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Introduction

In the last decades, science has made large steps forward with the invention of the

first working laser in 1960 [1], the setup of the optical tweezers [2] in 1986, and in the

same year the atomic force microscope (AFM, [3]). These scientific breakthroughs

were soon applied to the field of biological substances. Beside the quantitation of

protein concentrations [4] and the screening on the nanometer scale ([5], [6]), those

novel applications made it possible to investigate the mechanical properties and

gather first insights towards the stiffness or forces appearing in biological systems.

In this way mechanical properties of cells, which are the basic structure of the hu-

man body, can be investigated. Nowadays the need to achieve knowledge about the

cell and its functions is large because of the multitude of diseases based on mal-

function of the cell. Hence, by understanding the structure, behavior and both the

internal and external mechanism of the cell, possibilities to cure diseases or at least

to improve the probability to survive, are in the focus of many research groups.

Pancreatic cells which migrate and spread in the pancreas are, in the case of mal-

function, one of the most aggressive diseases with a probability of cure at only 3%

[7]. This is because of the difficulties to discover the tumor in the body. At a later

stadium of cancer development, therapies are less successful. Although several prop-

erties of these cells are well described, some still are not completely understood or

even revealed ([8],[9]). Basically there are two approaches to determine the features

of the cell. The first one is the top-down approach when the cell is taken into pieces

and the interesting parts are examined. Vice versa it is possible as a bottom up ap-

proach to rebuilt parts of the cell. Pancreatic cancer cells are known to be very soft

due to a modified intermediate filament network in the cytoskeleton that enables

them to pass through the surrounding tissue. Thus, in research on the elastic prop-

erties, the top-down approach is the extraction of the cells intermediate filament

network and the bottom-up approach the controlled assembly of an independent

network. For gaining new insights into the cell behavior, especially in sense of the

mechanics and dynamics of its network, microrheology is the common method and a
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suitable tool to describe the network properties. By recording the particles’ motion,

which are embedded in the observed medium, the information about stiffness and

dynamics can be determined. In order to reduce errors at the calculations or get

more information about the medium at the measurement, the existing methods have

to be improved or new ones developed. In this work the focus of interest on the

one hand is the improvement of the passive microrheology method and on the other

hand the development of a novel active method.

The first chapter describes the basics about the structure of the cell, its origin in the

pancreas and its inner apparatus. In addition, with special regard on the interme-

diate filaments, the cytoskeletal components are illustrated. Since the intermediate

filament proteins K8 and K18 build the monomers and later the filaments of the

network in the pancreatic cancer cell, the assembly process is illustrated to explain

the network formation.

In the second chapter the theoretical principles of optical tweezers are illustrated.

The two common possible approaches for trapping particles are described. This

helps to understand why focused light can hold small particles and applies a force

on soft materials. This knowledge is important because the novel method described

afterwards uses the optical tweezers for the oscillation of particles. Additionally an

overview over the position and force calibration methods of optical tweezers is given

in this chapter. For the passive microrheology one of these calibration methods was

used to gather further network information.

The third chapter is about microrheology and is divided into two main parts. The

first part covers the subject of passive microrheology in general including its theo-

retical principles. Moreover the conventional methods with their assumptions beside

the general ones are explained. Since for the determination of the mechanical prop-

erties an unilateral Laplace transformation is necessary, which is up to now only

possible to perform by approximations, the predominant methods introduce errors

at this step. This is the motivation to develop a novel method that uses a function

which can be transformed exactly, and therefore is less prone to those errors. The

second part of this chapter describes the theory of active microrheology. In active

microrheology a trapped particle gets excited by the optical trap and the response

is recorded by a photo-diode.

The setup of the optical tweezers is described in the fourth chapter. A light micro-

scope with a high-speed camera on the one hand are the central parts for passive

microrheology measurements. The optical trap on the other hand is used for the

active measurements in the network. Additional supporting devices of the setup are

illustrated because they offer the opportunity to new applications. Some of those
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applications are mentioned in the outlook.

The fifth and sixth chapter are concerned with the introduction of the two novel

methods. As mentioned above the goal of the first method is to improve the tech-

nique to determine the dynamic shear modulus and thus the elastic and diffusive

properties of both the cell and the in vitro assembled networks. The second method

is a completely new concept which deals with several particles that are dependent on

each other via the network. This method can be the first step to confirm theoretical

works which predict force channeling and the isostaticity in the cell. Both chapters

include simulations which confirm the validity of the methods.

Finally, the last chapter shows the application of the developed tools. Test measure-

ments at simple media like water are presented that confirm the general functionality

of the method and the devices used for the measurements. The investigation of in

vitro assembled K8/18 networks and the pancreatic cancer cells on the one hand

validates the method and on the other hand offers additional information about the

cell and its network. In that chapter further results are presented, which help to

understand the assumptions taken at the simulations presented in Chapter 5. Since

these assumptions originate from measurements, it is feasible to present the under-

lying data in this chapter.

The thesis concludes with a summary, an outlook and an appendix, where additional

developments are presented which were not in the main focus of the work. These

are worth to be shown due to their possible application in future works.

To summarize, the goal of this thesis is to help to develop a continuative understand-

ing of the physics of pancreatic cancer cells, especially in sense of the mechanical

properties of both the bottom up and the top down approach.
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Chapter 1. Theoretical Aspects of Cells and Biopolymers 1

1 Theoretical Aspects of Cells and

Biopolymers

The mechanical properties of cells in vivo are determined by the composition of

their membrane, the cytoskeleton and the organelles. However, the cytoskeleton is

mainly responsible for those mechanical properties. In order to gain insight about

the function and structure of the cell and its inner networks, it is necessary to

know the biological background. Furthermore, if physical models and methods are

developed to determine the mechanical properties of the cell, this background helps

in understanding the mechanisms which play a major role. In this chapter the whole

cell as well as the network of the cell - the cytoskeleton - is described in detail. In

a first part the eukaryotic and additionally the pancreatic epithelial cells and their

functions are explained. In the second part the main focus is on the intermediate

filaments and their assembly to a whole network.

1.1 Cells - General and Pancreatic Cancer

Above all, there are two cell types which can form organisms. On the one hand

there are prokaryotes which build single cellular organisms, and are less elaborate

because of the lack of a nucleus and intracellular organelles. On the other hand

there are eukaryotic cells which are big and more elaborate. In contrast to prokary-

otic cells they can form multicellular organisms and are the main building blocks

of all animals, plants and fungi [10]. Typical eukaryotic cells comprise an internal

compartment which is called nucleus. The nucleus is surrounded by a double layer

membrane which encloses the deoxyribonucleic acid (DNA), the genetic information

of the cell. Furthermore it is embedded in the cytoplasm which contains the scaffold

of the cell - the cytoskeleton - and the cell organelles. The cell organelles contain

the Golgi apparatus, the endoplasmic reticulum, mitochondria, ribosomes and other
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2 Chapter 1. Theoretical Aspects of Cells and Biopolymers

organelles which organize cell processes like saving energy and the modification of

proteins [10],[11]. Further organelles can be seen in Figure 1.1 and are not described

here.

Figure 1.1: Sketch of an epithelial cell with important proteins and molecules. The three

filament types (actin or microfilaments, intermediate filaments, microtubules)

are shown in the nucleus periphery. The lamins are located in the nucleus

and additionally, the anchoring plaques which connect the filaments to the

extracellular matrix (ECM) are illustrated [13].

The cytoskeleton can be divided into three kinds of networks which control the cell

strength, the internal arrangement, the migration and split the cell during division

(actin or microfilaments MFs, intermediate filaments IFs, microtubules MTs). Fur-

thermore, the adaption to changing external circumstances is another major task of
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Chapter 1. Theoretical Aspects of Cells and Biopolymers 3

the cytoskeleton. The following description of the major functions of the different

groups of filaments are taken from [10].

Actin filament networks build one part of the cytoskeleton and are responsible for

the shape of the cell’s surface and migration of the cell. The network itself is located

at the outer region of the cell close to the plasma membrane. With accessory pro-

teins the network filaments are linked to other cell components and to each other.

The migration is performed by reorganization, depolymerization and polymeriza-

tion of the actin filament network. The structure of single actin filaments and the

structure of the subunits is explained in Section 1.2.

Another part of the cytoskeleton is the microtubule network. Microtubules are

very rigid because of their hollow cylindrical shape. One end is attached to the

microtubule-organizing center (MTOC) and the other points towards the rim of the

cell. In that way this network covers large areas of the cell and therefore is respon-

sible for the protein transport inside the cell. The MTOC is located close to the cell

nucleus, and during division it builds up the spindle apparatus. The subunits which

form microtubules are illustrated in Section 1.2.

The third and major part of this work is the intermediate filament network. In-

termediate filaments (IF) which are attached to the cell nucleus and to the focal

adhesion points of the cell, build a network with growing density in the nucleus re-

gion. The main task of this network is to stabilize and strengthen the cell, shield the

cell nucleus from external stress and reorganize during migration and cell division.

More details about the structure of intermediate filaments and their networks are

given in Section 1.2. The intermediate filament network of cells is typically a cross-

linked network. In this case cross-linked signifies that the filaments form chemical

bounds and cannot slip along each other. Networks which were assembled in vitro

are physically connected with entanglements unless there are no chemical linkers

within the solvent.

To enclose the organelles the cell has a plasma membrane. This membrane con-

trols the exchange of proteins of the extracellular matrix and the cell. Filopodia

and lamellipodia ensure the cell migration which depends on the roughness of the

surface and the temperature.

There are many varieties of eukaryotic cells in nature. The cells examined in this

work are epithelial cells. All animals and plants of the Eumetazoa group contain

epithelial cells. Within the other group called Parazoa, where for example sponges

belong to, the cells are differentiated, but not organized into tissues. Hence, the

epithelial cells are tissue cells which surround the organs inside and outside the

body and line major cavities and organs of the body. Additionally, they form the
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4 Chapter 1. Theoretical Aspects of Cells and Biopolymers

skin of the body and are the first type of cell which differentiates in the embryonic

stage. Therefore, one of the main functions of epithelial cells is to cover inner and

outer linings of body cavities and organs. They also replicate to replace damaged

and dead cells. Moreover, they can aid in the transportation of material, adsorb,

lubricate and secrete fluids which are necessary for digestion and other processes

[12], [14].

Other cell types are located in the muscle tissue, the connective tissue and the

nervous tissue. They are interconnected through signaling processes or chemical

interactions via proteins or fluids. The epithelial cells of the organs have further

properties and functions. For example, the pancreatic epithelial cells cover the pan-

creas and perform, their main function, the digestion and glucose metabolism [15].

