figure A.5.2: The film is floated of the slide on distilled water, where it is
swimming on the water surface.

• Figure A.5.3: While it is swimming on the surface, copper grids can be put
on the film.

• Figure A.5.4: Film and grids stick togehter and can then be removed with
filter paper. Single grids can be taken with tweezers.

The aim of this is to provide a stable support between the copper bridges which
is at the same time permeable to electrons. On top of this an approximately 10 nm
layer of carbon is evaporated for further stabilization and better conductivity.

Directly before use the coated grid has to be glow discharged to ionize the surface.
Thereby it becomes more hydrophilic and the sample adheres better. Additionally,
the plasma oxidises and sublimes dirt sticking to the surface.

To glow discharge a grid, it is put between two electrodes (1-2 kV, 1 A) for 10 s at
low air pressure (0.1-0.2 mbar).
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A.7. Negative Staining

Sample Preparation:

Proteins have a small scattering cross section. Therefore the contrast has to be
enhanced to obtain good images. For negative staining solved heavy metal salts
as uranyl acetate, phosphotungstic acid or ammonium heptamolybdate are used.
The heavy metal solution distributes around the proteins and less electrons can
pass there than at places where only protein is present. Therefore the background
appears darker than the proteins.

To prepare these samples, the following protocol is used:

• The sample is assembled at 0.5 g/l protein as described in section A.4.

• The assembly solution is fixed for 20 s with 0.2% glutaraldehyde (3.2µl 25%

glutaraldehyde, 196.8µl dialysis buffer, 100µl assembly buffer) and diluted to

0.0125 g/l protein to get single filaments on the copper grid.

• 10µl of the diluted assembly solution is pipetted on the glow discharged copper

grid and left there for 10 s.

• The assembly solution is removed with filter paper.

• The copper grid is washed by dipping it into a 15µl droplet of millipore water

for 10 s and then the water is removed again with filter paper. This washing

step can be repeated an arbitrary amount of times, but here it was done only

once.

• The grid is dipped into a 15µl droplet of 2% uranyl acetate (UO2(CH3COO)2

·2H2O, structural formula see figure A.6) which is removed again after 15 s.

• Afterwards the sample can be washed again, but it was not done here because

no improvement could be seen.

• The sample is air-dried.

The measurements were performed with a Philips 400 transmission electron micro-
scope, a Zeiss EM 10 transmission electron microscope and a Jeol 1400 transmission
electron microscope.

Figure A.6.: Structural formula of uranyl acetate, a heavy metal salt which is used
for contrast enhancement in electron microscopy samples.
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A. Sample Preparation of In Vitro Networks

A.8. Passive Microrheology Samples

For passive microrheology the sample is not dried. All components of the sample
are premixed in Eppendorf tubes (see A.4) and then transferred to a special sample
chamber immediately. In the sample chamber the protein is left for assembly for at
least 30 min before the first measurements are done.

The sample holder is self-built. It consists of a metal frame as a base (see image
A.7(a), lower right), in which a cover slip is placed. On the cover slip (Menzel-Gläser,
thickness #1) polydimethylsiloxane (PDMS) rings (image A.7(a), upper left) can
be placed as spacers in z-direction and as side-walls for the chamber. Depending on
the desired size of the chamber, only the outer ring is used or both. The outer ring
is always needed for stability. On top of this an object slide (VWR) is put which has
two holes (image A.7(a), lower left). Through the holes the sample can be brought
into the chamber. The topmost component is another metal frame (image A.7(a),
upper right) which presses all components togehter with the help of nuts.

(a) Single components of the sample chamber. In
the lower right the metal frame used as basis can be
seen. Into the indentation in the middle a cover slip
(24x24 mm, upper middle) is put. Onto the cover
slip PDMS rings (upper left) are placed, which are
then topped by an object slide with two holes (lower
left). Everything is fixed with another metal frame
(upper right) and nuts.

(b) Sample chamber put together.

Figure A.7.: Custom-built sample chamber for passive microrheology measurements
of in vitro assembled intermediate filament networks.
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B. Cell Culture and Cell Extraction

All experimental work concerning cells was performed by Marcin Moch. Both clones
(plectin depleted and scramble control) are from the vulvar carcinoma derived cell
line A431. Plectin was stably downregulated by shRNA in the first clone by ≈90%.
Images of plectin and keratin 13 of both clones are shown in figure B.1. Generation
of clones and cell culture procedures are described in detail in Moch (2015) and
Moch et al. (2016). Cell extraction is based on a method published by Beil et al.
(2003).

B.1. Cell Culture

Cell culture is performed at the following conditions:

• The cells are cultivated in 25 cm2 cell culture flasks (Thermo Scientific) in

DMEM (Life Technologies) and 10% (v/v) gold fetal calf serum (PAA) at

37◦C in 5% CO2 humidified atmosphere.

• When the cells reach full confluency they are washed with PBS without

Ca2+/Mg2+ (Biochrom) and trypsinised in trypsin/EDTA 0.05%/0.02% (w/v)

solution (Biochrom) for ≈1 min. Directly thereafter the cells are splitted at a

ratio of 1:15, usually two times a week.