Figure 1.2: Sketch of the pancreas. a) The whole pancreas which in general is divided into

the parts head, neck, body and tail (not explicitly shown here). The pancreatic

duct inside the nucleus is the location for cancer tumors. b) At a closer view

the duct and acini form a tree-like structure. c) The duct is divided into acinar

cells and duct cells. d) The exocrine tissue is divided into pancreatic acini, red

blood cells and the langerhans islets, which surround alpha, beta, PP and delta

cells [18].
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Chapter 1. Theoretical Aspects of Cells and Biopolymers 5

The pancreas (presented in Figure 1.2), which is divided into four main regions -

head, neck, body and tail - consists of two different types of tissue: The exocrine

pancreas that secretes enzymes into the intestine, and the endocrine pancreas that

secretes hormones into the bloodstream [16], [17]. The exocrine pancreas consists of

acinar and duct cells [18]. The acinar cells are organized into grape-shaped clusters

whereas the duct cells form a network of increasing size. Around the duct cells, there

are epithelial cells which form the ductal epithelium. In case of malfunction, these

epithelial cells can convert to pancreatic cancer cells. Malfunction in this context

means a genetical modification of the cells. Thus, pancreatic cancer results from the

successive accumulation of gene mutations in the cells [19]. Hence, there are three el-

ements which form a tumor, including the pancreatic-cancer cells, the corresponding

stem cells and the so-called tumor stroma. The pancreatic cancer stem cells origi-

nate in an asymmetric division of a mature stem cell. The division normally leads

to two mature stem cells, but in some cases cancer stem cells are generated. In a

next iteration, beside a new cancer stem cell, a cancer cell is built. After that, these

cancer cells can form a tissue-like structure and with a dense stroma, this is known

as the tumor [20], [19]. Pancreatic cancer exhibits various chromosomal abnormali-

ties such as aneuploidy, translocations, deletions, double minute chromosomes and

chromosome duplication, causing unregulated cell proliferation and migration. This

makes the cells grow faster and spread over the organ [21]. This change in the

properties of the cell can be described as a journey when the cell morphs over time

from a phenotype into an invasive or metastatic entity. The steps of this journey are

marked by a variety of genetic modifications like the amplification or deactivation

of some genes, expression of new tumor markers, and alterations in cell and external

tissue morphology [22]. Since the cytoskeleton has major control over the dynamics

of the cell, a modified cytoskeletal structure might play a role in tumor metastasis.

In case of a manipulated cytoskeleton, it has been shown that the changes in the

intermediate filament network contribute to the cells stiffness and its growth [23].

In this work the measurements at pancreatic cancer cells of type Panc-1 were per-

formed to gather information about the mechanical properties of the cell as well as

of its cytoskeletal network. Since keratin 8 and 18 occur as intermediate filament

network in the most simple epithelia, also carcinoma cells express keratin 8/18 net-

works [24]. Therefore, the network at this cell type consists of a dense arrangement

of keratin 8/18 filaments surrounding the cell’s nucleus. Another feature of the cell

line Panc-1 is that they lack vimentin which is usually not the case in epithelia [25].
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6 Chapter 1. Theoretical Aspects of Cells and Biopolymers

1.2 Biopolymers

In this section the three filament types of the cytoskeleton are described in detail.

The first part briefly shows the structure and function of actin and its networks,

whereas in the second the constitution of microtubules is illustrated. In the third

part the intermediate filaments are discussed with focus on K8/18 proteins and their

assembly into networks.

Actin Filaments

Actin filaments are built of the protein actin. The elementary building block of

this protein consists of the protein G-actin (’G’ for globular) which is formed by a

single chain of about 375 amino acids and a molecular mass of 42 kDa. In this chain

there are 36 negative and 30 positive charged amino acids, and therefore an actin

filament has a negative net charge [11]. If the single string assembles into a longer

string of several G-actin proteins, it is called F-actin, the filamentous actin. For

this the strings of G-actin monomers are intertwined strands. Therefore the whole

filament has a diameter of approximately 7 − 8 nm with a mass per unit length of

16 kDa/nm [26]. In Figure 1.3 a typical structure of an actin filament is shown and

the right-handed helical structure of the G-actin monomers can be seen.

Figure 1.3: Sketch of an actin filament. On the left-hand side, a sketch of a cell is shown

with its nucleus and the typical regions inside the cell where the actin filament

network is located. On the right-hand side, the structure of an actin filament

is depicted. The circles denote the G-actin which polymerizes to F-actin - the

filament [10].

The distance between the molecules on the helical axis is 27.6 Å. If G-actin polymer-

izes to F-actin, the binding protein plays a major role. As an example, if the tran-

sition is made by the protein cofilin, the α-helical pitch of F-actin will be modified

and that will increase the flexibility of the whole filament. When F-actin interacts
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Chapter 1. Theoretical Aspects of Cells and Biopolymers 7

with myosin, a basis for the contraction of muscles is built [27]. In this way it is

important for the filaments to interact. In case of the cell the actin interacts with

itself and builds a network or an array which has the functions shown in Section

1.1. The assembly to an array can be divided into two types of networks - web-like

(gel-like) networks and bundles. Both types of arrays consist of proteins which are

called gel-forming proteins or bundling proteins. The latter link the filaments par-

allel to each other. In the cell these bundles can be found in the filopodia which are

helpful when the cell explores its environment. Furthermore, the stress fibers inside

the cell are bundled actin filaments. In the gel-like network the filaments, which are

linked to each other, form a larger angle. Dependent on the mesh size the network

is looser or stiffer. Examples for bundling proteins are fimbrin and α-actinin while

spectrin is a well-studied gel-forming protein [10].

Microtubules

The second structure contributing to the cell cytoskeleton is the network of micro-

tubules which is frequently found in a star-like array in the cell with the centrosome

(microtubule-organizing center) as its center [10]. The key features of the micro-

tubules are the cell transport, cell division and the influence on the cell shape and

its motility. A microtubule filament consists of the protein tubulin which, as a het-

erodimer, binds linearly with its head to the tail of a second tubulin. The protein

tubulin has several subunits which are named α-tubulin and β-tubulin monomers

[28]. Each of these monomers has a molecular mass of about 50 kDa. The structures

the α- and β-tubulin form are hollow cylinders built of 13 protofilaments. Figure

1.4 shows the structure of a mircotubule.

Figure 1.4: The microtubule network is spread all over the cell. One end of a microtubule

is located at the microtubule organizing center (MTOC) which is the origin of

a star-like network (left). The structure of a microtubule with its cylindrical

hollow shape built of the α- and β-tubulin monomers can be seen on the right

[10].
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8 Chapter 1. Theoretical Aspects of Cells and Biopolymers

The whole microtubule has an overall mass per unit of about 16 kDa/nm [26]. The

mass per unit is ten times higher compared to the actin filaments and its diameter

with about 25 nm is three times larger than the diameter of actin. The length of

a microtubule in cells can reach several micrometers. The flexural rigidity which

corresponds to the persistence length is at about 5mm which can be observed by

thermal fluctuation measurements [29]. Drastic changes in the persistence length

can be observed when electric forces are applied and it decreases to about 0.08mm

for short filaments [30].

Intermediate Filaments

In the cytoskeleton a third filament system forming a network around the nucleus can

be found, which consists of intermediate filaments. Since the measurements in this

work were performed with in vitro assembled intermediate filament networks and

extracted pancreatic cancer cells, the structure and properties of this filament type

are described in more detail. Sketch 1.5 illustrates the structure and the location of

intermediate filaments.

Figure 1.5: The intermediate filament network is located close to the nucleus. In that

way one of its functions is the shielding of the nucleus and the damping of

mechanical external stresses (left). The structure of an intermediate filament

consists of laterally bound dimers which assemble longitudinally as unit length

filaments (ULFs, right) [10].

In this sketch the intermediate filament network is shown as one part of the cy-

toskeleton. In the sketch it is not obvious that there are intermediate filaments

inside the nucleus (the lamins) and those that are indirectly connected to the out-

side of the cell, the extra cellular matrix (ECM). This connection is built via the

integrins at the focal adhesions [10].

All intermediate filaments can be grouped into six types. The keratins, which are

seen as the most complex intermediate filament proteins (IF), allocate two groups

because of their varying chemical properties. Hence, type I keratins are acidic and
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Chapter 1. Theoretical Aspects of Cells and Biopolymers 9

include eleven epithelial keratins named K9-K20. Type II keratins are basic with

eight different proteins named K1-K8. Additionally, in both groups there are hair

keratins (Ha1-Ha4, Hb1-Hb4) [31], [32]. Keratins can only assemble as heteropoly-

mers. While the major pair for squamous epithelia is K5 and K14 [33], in almost

all simple epithelia K8 and K18 is expressed.

Type III IF proteins are produced by mesenchymal cell types and by a variety of

transformed cell lines. In muscle cells the cytoskeleton IFs are called desmin and

beside vimentin, this is one of the most expressed IFs of this group. Vimentin can

be found in fibroblasts and blood vessels. Moreover, glial fibrillary acidic protein

(GFAP) and peripherin, which is expressed in peripheral neurons, are members of

type III IFs. These IFs can exist as homopolymers, but it is also possible to form

heteropolymers with type III proteins and with type IV IFs [34].

In this classification, the type IV IFs include neurofilaments and α-internexin which

occur in axons and dendrites in neurons. In this group α-internexin can form ho-

mopolymers, whereas the rest are obligate heteropolymers.

The proteins concerning the nuclear lamina are in a separate group. They are called

type V IFs. The nuclear lamina can be divided into lamin B which is mainly ex-

pressed in vertebrate embryo cells, and lamin A which exists in addition to lamin B

in somatic cells [31].

In the last group there are IFs that do not belong to the other groups. One example

of type VI IFs is nestin. Nestin is expressed in several fibroblastic but not epithelioid

cell lines and is able to coassemble with type III vimentin and type IV α internexin

[35].