• For experiments 8 passages were used within 2 months.

B.2. Extraction Procedure

Preparation of extracted keratin networks from A431 cells:

• All steps have to be done at sterile conditions under laminar flow and at room

temperature when not mentioned otherwise.

• Solve 5 mg fibronectin (Sigma-Aldrich, F2006) in 5 ml distilled and sterile H2O.

Prepare working solutions in Falcons by further dilution by 1:40 (0.25 mg/ml).

The prepared solutions can be stored at +4◦C for one week or for long term

at -22◦C.

• Wash a 24x24 mm glass cover slip (Menzel-Gläser, thickness #1 (0.13-0.16 mm))

in 100% ethanol and place it in a Petri dish (d = 35 mm) for drying. For coat-
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B. Cell Culture and Cell Extraction

Figure B.1.: Comparison of plectin depleted and control cells cultivated for 48 h on
laminin-332. The two images on the left show the plectin distribu-
tion in control cells and after downregulation. The general appearance
looks similar, but the fluorescence signal of plectin is much weaker after
downregulation. The keratin 13 distribution is shown for comparison
in the right images. As discussed in more detail in the results section,
control cells show more and thicker bundles around the nucleus. With
kind permission of Marcin Moch.
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B.3. Immunocytochemistry

ing (5µg/cm2) add 2.5 ml of the fibronectin solution and incubate for 2 h.

• Remove the fibronectin solution, wash the cover slip two times with PBS

without Ca2+/ Mg2+ and store it in the same solution. The coated cover slip

should be used for cells within the same day.

• Before cell addition, remove PBS from the cover slip and add 2 ml of precon-

ditioned cell medium (the medium the cells were grown in). Add ≈50000 cells

to the Petri dish and distribute the cells gently in the complete solution by

shaking.

• Incubate the cells for 10 min at cell culture conditions (37◦C in 5% CO2).

• Remove the cell medium and wash the cells with DMEM that is not contain-

ing FCS. This medium is also used for further incubation of the cells in the

incubator.

• After 50 min add 3µl of PS beads (d = 1µm, 1.05 g/cm3 in PBS, Duke Stan-

dards, Thermo Scientific) to the cells and distribute the beads in the solution

gently.

• Incubate the cells again in the incubator for 90 min (37◦C in 5% CO2).

• Solve 1% (v/v) Triton X-100 (Sigma-Aldrich) in PBS without Ca2+/ Mg2+ by

vortexing and chill the solution on ice.

• Wash the cells on ice two times with PBS without Ca2+/ Mg2+ and add 2 ml

of the Triton solution for extraction.

• Incubate the cells for 20 min on ice and afterwards wash three times with PBS

without Ca2+/ Mg2+ to remove the solved cell membranes. Store the samples

in PBS without Ca2+/ Mg2+ at 4◦C for up to 48 h or use them directly for

experiments.

• Alternatively, the networks can be prepared for SEM. The extracetd networks

are fixed for 60 min in 4% formaldehyde (Polysciences, Inc.) solved in PBS.

Before critical point drying (within one week) the samples are stored in PBS

at room temperature.

B.3. Immunocytochemistry

Preparation and imaging of fluorescent samples:

• Extracted cytoskeleton preparations are fixed for 10 min in 4% formaldehyde

solved in PBS.

• Not extracted cells are fixed for 10 min in 4% formaldehyde solved in PBS at
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B. Cell Culture and Cell Extraction

room temperature or for 3 min in methanol at -22◦C. Cell membrane perme-

abilisation is performed by incubation in acetone at -22◦C for 30 s.

• Acetone is removed by washing in PBS.

• The samples are blocked for 1 h in 5% (w/v) bovine serum albumin (Sigma-

Aldrich) solved in PBS.

• Immunostaining with primary antibodies is performed for 1 h in PBS contain-

ing 1% (w/v) bovine serum albumin.

• Afterwards the samples are washed with PBS for 5 min and incubated for

40 min with fluorophore conjugated secondary antibodies, specific for the pri-

mary antibodies, solved in PBS containing 1% (w/v) bovine serum albumin.

• Finally, unbound antibodies are removed by washing in PBS for 5 min, and

PBS crystal formation is prevented by short washing in H2O before direct

mounting on glass object slides (VWR) with Mowiol (CALBIOCHEM). The

samples are stored at 4◦C.

• Alternatively, the Mowiol solution is supplemented with Höchst 33342 (Molec-

ular Probes) for detection of DNA.

• Imaging was performed with a confocal microscope (LSM 710 Duo, Carl Zeiss),

or alternatively with an optical sectioning structured illumination microscope

(ApoTome.2, Carl Zeiss). In both systems a plan-apochromat 63x/1.4 oil DIC

objective is used. The LSM 710 system is equipped with a 405 nm diode laser

for detection of Höchst 33342, a 488 nm argon-ion laser for EGFP or Alexa488,

a 543 nm HeNe laser for Alexa555 and a 633 nm HeNe laser for Alexa647.

• For publication the raw images are processed with ImageJ (National Institutes

of Health) and compositions are done with Photoshop CS6 and Illustrator CS6

(Adobe).
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