The structural organization of IFs of different groups are similar. Thus the schematic

box presentation in Figure 1.6 A) is valid for almost all IFs. The IF consists of a

central α-helical rod domain which begins with a non-α-helical amino-terminal head

(N-terminal) and ends with a carboxyterminal tail domain (C-terminal). Hence, the

structure of the rod domain is divided into three parts - coil1A, coil1B and coil2

which are sub helices with a number of amino acids that are similar for each IF (coil2

before 2009 was seen to be divided by linker L2 into two parts. Crystallographic

studies showed that this is not the case and coil2 forms a continuous coiled-coil

structure and L2 does not exist [36]). Between the helical domains there are linker

domains (L1 and L12), whose structure is not completely known up to now. The

former linker L2 is a short parallel bundle pb (the two α helices are not intertwined),

and the stutter st is hidden in the coiled-coil segment of coil2. The stutter is a part

of the α-helical domain where a discontinuity appears in the heptad repeat pattern.

In the box model the red box represents IF-consensus motifs and the yellow one is
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10 Chapter 1. Theoretical Aspects of Cells and Biopolymers

a pre-coil domain that is formed in vimentin proteins [37].

Figure 1.6: A) A schematic box illustration of the general structure of IFs. The α-helical

rod is separated in coil 1A, coil 1B and coil 2. The former coil 2A and coil 2B

have been shown to be only one part - coil 2. Therefore, the coils are divided

by linker L1 and L12, and not by linker L2 which was assumed previously.

The red box denotes the IF-consensus motifs whereas yellow is a domain only

formed by vimentin proteins. In coil 2 stutter st is a discontinuity in the heptad

repeat pattern. B) Three examples for structures of intermediate filaments of

different types - lamin A (type V), vimentin (type III) and keratin 5/14 (type

I, II). Keratin 5/14 is similar to keratin 8/18 which is not presented here. At

the beginning of coil 2 a parallel bundle (pb) was observed. The different colors

at human keratin 5/14 show that the dimer is heteropolymeric ([37] modified).

Within the α-helical rod domain, amino acids are regularly organized in heptad

repeats. The amino acids are connected via hydrogen and covalent bonds forming

an amino acid chain. Every first and fourth amino acid of the chain is hydrophobic
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which allows to form a coiled-coil dimer between two α-helical domains with a

shielding of the surrounding fluid. The length of the rod is approximately 45 nm and

7 nm longer at lamins. All IFs have a head and a tail domain which are involved in

the assembly process [38]. In Figure 1.6 B the differences between the IF structures

for lamin A, vimentin and keratin 5/14 can be observed. The parenthesized numbers

denote the number of amino acids. Human keratin 8/18 which was investigated in

this work has a similar structure to the shown keratin 5/14. The different colors of

the α-helices indicate that the IF consists of two different protein types - of type I

and type II.

The assembly process of the IF monomers to longer IF filaments is divided in three

different groups named assembly group 1, assembly group 2 and assembly group

3. The third group contains the assembly of lamin IFs. In a first step the dimer

assembles longitudinally to a protofilament where the heads of the dimer bind to

the tail, too. In the second step the protofilaments bind laterally to an extended

fibril.

In the second assembly group the assembly of desmin or vimentin is explained. In

this case it is important that both homopolymers and heteropolymers can be the

result of the assembly process.

Figure 1.7: The three phases of the intermediate filament assembly. In phase 1 the dimers

align laterally to tetramers which form in association into ULFs. In the second

phase the longitudinal annealing takes place. After that the whole filament

length increases and decreases in diameter ([37], modified). The third phase

only occurs at the formation of vimentin filaments, but not during the keratin

assembly.
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Hence at the beginning the assembly starts from antiparallel homopolymeric dimers

which bind laterally to a so-called unit length filament (ULF). After that, the ULFs

assemble longitudinally to the resulting homopolymer filament. After longitudinal

annealing they show a compaction of the diameter which leads to the final filaments.

Keratin filaments are heteropolymers and therefore their assembly formalism is il-

lustrated separately for the assembly group 1. This assembly process can be seen

in Figure 1.7 [37]. The dimer of the IF which consists of two monomers out of the

protein group type I and II, has a C-terminal and a N-terminal end. In phase 1 the

dimer forms a tetramer by lateral binding in a half-staggered way so that always

their coils point to the same kind of end (C- or N-terminal) stick together. In the

same process hexamers, octamers and up to 1×32-mers are formed. Via the binding

of the associations an unit length filament is built. When several ULFs are available,

longitudinal annealing takes place and the filament length increases while the ULF

building process simultaneously continues [38], [37].

The dynamics of the assembly depends on several parameters. The result of the

assembly, namely the length of the filaments, their persistence length and whether

there is a network formation or not, are regulated by these parameters. Parameters

like temperature, protein concentration and the time after the assembly is stopped,

can be changed to gather insight into the assembly kinetics. A detailed description

of this can be found in [40] and measurements and results of the length distribution

of single filaments are shown in [39], [41]. The kinetics of the assembly are described

by several models which try to predict the length distribution and the assembly

probabilities. Further works and results are illustrated for example in [42], [43] and

[44].

For long assembly times and high protein concentrations the filaments form networks

in vitro. This network formation can be observed at intermediate filaments as well

as at actin filaments. In the cell the filaments are also formed as a network. The

network dynamics and its mechanical properties depend on parameters like the ob-

served protein, its concentration, the temperature and whether there are additional

cross-linker. How to determine the mechanical properties is explained in the follow-

ing chapters. The different kinds of networks, namely entangled or cross-linked, are

discussed in the following.

Concerning the binding among the filaments, one can separate networks into two

groups. On the one hand, there are networks which are chemically linked at their

contact points. This type of network is also known as cross-linked network. If the

network gets stressed, the single filaments within the network suffer the external

force and elongate, but without any changes at the crossing points.
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On the other hand, there is the entangled network or physical network. The fila-

ments of these networks are not chemically fixed at their contact points, but entan-

gled around each other so that they build a node. Depending on the apparent stress

applied to the network, the filaments can slip along each other. By adding chemical

cross-linker like MgCl2 or plectin the physical networks become chemical ones ([40]

and Chapter 7). The description of models for both kinds of networks can be found

in [45], [46], [47] and [48].
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2 Theoretical Principles of Optical Tweezers

This chapter describes the theoretical principles of optical tweezers. Optical tweez-

ers are used to trap small particles like polystyrene beads in liquid environment.

In literature, the device often is called optical trap and photonic force microscope

(PFM), too. By focusing a laser beam, the optical tweezers apply a force to the sam-

ple via the trapped particle. This force reaches from the femto-Newton [49] to the

nano-Newton range depending on the intensity of the laser, the numerical aperture

of the focusing objective and the material properties of the particle and medium.

The force in general is sufficient to manipulate DNA or intracellular structures like

filament networks [50], [51].

In the first section the principles of optical trapping in theory is introduced. In this

theoretical part the trapping of small particles in two different regimes - the geomet-

rical optics and the Rayleigh approach - is described. Additional a short overview

is given about the more general theory that describes stable trapping in the regime,

where particle size and laser wavelength are in the same range. The subsequent

sections present the practical calibration methods of the optical tweezers. These

are divided into the calibration of the position of the trapped particle - the second

section - and in the third section the determination of the force constant. Hence,

the displacement of the particle can be recorded in the unit of meter and the force

of the optical tweezers via the stiffness constant.

2.1 Theoretical Principles of Optical Trapping

The first observations of an influence of light at dielectric particles was reported by

Ashkin in 1970. At that time he focused a green laser beam and observed that par-

ticles were pushed into the propagation direction of the laser beam by the radiation

pressure. The trapping, as described in his article, was performed by pushing the
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particle against a glass surface or by using two counter-propagating laser beams.

For the latter case a stable trap was built because both beams pushed the particle

in direction of the propagating light [52]. Several years later, Ashkin published an

article about single beam optical trapping. Modern optical tweezers are built on

the setup presented in the publication of Ashkin. An objective with high numerical

aperture focused a laser beam to gain a high gradient force [2]. The theoretical

principles for the optical tweezers in this work is based on Ashkin’s work.

There are two forces which play an important role in optical trapping - an attractive

force Fgrad which pulls the particle into the focus, and a scattering force Fscat which

pushes the particle towards the direction of the focused laser beam. In addition to

that, there is always a thermal motion of the particle (the Brownian motion). This

motion is constraint by the effect of the trapping forces. For the explanation of the

trapping forces the Brownian motion is neglected.

The theory behind trapping particles can be approached via the consideration of two

different regimes. In the first regime the particle trapped is assumed to be much

larger than the wavelength of laser light. At these length scales the geometrical

optics are valid and the beam can be considered as many photons which carry a

momentum. Hence, the incident light hits the particle at its surface and partially

is reflected while the rest is transmitted through the particle. The latter part gets

divided into another reflected and transmitted parts when the light leaves the par-

ticle. As a result, there is a net momentum transfer to the particle via the photons

which, dependent on their angle of incidence, contribute to the scattering or to the

gradient force [53]. Further parameters that determine the trap strength are the

numerical aperture (NA), the ratio of refractive index of the medium and particle,

the coating of the particle and the intensity cross section of the laser beam. Apart

from the latter, all parameters can be found in Snell’s law and Fresnel’s equations

which describe the whole theory in geometrical optics. If e.g. the NA is too low, the

laser beam will be not focused tightly and the momentum of the photons mostly con-

tribute to the scattering force. For a refractive index of the medium which is higher

than the one of the particle, e.g. if air bubbles are in the medium, the momentum

of the photons will push the bubbles out of the beam focus. If the Gaussian beam

is not expanded before getting focused or its cross section is not a clean Gaussian

function, the trapping is influenced in a negative way. Hence, overall the change

of momentum leads to an attractive force into the focus of light which, for small

displacements, is proportional to the light intensity. In Figure 2.1 exemplary rays

which contribute to a stable trapping are shown. In all three cases shown (particle

below, beside or above the focus ), the particle gets pulled into the focus. Further
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details for particles in the geometrical optics regime are discussed in [54].

Figure 2.1: Pathway of the outermost rays of the laser beam. A) Scenario when the particle

center is located below the laser focus. The rays get deflected so that the

resulting momentum of the beam points into the direction of propagation.

Because of the conservation of momentum the particle’s momentum points

towards the laser beam and moves to the focus. B) The particle’s center is

above the focus. Vice versa to A), the particle gets pushed downwards into

the focus. C) Scenario when the particle is laterally displaced out of the focus.

The resulting ray momentum leads to a force pulling the particle into the focus

[54].

The second regime describes the interaction of the particle’s dipoles with the elec-

tromagnetic field of the laser. This means that the particle’s material is polarized by

the field in the focus. The field has a gradient which is dependent on the distance to

the focus and induces a change of polarization in the particle. If the diameter of the

particle compared to the wavelength of the laser is small, the conditions for Rayleigh

scattering are satisfied. This leads to a treatment of the particle as a point dipole.

Similar to the upper geometrical optics approach the total force on the particle can

be divided into two parts. On the one hand there is the scattering force and on

the other hand the gradient force. First one has to take into account that the laser

beam is of TEM00 mode, also known as Gaussian beam. If a Gaussian beam passes

a lens or an objective, the beam will get narrow with a minimum in its waist at the

focus. For larger distances the beam diameter gets larger. Figure 2.2 shows this

behavior and marks the coordinate system with x and y as the lateral directions

and z as the axial component. The waist width can be approximated by calculating

the propagation of the Gaussian beam. This leads to a width depending on the NA

and the wavelength of the laser λ of
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wtrap ≥ 1.22λ

n

√( n

NA

)2
− 1 (2.1)

where n denotes the refractive index of the liquid the optical trap is placed in [55].

Figure 2.2: A Gaussian beam passing an ideal lens. At the focal length the narrowest

point of the laser beam is called beam waist with a width of 2W0 = 2w0. The

focus depth is the region where the laser beam diameter is 2
√
2w0. For larger

distances to the lens the laser beam diverges [56].

The electric field around the focus can be described in terms of a complex amplitude

by the following equation. ~x in this case denotes the unit vector in the direction of

the polarization [57]. The electric field is

~E(x, y, z) = ~xE0

ikWw2
0

ikWw2
0 + 2z

e−ikWze
−i

2kWz(x2+y2)

(kWw2
0)

2+4z2 e
−

2kWz(x2+y2)

(kWw2
0)

2+4z2 (2.2)

with w0 being the beam waist and E0 the electric field at position x = 0, y = 0

and z = 0. kW = 2π/λ denotes the wave number of the laser beam. Thus, the

electric field of the laser beam for every position around the focus can be deter-

mined. Furthermore the Poynting vector of this field is given by ~S(x, y, z, t) =
~E(x, y, z, t)× ~H(x, y, z, t), which is dependent on time because of the temporal an-

gular frequency of the light. With ~H = ~z × ~E(x, y, z)/
√

µ2/ǫ2, the Poynting vector

can be developed further and by time-averaging the intensity of the light I can be

determined dependent on the position. The dielectric constant of the medium is ǫ2

and its magnetic permeability is µ2, whereas the particle of radius a has a dielectric
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constant ǫ1.

~I(x̃, ỹ, z̃) = ~zI(x̃, ỹ, z̃) = ~z
2P

πw2
0

1

1 + 4z̃2
e
− 2(x̃2+ỹ2)

1+4z̃2 (2.3)

where P is the beam power and x̃,ỹ and z̃ are normalized coordinates, expressed by

(x̃, ỹ, z̃) = (x/w0, y/w0, z/kWw2
0). The radiation forces in the Rayleigh scattering

regime can be determined by knowing the intensity of the laser beam. For the

derivation of the gradient force the Lorentz force builds the basis. Furthermore, the

dipole moment ~p is used and can be written as follows

~p = ᾱ ~E

~p(x, y, z, t) = 4πǫ2a
3

(
m2 − 1

m2 + 2

)
~E(x, y, z, t) (2.4)

with ᾱ the polarizability of the medium. The usage of the Clausius-Mossotti equa-

tion leads to a dependency of the dipole moment on m = n1/n2, the ratio refractive

indices of the particle and the medium and the relative permittivity ǫ2 of the medium

[58]. In this case the Lorentz force is

~FLorentz = (~p · ∇) ~E +
1

c
∂~p× ~B (2.5)

with ~B being the magnetic field [59]. By using ( ~E ·∇) ~E = ∇(1/2 ~E2)− ~E× (∇× ~E)

and the third Maxwell equation ∇ × ~E = −∂ ~B/∂t, the Lorentz force of Equation

(2.5) can be written as

~FLorentz = ~Fgrad =
1

2
α∇ ~E2 +

α

c
∂( ~E × ~B) (2.6)

where α = 4πǫ2a
3(m2−1)/(m2+2) and the second term being zero if the assumption

holds that the frequency of sampling is much smaller than the frequency of the laser

light [60]. In almost every case (when the laser works in cw-mode) this is valid and

the resulting time averaged gradient force is given by

~Fgrad(x, y, z) =
〈
~Fgrad(x, y, z, t)

〉
T
=

2πn2a
3

c

(
m2 − 1

m2 + 2

)
∇I(x, y, z). (2.7)

If the intensity I of Equation (2.3) is inserted into the latter equation, the gradi-

ent force can be used for calculations dependent on the position close to the focus.

Hence, the gradient force consists of three rectangular components which are restor-

ing forces towards the focus - the center of the beam waist. This is only valid, if

the ratio of refractive indexes is larger than one. The maximal values for the force
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occur in x and y at ±w0/2 and for z at ±kWw2
0/2

√
3.

The scattering force on the other hand can be derived as follows. The induced

dipole follows the oscillations of the electric field. Thus, the particle acts as an as

oscillating electric dipole and emits waves in all directions. These emitted waves are

secondary or scattered waves. This event changes the energy flux of the external

electromagnetic wave and the result is a momentum transfer, which is noticeable as

the scattering force [57].

~Fscat(x, y, z) = −
Csc

〈
~S(x, y, z, t)

〉
T

c/n2

= ~z
n2

c
CscI(x, y, z) (2.8)

with Csc as cross section of radiation pressure concerning the particle or equally

the scattering cross section. This scattering force acts in the direction of beam

propagation and not as the gradient force in the direction of the focus. Csc is given

by

Csc =
8

3
π(kWa)4a2

(
m2 − 1

m2 + 2

)2

. (2.9)

If this equation is inserted in Equation (2.8), the scattering force can be calculated

in dependency on the intensity of the beam and on the position. The resulting force

is the sum of both the gradient and the scattering force. Hence, one can write (the

particle is on the optical axis)

~Ftotal(0, 0, z̃) = ~Fgrad(0, 0, z̃) + ~Fscat(0, 0, z)

=
2πn2

c

[
−β

8z̃

kWw2
0(1 + 4z̃2)

+
4

3
k4
Wβ2

]
I(0, 0, z̃) (2.10)

with β = a3(m2 − 1)/(m2 + 2) and z̃ the normalized coordinate in z direction.

Overall, the total force can be described for three different scenarios. At those

scenarios the particle is located on the optical axis and the ratio between gradient

and scattering force varies. In Figure 2.3 on the left-hand side the scattering force

(red line) is larger than the gradient force (blue line) which makes the total force

always be positive. If the particle is displaced towards the negative z-direction,

the force will point into the positive direction. That means the particle will move

into the focus. If the particle is moved to the positive z-direction, the total force

points into the positive direction again and therefore will push the particle away. In

this case the particle cannot be trapped. At the second graph, in the middle, the

scattering force is slightly larger than the gradient force leading to the total force

becoming zero for displacements in +z direction.
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Figure 2.3: Simulations of varying scattering and gradient forces. Left: The scattering

force (red line) is much bigger than the gradient force (blue line). Hence,

independent on the displacement the total force pushes the particle along the

direction of the laser beam. Center: Simulation where the gradient force is

slightly smaller than the scattering force. The particle only gets pushed away

for a displacement to one side. For a displacement to the other side, the forces

are equal to zero and the particle is not influenced by the trap. Right: The

gradient force dominates and independent on the displacement, the particle

gets pulled into the focus.

For this case the particle is not influenced if it moved in +z, but it is not trapped

either. The right side shows the case if the gradient and scattering force are of same

strength or the gradient force is larger. Here the particle is pulled back if it moves

in the +z direction because the force points into the negative direction. In this case

a particle is trapped as long as the Brownian motion is not higher than the total

force.

Due to the two theoretical models, the theory behind the trapping of particles can

be described if the particle size lies in one of these two regimes. The particles used in

this work are not in these regimes. For the theory of trapping particles in the inter-

mediate regime a complete electromagnetic theory is required to provide an accurate

description. Hence, a numerical estimate for the forces in the general Mie regime

has to be evaluated. This regime is valid for all sphere sizes and is more complicated

than the Rayleigh approximation. The solution of the general calculations involves

an incident wave which gets scattered at the spherical particle and is expanded as an

infinite series of vector spherical harmonics. The net force exerted on the particle,

or more general on an arbitrary object, is entirely determined by the Maxwell stress

tensor [61]. If the size of the object gets small, the gradient and scattering force of

the Rayleigh regime are obtained. To derive the Maxwell stress tensor the Maxwell
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equations and the general Lorentz force law are the basis, considering the situation

in vacuum and a single charge q moving with a velocity ~v. By the addition the first

and the second of Maxwell’s equations and the multiplication with the electric and

magnetic field, one obtains tensors for the outer product of the electric and for the

magnetic field. With the upper combination of the Maxwell equations and the outer

products, the stress tensor T̄ can be derived as

T̄ =

[
ǫ0 ~E ~E − µ0

~H ~H − 1

2
(ǫ0E

2 + µ0H
2)Ī

]
(2.11)

where Ī denotes the unit tensor, ~E and ~H the electric and magnetic fields, and
~E ~E (or ~H ~H) the outer product. By integration over the arbitrary volume, which

includes all charges and currents, one gets the mechanical force on the volume. By

averaging the force over one period of oscillation the force becomes

〈
~F
〉
=

∫

∂V

〈
T̄ (~r, t)

〉
· ~n(~r)da (2.12)

with the surface integral over the volume dependent on position ~r and time t. ~n is the

unit vector perpendicular to the surface and da the infinitesimal surface element.

The upper mentioned motion of charge in a vacuum was chosen to simplify the

derivation. In general the volume is surrounded by a medium with ǫ and µ as

material constants, which changes the Maxwell stress tensor to

T̄ =

[
ǫ0ǫ ~E ~E − µ0µ ~H ~H − 1

2
(ǫ0ǫE

2 + µ0µH
2)Ī

]
(2.13)

An important fact is that the considered electric field is a superposition of the

incident and scattered fields. Hence, the force can be determined when the elec-

tromagnetic fields are known [61]. Additional information about the theoretical

calculations are also presented in [62] and [64].

In addition to the general optical trapping forces, potential aberrations through the

optics components can be considered. These have an influence on the stiffness of the

optical tweezers when the trap moves along the axial direction and varying distance

to the substrate. At about 20µm distance to the surface only 10% of the optical

tweezers strength remains for particle trapping [65].

The laser beam which is responsible for the gradient and scattering force is a Gaus-

sian beam as already mentioned above. When the wavefront of this laser beam gets

focused and hits the particle, one part transmits and the other part of the beam

bypasses the particle. In the latter case the wavefront stays the same. The light
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passing through the particle generates a spherical wavefront which interferes with

the unmodified Gaussian beam. The interference pattern created is dependent on

the position of the particle as well as in the lateral and in the axial direction. Figure

2.4 depicts the signals of the laser and the particle on the photo-diode to explain

this theory.

Figure 2.4: A) The particle is located in the focus of the optical tweezers. On the quadrant

photo diode a centered interference pattern of both the beam passing the parti-

cle and transmitting the particle is detected. B) In case of lateral displacement

of the particle in the trap, the interference pattern is laterally shifted on the

quadrant photo diode. The difference of the left and right quadrants leads to

a value for the displacement of the particle. C) Due to Gouy’s phase-shift the

interference pattern on the photo-diode changes when the particle in the trap

is displaced axially. The change in the sum of the quadrants’ signals lead to a

value for the particle’s axial motion ([97], modified).

A lateral displacement shifts the interference pattern laterally and an axial displace-

ment leads to an increase or decrease of the overall intensity. This can be explained

by a varying ratio of maxima and minima of the interference pattern and is called

Gouy’s phase-shift. In the end the interference pattern is recorded with a four quad-

rant photo-diode where the subtraction of upper and lower quadrants leads to the

y-motion of the particle, and the left minus right side or vice versa results in the

x-motion of the particle. The z-motion, the axial motion is recorded via the sum of

the four quadrants of the photo-diode [59].
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2.2 Position Calibration of Optical Tweezers

This and the following section describe several ways to calibrate an optical tweezers.

The calibration itself consists of two steps. In the first step a precise determination

of the displacement of a trapped object from its equilibrium position has to be

performed. This is required for the computation of the force in the next step and

permits the direct measurement of nanometer-scale motion of trapped particles.

In principle, three different ways of the position calibration are possible. The first

method uses the thermal motion of the particle while being trapped in the optical

tweezers. The detector (quadrant photo diode) records the Brownian motion of the

particle and the measured signal results in a voltage over time. For long times the

equipartition theorem holds with

kV =
kBT

〈x2
V〉

, (2.14)

where x2
V being the root mean square (RMS) amplitude of the particle’s motion

and T the temperature of the medium. The thermal energy and RMS are used

to determine a conversion value kV which in units of [kV] =Nm/V2. A theoretical

conversion value km with [km] =Nm/m2 leads to the calibration factor aRMS =√
kV/km. For the determination of km a round particle in a fluid is considered.

Furthermore, a laminar flow around the particle and no-slip boundary is assumed

(Stokes model). Hence, km is determined by

km =
γ

τ
(2.15)

with τ being the autocorrelation time and γ = 6πηa the drag coefficient. The

particle size is denoted by its radius a and the viscosity of the medium is η. For

short times, before the autocorrelation-function of the particle motion decays under

a value of 1/e, an exponential function fitted to the autocorrelation function leads to

the autocorrelation time. Alternatively, the fit of a reciprocal function to the power

spectral density (PSD), the Fourier transformation of the particle motion, can be

used to determine the needed time value τ . The ratio of kV and km results in the

conversion factor aRMS with [aRMS] =V/m.

An alternative way to gain the conversion value via the Brownian motion can be

performed by observing the particle’s motion during very short times. This can

be done when the sampling rate of the detector is much higher than the inverse

of the autocorrelation time 1/τ of the particle. The diffusion constant DV of the
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measured mean squared displacement of the particle leads to a conversion factor of

unit [DV] =V2/s. Thus,

DV =
〈∆x(∆t)2V〉

2∆t
(2.16)

where 〈∆x(∆t)2V〉 is the mean squared displacement (MSD) for short times and time

steps ∆t. Hence, for DV the equivalent Dm can be found by the Stokes-Einstein

equation

Dm =
kBT

γ
. (2.17)

In the same way as above the conversion factor aMSD relates Dm and DV. Using this

method, the motion of a trapped particle can be used to calibrate the displacement

without the need of a steerable trap or piezoelectric stage [59].

A third method uses the piezoelectric table to calibrate the position. For this a

particle, which is fixed on the surface, is moved perpendicular to the laser beam.

For small displacements of the particle in the trap, the recorded signal at the photo-

diode changes linearly with the displacement. In this linear regime one can apply an

oscillation to the piezoelectric table of known amplitude while measuring the laser

signal. Because of the known amplitude Am with [Am] =nm, the conversion factor

afix can be calculated. If the oscillation is of triangular curvature with frequency

f , the detected displacement AV of the particle has to be a triangle (in the linear

regime). Thus, the conversion value is

afix =
slV
slm

=
T

4AV

T
4Am

=
Am

AV

with [afix] =
nm

V
, (2.18)

where slx denotes the slope of the triangles either in volts or in meters. In this way,

the calibration is performed in three directions. Since one measurement averages the

slopes over several periods, external error sources like noise decrease. One drawback

of this method is the difficulty to determine whether the particle is exactly in the

trap focus. A possible solution is to do a raster scan over the particle to determine

the center of the trap and for the complete description of the focus [53].

Another possible position calibration method takes advantage of one steerable trap.

In this case, a particle is trapped at larger distance to the surface to reduce surface

effects. The motion of the trap excites the particle to oscillations. As an alternative,

the trap could be hold at rest while the piezoelectric stage oscillates. Thus, the

motion of the stage or the movable trap is sinusoidal with xdrive(t) = A sin(2πfdrivet)

which is dependent on time, and its velocity vdrive = ẋdrive [66]. If hydrodynamical

and inertial effects are ignored, the resulting Langevin equation of the particle will
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be

γ[ẋ− vdrive(t)] + κx(t) = FT(t). (2.19)

Here x(t) is the displacement of the particle in the trap, γ the drag and κ the

stiffness of the trap. On the right side of Equation (2.19), FT = γ
√
2Dξ(t) (D is

the diffusion constant) describes the factor for the Brownian motion of the particle

which is seen as white noise. If Equation (2.19) is solved, a general solution is

gained which depends on the sum of two terms corresponding to the two forces FT

and γvdrive

xresponse(t) =
xdrive(t− tlag)√

1 + ( fc
fdrive

)2
(2.20)

with fc being the corner frequency fc = κ/(2πγ) and tlag with

tlag =
arctan(fdrive

fc
)− π/2

2πfdrive
.

Since it is difficult to fit xresponse to measured data because of the thermal noise, the

power spectral density (PSD) is calculated. Hence, the calibration factor aPSD =

x(t)/xvolt(t) can be expressed in terms of the power spectra (Presponse, P volt
response).

The calibration factor aPSD in this equation is the only unknown, since P volt
response is

determined in the experiment. Moreover A is the input amplitude and fdrive the

oscillation frequency, which both are given values. The corner frequency fc is eval-

uated with the power spectral density. For the position calibration one determines

additionally the power in the spike of the experimental Wex and the spike in the

theoretical data Wth. This means

aPSD =

√
Wth

Wex

with [aPSD] = m/V

where

Wth =

∫ fNyq

0

Presponse(f)df =
A2

2(1 + f 2
c /f

2
drive)

Wex = [P volt(fdrive)− P volt
T (fdrive)]∆f. (2.21)

Hence, Wex is dependent on P volt(fdrive) which is the experimentally determined

height of the spike at fdrive. P volt
T (fdrive) is the PSD of the thermal background at

fdrive. The frequency resolution is given by ∆f . The Nyquist frequency is denoted by

fNyq and the half of the sampling frequency. In addition to the position calibration,

the force calibration can be performed using this method (Section 2.3). Moreover,
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this method can be used to determine the drag coefficient γ of the medium [66].

Another way to calibrate the displacement of the particle can be achieved by using

a second trap beside the steerable one. In this case a static trap records the motion

of the particle which oscillates due to the motion of the dynamic trap. The recorded

displacement is linear at a small range around the focus. In the same way as men-

tioned above, by the oscillation of a fixed particle, the conversion value is determined

with a oscillation at small amplitudes. Hence, the conversion factor aDual is

aDual =
slV
slm

=
T

4AV

T
4Am

=
Am

AV

with [aDual] =
nm

V
(2.22)

with the same notations as used above. A problem of this method is the Brown-

ian motion which adds noise to the measured signal and brings an uncertainty to

the estimation of the slope slV. Furthermore, there is friction during the motion

which displaces the particle during its oscillation. The latter one can be reduced

by moving the particle at a low oscillation frequencies through the medium, so that

the particle is closer to the focus. The first drawback will be eliminated if several

periods of oscillations are averaged.

This section shows that there are several methods to do the position calibration for

the relative displacement. A determination of the absolute axial position is another

part of the calibration and is described in [53]. This is an important, when the

distance to the surface has to be known accurately, and for the knowledge of the

dependency of the hydrodynamic drag on the height above the surface.

2.3 Force Calibration of Optical Tweezers

In the last section of this chapter several methods to calibrate the force of an optical

tweezers will be described. Since it is necessary to calibrate the position of the

optical trap for a measurement, it is also obligatory to perform the force calibration

for each sample, because of setup parameters which always change when a new

sample is placed in the device. For example, the distance of the objective and the

condenser change, because for each sample the objective has to be re-approached.

The first method presented is the equipartition method. It assumes that the trap

has a harmonic potential and the stiffness ktrap. The variance 〈x2〉 of the thermal
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fluctuations of particle’s motion is equal to the thermal energy. Thus,

1

2
kBT =

1

2
ktrap

〈
x2
〉

(2.23)

where x is the displacement of the particle out of its equilibrium position. The

major drawback of this method is that there is an additional noise or a drift, which

increases the overall variance. Consequently, the stiffness is assumed to be lower

than the real value.

Another method takes advantage of the drag the particle is exposed to during the

movement through the medium. If a sinusoidal or triangular oscillation is applied

to the optical trap or the piezoelectric stage, the particle gets displaced because

of the viscosity of the surrounding medium. If the viscosity η is known and other

parameters like the radius of the particle a are clear, the drag coefficient γ can be

determined. With the knowledge of this coefficient and a triangular excitation the

resulting motion of the particle is

x(t) =
γA0f

2ktrap
[1− e−

ktrap
γ

t] (2.24)

with

γ =
6πηa

(1− 9
16

a
h
+ 1

8
a
h
3 − 45

256
a
h
4 − 1

16
a
h
5)
. (2.25)

Here Faxén’s law is included and h denotes the distance between surface and trapped

particle [67]. A0 is the amplitude of triangular oscillation and f its frequency. The

underlying assumption for this method is a round particle and a laminar flow around

it. One drawback of this method is that it has to be performed slowly because fast

oscillations make the particles jump or fall out of the trap. The drag force method

can be performed at a motion with constant velocity, too. The particle gets displaced

dependent on the velocity. The faster the piezoelectric stage moves the higher is the

displacement. Thus, it is possible to vary the velocity and detect the correspondent

displacement. These parameters should be related linearly with the slope containing

the trap stiffness.

The method introduced by Tolić-Nørrelykke in 2006 has the advantage, that in

addition to the calibration of the position, the force constant can be determined

simultaneously [66]. This makes the method more attractive than other methods. If

a particle moves sinusoidally because of an oscillating optical trap or a piezoelectric

stage, the power spectral density can be used for the calibration of the force con-

stant. Hence, the underlying assumption is that the trap’s force on the particle is
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ktrapx. Parameter x is the displacement in meters, because of the foregoing position

calibration. Another assumption is that Einstein’s relation is valid and therefore,

the trap stiffness can be written

ktrap = 2πfc
kBT

D
(2.26)

where D denotes the diffusion coefficient. By fitting the thermal background to the

experimental power spectrum, the diffusion coefficient Dvolt can be distinguished

([Dvolt] = V 2/s). To get the diffusion coefficient of Equation (2.26), the previously

determined conversion factor aPSD is used with the relation D = a2PSDD
volt. More-

over, the corner frequency has to be found at the power spectral density which allows

to determine the trap stiffness or force constant ktrap:

ktrap = 2πfc
kBT

a2PSDD
volt

. (2.27)

As could be seen the method makes usage of the power spectral density and the

motion of either the dynamical trap or the piezoelectric stage [66].

If the trap is static and cannot be moved, another method can be used for the force

calibration. This method is an extension to the equipartition method, and called

optical potential analysis. It is assumed that the trapped particle is located in a

potential. This means that the probability of the displacement, which is the complete

distribution of the thermal motion in the trap, follows the Boltzmann distribution

[53]. By calculating a histogram of the particle’s motion, the force constant ktrap

can be derived. Thus, the distribution is given by

p(x)dx = Ce
−U(x)

kBT (2.28)

with the probability p(x)dx of the particle in a potential U(x). The constant C

is the normalization factor so that the integral over the probability is one. If the

Equation (2.28) is solved for the potential, the equation can be written as

U(x) = −kBT ln p(x) + kBT lnC. (2.29)

In Equation (2.29) the last term with the normalization factor C is an offset and can

be neglected. If the potential is assumed to be harmonic U(x) = αx2, the variable

of the squared term α will be equal to the stiffness constant or force constant ktrap.

Consequently, via the motion of a particle in the harmonic trap the stiffness of the

trap can be determined [68]. An important issue of this method is the binning of
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the histogram of the particle’s motion. If on the one side the number of bins is small

compared to the amount of measured positions of the particle, the trap stiffness will

be overestimated. However, if the amount of bins is too high, there are empty bins

and the distribution is too flat. That means that the trap stiffness is underestimated.

The following example [69] shows the differences of varying bin numbers.

Figure 2.5: Simulations to show the dependency of the potential on the binning of the

displacement. The dashed line shows the harmonic fit, the line the simulated

data and the red circles are empty bins [69].

Figure 2.5 shows simulations of potentials are shown where the number of bins vary.

For a low number of bins the quality (when R2, the factor for the goodness of the

fit, is considered) decreases and for a high number of bins the number of empty bins

increases (red circles). The optimal value can be found in between when the change

of bin number leads to only small or no changes in the trap stiffness.

There are some more methods to gather information about the trap stiffness and

position calibrations which are not described in this work. An overview of publica-

tions with common calibration methods and optical tweezers setups can be found

in [71] or [70].
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3 Theoretical Aspects of Microrheology

In this chapter the theoretical principles of the technique ’Microrheology’ are de-

scribed. This background is important to understand the ideas behind the devel-

opment of the new method for the conversion of rheological data into the dynamic

shear modulus.

Rheology in general is the observation of flow properties of different kinds of media.

On the one hand the observed media can be a viscous fluid like pure water or on

the other hand a complete elastic solid like rubber. These are examples for the

extremes in this field and are able to either dissipate the mechanical energy com-

pletely or store all of the energy of an external stress. The so called complex fluids

which consist of structures with a larger length scale inherent in them, are able to

both store and dissipate energy. This ability depends on parameters like the applied

external shear stress, the temperature and the concentration of the structures in

the medium [73], [74]. Examples for complex, or viscoelastic, media are colloidal

suspensions, emulsions and polymer networks.

The polymer networks, which are in the main focus in this work, can be divided

into two groups - flexible and semi-flexible polymers. Synthetic polymers that show

small monomer sizes like polyacrylamide (PAAm) gels are flexible polymers. Their

properties and dynamics are described by Doi and Edwards in [45]. Biopolymers

are semi-flexible because the persistence length is larger than the diameter, and in

the same order of magnitude as the contour length [77]. The biopolymers described

in Chapter 1 - actin and intermediate filaments - belong to this group. The latter

ones build networks as well as in vitro and in vivo. The networks are observed

inter alia with the microrheology technique [75]. As mentioned in Chapter 1, the

polymer networks can be entangled or cross-linked, depending on the concentration

of protein and additional salts like MgCl2 or plectin.

In literature there are simple models which are able to describe the general proper-

ties of viscoelastic fluids. One of these properties is the creep behavior which means,

in case of external stress, that the medium does not instantaneously follow the de-
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formation, but slowly changes its structure to get elongated. The model describing

this situation is called the Kelvin or Voigt model and is represented by a system of a

spring and a dashpot connected with each other in parallel. If the equations of stress

and strain are connected for spring and dashpot, a differential equation is generated.

The equation can be solved and the result is a exponential curvature for the creep.

The second property is the stress relaxation. If the medium is already deformed

and the stress releases, then the body does not recover its shape immediately. The

Maxwell model describes this behavior with the usage of a parallel series of spring

and dashpot. Similar to the Kelvin model the solution of the occurring differential

equation is an exponential function which describes the relaxation. The more gen-

eral model is the standard linear solid model which allows to combine several Kelvin

and Maxwell models. Further details are in [78].

The quantitative determination of the mechanical properties of a specific viscoelas-

tic medium can be done by converting rheological data like strains into the so-called

dynamic shear modulus. The dynamic shear modulus G∗ is of complex nature and

can be divided in its real and imaginary part, G′ and G′′. These parameters stand

for the elastic and the viscous or dissipative behavior of the medium. Both are

dependent on the strain and show the in phase and out of phase part of the strain.

For the determination of the dynamic shear modulus the techniques like the con-

ventional rheology or microrheology are used. Microrheology determines the local

properties of a complex fluid and is in contrast to conventional rheology where the

bulk properties of a medium are measured. The local mechanical properties, namely

the ability to store and dissipate energy, can be determined by means of small tracer

particles which are embedded in the medium. These particles apply shear to the

medium by their motion - passively by Brownian motion (thermal fluctuations) or

actively by an external force. Since both methods are used in this work, the first

section depicts the theoretical principles of the passive method, whereas in the sec-

ond section the theory of active microrheology is presented.

3.1 Passive Microrheology

As mentioned before microrheology has to be divided into two methods. The passive

method takes advantage of the thermal motion of small tracer particles which are

embedded in the medium. The analysis of the motion of the particles leads to the
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complex shear modulus.

Nowadays there are three main measuring techniques to directly or indirectly deter-

mine the motion of the particles. Dynamic wave spectroscopy (DWS) is a special

form of dynamic light scattering (DLS) and measures the thermally excited motion

of ensembles of particles. The conversion of the motion of the particle to the dynamic

shear modulus is done via the power spectral density. One of the advantages of this

method is that a larger frequency range can be covered within one measurement.

Local disturbances in the medium on the one hand are averaged out, but one the

other hand if these local properties are important, they might not be determined

[76], [75].

Another technique is the laser deflection particle tracking (LDPT), which uses laser

and photo diodes to measure the particles motion. The setup is similar to an optical

tweezers setup, but the laser power has to be chosen very low (≈ 0.6mW [75]). In

this way there is no influence of the particle’s motion by the scattering and gradient

forces of the optical tweezers. Compared to DWS it is also possible to measure

the local properties of the medium because the motion of only one particle is ob-

served. The frequency range reaches several decades which is comparable to DWS

(≈ 10−3 − 104 Hz). One of the drawbacks of this method is the uncertainty about

the influence of the laser, and the nonlinearity in determination of the laser signal

when the particle moves too much. The observation of several particles at the same

time is only possible by using a time sharing algorithm which decreases the accuracy

of the measurement [76], [75].

The video-based technique is the third of the major techniques to gather information

about the particles’ motion. By the usage of a high-speed camera several particles

can be tracked simultaneously. The frequency range for this method is limited to

the speed of the camera, but a range of ≈ 10−1 − 103 Hz is accessible. In that way

the measurement has no drawback like nonlinearities or the loss of locality, but a

decreased measurement speed. In this work the video-based technique was used

because a high-speed camera (Imaging Solutions, Motion Pro X4) for frequencies

up to 5000Hz at 512× 512 pixel was available while both LDPT and DWS were not

realizable at the beginning. By recording the particles motion directly it is possible

to calculate the mean squared displacement (MSD) which is related to the complex

shear modulus G∗. This will be described in the following.
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3.1.1 General Assumptions

The conversion of the mean squared displacement (MSD) 〈r2(t)〉 into the dynamic

shear modulus G∗ underlies the same assumptions for all the methods described

and used in this work. Therefore in a separate section the general assumptions are

introduced and the relation between mean squared displacement and complex shear

modulus is derived. As mentioned above the motion of the tracer particle is the key

to gather information about the mechanics of the medium. When a particle moves

in a viscoelastic medium, there are only the forces of the molecules that interact

with the particle, unless there are no external forces. These forces of the molecules

act randomly with a Gaussian distribution with a mean of zero and a variance

dependent on the temperature of the surrounding medium. Due to causality, the

stochastic forces are independent of time and decoupled from past distributions [79].

Additionally to the random force, which appears in all kinds of fluids, the viscoelastic

media can store energy. This means that there is a memory function which is able

to save past events because it is non-local in time. Thus, the energy stored can be

returned to the particle at later times, and this can be mathematically expressed

with an integral over time. Hence, the equation of motion for a particle is described

by a generalization of the classical Langevin equation [80],[81]:

mv̇(t) = fR(t)−m

∫ t

0

ζ(t− τ)v(τ)dτ. (3.1)

The generalized Langevin equation considers particles of mass m in an unbound

state moving with velocity v in an isotropic, incompressible complex fluid with the

memory function ζ. The random thermal forces acting on the particle are denoted

with fR(t). By multiplying the velocity v(0) at time t = 0 by the latter equation

and taking the thermal average [82], the equation changes to

〈v̇(t)v(0)〉 = −
∫ t

0

ζ(t− τ) 〈v(τ)v(0)〉 dτ. (3.2)

As mentioned above, the stochastic force is independent on time and in this way

〈v(0)fR(t)〉 = 0. The ensemble averaged velocities 〈v(τ)v(0)〉 are known as velocity

correlation function and can be substituted with kBT/m due to the equipartition

theorem. The Laplace transform of Equation (3.2) leads to a relation for the velocity
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correlation in the frequency regime:

〈ṽ(s)v(0)〉 = kBT

ζ̃(s)−ms
. (3.3)

In Equation (3.3), ṽ(s) stands for the Laplace transform of the velocity and ζ̃(s)

of the memory function dependent on frequency s. The next step relates the mean

squared displacement of the particle’s motion to the memory function via the Laplace

transform of the MSD:

Lu

{〈
∆r2(t)

〉}
=

6

s2
〈ṽ(s)v(0)〉 . (3.4)

With Equation (3.3), the memory function is

Lu

{〈
∆r2(t)

〉}
=

6

s2
kBT

ζ̃(s)−ms
. (3.5)

The main idea is to get an insight about the mechanical properties of the medium.

Hence the complex shear modulus has to be in relation to the mean squared dis-

placement. For the next step the assumption has to be made that the particle is

surrounded by a continuum. This holds when the particle size a is bigger than the

length scales of the structures inside the medium. As mentioned before, a polymer

network also is a viscoelastic medium. Therefore the length scales in the network -

the mesh sizes - have to be small compared to the particle size. Furthermore, the

flow around the particle is assumed to be laminar which holds for small frequencies.

Both assumptions allow the usage of the Stokes relation of a particle with sticky

boundary conditions and a known drag in a purely viscous fluid. For a slippery

boundary condition, the Stokes relation has to be modified [80]. A further assump-

tion allows the memory function to be proportional to the complex bulk viscosity η̃

which is dependent on the frequency [73]:

η̃(s) =
ζ̃(s)

6πa
. (3.6)
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With this formula the complex shear modulus can be determined and related to

the memory function. The usage of G̃(s) = sη̃(s), the frequency dependent shear

modulus, finally leads to the generalized Stokes-Einstein equation

G̃(s) =
s

6πa

(
6kBT

s2Lu {〈∆r2(t)〉} −ms

)
. (3.7)

In literature (e.g. [83]) this formula can be found in dependency of ω where the

upper equation’s frequency s is substituted with the complex iω using analytic

continuation. The formula can be rewritten as

G∗(ω) =
ω

6πai

(
6kBT

ω2Lu {〈∆r2(t)〉} + imω

)
. (3.8)

For frequencies below the characteristic inertia-friction frequency the second term

imω can be neglected. This is a good approximation which leads to a simplification

of Equation (3.8). For polystyrene particles of a given diameter of 1µm and are

located in water, the crossover frequency finertia = 6πaη/m is around 1.7 · 107 Hz.
The used high-speed camera is far from this frequency. Hence Equation (3.8) can

be simplified to

G∗(ω) =
kBT

πaiωLu {〈∆r2(t)〉} . (3.9)

For measurement systems, where polymer networks are part of the medium, com-

pressional modes (Poisson ratio < 0.5) have to be kept in mind. At high frequencies

the viscous solvent and the polymer network are coupled through the solvents vis-

cous drag, but at lower frequencies this fails. Hence the crossover frequency fcompress

becomes important. The estimated crossover frequency fcompress = Gξ/(ηa) for a

polymer network with mesh size ξ of 50 nm, a storage modulus G′ of 0.5Pa, an

effective viscosity of 200mPa s and a particle diameter of 1µm is 0.25Hz [84], [85].

The frequency range covered by the high-speed camera is around 0.3Hz to 2500Hz

for measurements up to 3 sec and therefore suitable for this model.

The complex shear modulus can be divided into two parts - storage and loss mod-

ulus. These parts are the real and imaginary parts of the complex shear modulus.
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The real part is named storage modulus and describes the elastic response of the

medium to the excitation via the particle. The imaginary part is the loss modulus,

the dissipative energy in the examined system [87].

G′(ω) = ℜ(G∗(ω))

G′′(ω) = ℑ(G∗(ω)). (3.10)

Both are coupled via the Kramer-Kronig relation, because causality claims that the

in-phase response G′ is followed by an out-phase response G′′ [73]. Hence by the

knowledge of one of the two it is possible to calculate the other part via

G′(ω) =
2

π
P

∫ ∞

0

ζG′′(ζ)

ζ2 − ω2
dζ (3.11)

where P is the principal value integral [75]. Hence, only when the complete frequency

range is known it is possible to determine G′ out of G′′ and vice versa, without losing

information about the medium. Partial knowledge of one of the moduli introduces

artifacts at the calculation of the other.

The same problem appears when Equation (3.8) is regarded. For determining the

complex shear modulus, a Laplace or Fourier transform of the mean squared dis-

placement is obligatory. This transform can only be performed exactly without

errors, if the mean squared displacement of the whole time range from zero to in-

finity is known or can be measured. In reality this is not possible. Furthermore

the mean squared displacement datasets have discrete values, and both the Laplace

and the Fourier transform claim a continuous mean squared displacement. Both

drawbacks inhibit the correct calculation of the complex shear modulus.

In the past, several methods were developed to circumvent these constraints with

mathematical approaches. Two of these methods are discussed in the next section.

The newly-developed method to calculate G∗ is presented in Chapter 5.

3.1.2 Conventional Methods

The classical estimation method for the dynamic shear modulus was introduced by

Mason et al. in 1995. The information about the mechanical properties is a result
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of the combination of the generalized Stokes-Einstein equation (GSE) and an uni-

lateral transform which relates time and frequency domain. For the transformation

into the Laplace domain the transform is estimated by expanding the mean squared

displacement locally around the frequency of interest s or ω and the usage of a

power law (exponent α) which describes the logarithmic slope of the mean squared

displacement. This slope is the logarithmic derivative of the mean squared displace-

ment in time and is assumed to be located between zero for the absolute elastic case

and one in the case of a viscous medium, which leads to

α(ω) =
∂ ln

〈
∆r2

(
1
t

)〉

∂ ln 1
t

. (3.12)

The evaluation of the Laplace transformation of the power law can be related to

the gamma function which shows a good approximation in case the slope of the

mean squared displacement does not vary much. For the estimation in the Fourier

domain, an analogous procedure leads to a similar approximation by the usage of

the gamma function Γ(α):

G∗(ω) =
kBT

πa
〈
∆r2

(
1
t

)〉
Γ[1 + α(ω)]i−α

. (3.13)

This model provides an easy way to determine the dynamic shear modulus by avoid-

ing the direct calculation of the unilateral Fourier transform. Therefore it is simple

to implement and faster than the FFT. An approximation for the gamma function

Γ[1 + α] = 0.457(1 + α)2 − 1.36(1 + α) + 1.90 for the range of α between zero and

one, represents at most a 12% correction. Storage modulus G′ and loss modulus G′′

can be described as

G′(ω) = |G∗(ω)| cos 1
2
πα(ω)

G′′(ω) = |G∗(ω)| sin 1

2
πα(ω). (3.14)

The approximation shows worst results when the slope of the mean squared displace-

ment varies most rapidly and the power law representation is an oversimplification.

Thus, the overall error of this method is less than 15% which is the value of the
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worst case scenario [79]. This indicates that the usage of an approximation via the

gamma function amplifies errors when the slope varies a lot. Since the Brownian

motion of a particle is a random motion the mean squared displacements are always

noisy and therefore the calculation of G′ and G′′ is susceptible to errors.

Another method was developed by Evans et al. in 2009. Evan’s method tries to

bypass the approximation of the slope of the mean squared displacement with the

usage of a direct conversion of the rheological data into storage and loss modulus.

Hence the usage of fitting functions and an approximation is avoided due to their

possible uncertainties. The derived dynamic shear modulus consists of three terms.

The first term handles the initial compliance for t = 0. A second term is the sum

of piecewise functions that are the linear interpolations between each data points of

the compliance. For the third term an additional parameter has to be introduced -

the steady state viscosity which includes an extrapolation of the MSD for t = ∞.

This is required because of the finite number of the experimental data. The steady

state viscosity ensures that the mean squared displacement is defined for all positive

times t. Hence the sum of terms leads to the resulting formula for G∗(ω)

iω

G∗(ω)
=

e−iωtN

η
+

+iCω
〈
∆r2(0)

〉
+ C(1− e−iωt1)

〈∆r2(t)〉 − 〈∆r2(0)〉
t1

+

+
N∑

k−2

(
C
〈∆r2(tk)〉 − 〈∆r2(tk−1)〉

tk − tk−1

)(
e−iωtk−1 − e−iωtk

)
. (3.15)

The equation provides a direct link between the experimental mean squared displace-

ment 〈∆r2(t)〉 or creep compliance J and the complex dynamic shear modulus. The

steady state viscosity is denoted as η, C being a calibration constant and 〈∆r2(0)〉
is the mean squared displacement at the initial time (t = 0). Parameters like the

radius of the particle and the temperature are located in C. A closer look at Equa-

tion (3.15) shows that the single terms calculate the slope between each data points,

which leads to an amplification of the noise in case of a Brownian motion measure-

ment. Additionally, another problem of this method is that the creep compliance

J0 or 〈∆r2(0)〉 for the initial time has to be known. Another difficulty is introduced

by the usage of the steady state viscosity. For a polymer network this viscosity only
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can be estimated and not determined accurately. The advantage of this method is

the fast evaluation and the avoidance of a fitting function [86].

For both methods, simulations were performed to show whether there are weak

points at the method. At the publication of Evans an exemplary compliance func-

tion is used to confirm the quality of the method. Hence, the first simulation shown

here is the compliance function to prove that the the simulations and the preset

parameter are correct. Values like the initial compliance are taken from the publi-

cation.
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Figure 3.1: Simulation of a MSD behaving like the compliance function in [86]. Left: The

MSD in m2 shows the curvature of a typical compliance measurement. The

MSD can be converted from the compliance as described in [77]. Right: The

resulting shear moduli calculated via both the Evans and Mason method are

in accordance to each other. The Evans storage and loss modulus conforms to

the curves in the publication.

Figure 3.1 shows on the left side the MSD which corresponds to the compliance

function given from the publication. The conversion from compliance to MSD is

possible and illustrated in [77]. This MSD was used to calculate the storage and loss

modulus of as well as the Evans and the Mason method. The shear moduli with

the Evans method exactly could be rebuilt. Hence, the simulation were reliable and

additional tests could be performed.

In the next simulation, a Gaussian white noise was added to the upper MSD. Since

both methods use the derivative of the MSD where the the slope of neighboring

points is determined, the noise gets amplified. The influence on the calculations of

the shear modulus is shown in Figure 3.2. The noise which was added to the upper

compliance function changes the storage and loss moduli in a dramatic way. The
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noise added had a SNR of 40 and at the MSD hardly is recognized. The amplification

due to the derivation of the MSD makes the output become useless.
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Figure 3.2: Simulation of a MSD behaving like the compliance function in [86]. Left: A

Gaussian white noise is added to the MSD in m2. The SNR is chosen to a

value of SNR= 40. Right: The resulting shear moduli calculated via both the

Evans and Mason method. Both result in a huge amplification of the noise.

In addition to the compliance function simulations with and without noise, tests

were performed for the extreme cases when the medium is a pure viscous fluid and a

complete elastic solid. Figure 3.3 shows the pure viscous fluid case, whereas Figure

3.4 illustrates the output for an elastic body. For the calculations at the viscous

case the viscosity of water (η = 1mPa s), a temperature of 23 ◦C, a bead radius of

500 nm and a measurement frequency of 5000Hz were taken into account. Hence,

the MSD is of constant slope dependent on the chosen parameter. Although the

MSD is without noise and the slope is independent on the time, the Evans method

introduces artifacts for both the storage and loss modulus. The storage modulus,

which is predicted to be zero, is in the same range than the loss modulus. This is not

correct and cannot be referred to a false calculation, because the latter MSD of the

typical compliance was similar to the publication. The Mason method in contrast

shows a correct loss modulus. The storage modulus is very noisy, but in a region

of 10−20 Pa and can be neglected. Hence, for this case the Mason method produces

correct outputs whereas the Evans method fails. The conversion of the MSD from

m2 to nm2, which changes the numeric values to larger numbers to decrease probable

rounding artifacts, does not influence the outputs.
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Figure 3.3: Simulation of a MSD at the viscous fluid case. The MSD shows a constant

slope. The resulting storage modulus therefore should become zero whereas

the loss modulus increases linearly.

For the elastic solid simulations an elasticity of 1 Pa and the same parameters as for

the viscous case were used. The MSD as well as the predicted storage modulus are

time-independent. The loss modulus should vanish.
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Figure 3.4: Simulation of a MSD behaving like an elastic solid. The predicted curve for the

storage modulus should be independent on the frequency. The loss modulus

in this case is predicted to be zero over all frequencies.

The Mason method again produced correct values for G′ and G′′, but the Evans

method failed again. At high frequencies the curvature for the storage modulus at

the Evans method approached the correct value, but with huge artifacts at the low

frequencies. G′′ is very noisy and hence it is very difficult to interpret the data.
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By adding noise to the simulations both methods failed and no reasonable informa-

tion could be gathered. Since the measurements of Brownian motion in networks

always are noisy it not possible to say something about the result unless the data

is manipulated, e.g. by smoothing roughly. This modification changes the complete

curvature which then leads to misinterpretations. Because of these drawbacks it is

feasible to derive a new method. This method is introduced below (Chapter 5).

There are some additional constraints which affect the accuracy of the determination

of the particles’ motion. For example acoustical noise in the measurement system

or oscillations of the devices can change the calculated mean squared displacement

and therefore evoke misleading interpretation of the measurement. Therefore, Two-

Point microrheology was introduced by Crocker et al. in 2000 where the correlation

between the motion of two particles is determined and subtracted of the motion.

This leads to a particle motion without noise which refers to the system’s vibration

[88],[89]. Although this is a promising method, the drawback is that particle mo-

tions, which are not dependent on the systems vibrations, but are correlated due

to the viscoelastic medium, also get subtracted. In that way collective motions are

eliminated, although they would give insight to additional features of the medium.

In this work single particle microrheology was used. The noise of the system com-

pared to the motion of the particles in the cell networks or in the in vitro assembled

ones was smaller so that the result is not influenced by the vibrations. The idea to

compare single particle to two-point microrheology and additionally to conventional

rheology where the bulk modulus of a medium sheared by two plates is measured,

often evokes discussions in science. The discussion about one point and two-point

microrheology is not important for this work and for more details, the work of

Buchanan et al. [90] can be taken into account.

3.2 Active Microrheology

This section describes another way to determine the mechanical properties of a vis-

coelastic system. In contrast to passive microrheology where the Brownian motion

of particles is recorded, at the technique active microrheology the observed particle

is excited by an external force at a specific frequency, amplitude and direction. The

advantage is that the motion of the particle is not purely random, and the response

is observed at the frequency of the excitation.
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In this part the common way of active microrheology is explained, whereas in Chap-

ter 6 a novel method, which allows to get more information out of the measurement,

is presented. For both the common and the new way an additional device which

provides the external force for the particles embedded in the medium is necessary.

Hence, there are two major possibilities: One is the excitation of magnetic beads

with a magnetic field inside the medium. The other one is the usage of an optical

tweezers which excite the particles to oscillations. In the case of the optical tweezers

a system which can steer the laser beam has to be used. This is either a piezoelectric

mirror, a holographic plate or an acousto-optical modulator [93]. Dependent on the

choise, different frequency ranges are accessible. Although there are differences in

the setup, the theory behind it is similar and showed briefly in the following.

The particle of radius a which gets oscillated by the optical tweezers (OT) force

with spring constant kOT, responses to this excitation dependent on the medium’s

mechanical properties. Since the medium is viscoelastic, the motion of the particle

at a frequency ω will be influenced by the medium’s viscosity η(ω) and its elasticity

k(ω). Hence the equation of motion includes a springlike force dependent on the

optical trap and a viscous force because of the drag through the medium [91],[92]

m∗ẍ+ 6πη∗aẋ+ (kOT + k)x = kOTA cosωt. (3.16)

Variable A denotes the amplitude of the oscillating optical trap at time t. Since

the inertial effects are considered, both the mass of the particle m and the viscosity

of the medium are corrected so that an effective viscosity η∗ and effective mass m∗

follows [91]. The effective mass can be expressed by the particle bare mass m, its

radius and its density ρ. Furthermore, η∗ is given by

m∗ = m+
2π

3
a3ρ+ 3πa2

√
2ηρ

ω

with

η∗ = η

(
1 +

√
a2ρω

2η

)
. (3.17)

The theory described here uses the idea of a dual optical tweezers and therefore

one trap oscillates whereas the other trap measures the response of the particle.

The second trap is chosen much weaker (< 0.6mW, [75]) so that its force does not
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influence the oscillation of the first trap and the particle.

A possible solution of the differential Equation (3.16) for the steady-state case is

x(t) = D(ω) cosωt− δ(ω) (3.18)

with D(ω) being the response amplitude and δ(ω) as the phase shift due to the

existence of the surrounding medium. Both can be described by the trap stiffness,

effective mass and effective viscosity which leads to

D(ω) =
kOTA√

(kOT + k(ω)−m∗ω2)2 +m∗β2ω2

δ(ω) = arctan
m∗βω

kOT + k(ω)−m∗ω2
(3.19)

where β is

β =
6πη∗a

m∗
. (3.20)

The amplitude D(ω) and the phase shift can be measured by the setup and con-

sequently, the unknown viscosity and elasticity of the medium can be determined.

With the knowledge of both the in-phase storage modulus and out-of-phase loss

modulus can be derived

G′(ω) =
k(ω)

2πa

G′′(ω) = ω (η(ω)− ηsolvent) . (3.21)

This is the common way to determine both storage and loss modulus by usage of a

dual optical trap. In Chapter 6 this method will be extended by regarding several di-

rections of excitement and therefore new insights in the observed medium can be gath-

ered.
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4 Setup of the Optical Tweezers

In this chapter the setup of the used instruments is described. The different appli-

cations - the passive and active microrheology - make usage of several devices which

have to run synchronously or interact with each other.

The optical tweezers in general is built of a light microscope with a high numerical

aperture of the objective that resolves the examined surface and focuses the laser

beam for trapping objects. For visualizing the surface the illumination with a light

source is needed, and a camera that records the enlightened surface. Since it is

easier for many applications, the microscopes are inverted so that the laser beam

can be coupled into the objective from below. Thus, the beam is recorded above the

condenser with the quadrant photo diodes. To increase the trap stiffness, the laser

beam gets broadened with a lens system and deflected via mirrors or an acousto

optical deflector (AOD). In the following the specific parts of the custom-built setup

are described.

The first section shows the setup of the light microscope with the high speed camera

used for passive microrheology. In this section a further add-on, the incubator sys-

tem, is briefly mentioned which allows to perform measurements with living cells.

In the second section the setup of the optical tweezers is shown. To ensure the active

microrheology technique, an acousto-optical deflector is used which steers the laser

beam.

In the third part an additional setup is explained. A total internal reflection fluo-

rescence (TIRF) microscope allows to measure the dynamics of fluorescent labeled

biopolymer networks. It also can be used in combination with the optical trap or

the high-speed camera.
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4.1 Light Microscope and Components

The setup of the light microscope is shown in Figure 4.1. The microscope is in-

verted, so that the illumination light is located at the upper side of the setup. The

observation of the sample is performed with the camera below the objective with

high numerical aperture (Nikon R©ApoTIRF 100x, NA= 1.49). For the illumination

of the sample a cold light projector (Karl Storz GmbH, Techno Light 270) is used.

Figure 4.1: Sketch of the principal setup of the light microscope used for passive microrhe-

ology and live-cell imaging. The dichroic mirrors (DS1, DS2 and DS3) al-

low to include additional light beams like the optical trap laser or the TIRF-

illumination and filter out the laser light for the detection (DS2). LI and LC are

the lenses which focus the illumination light in front of the glass fiber and the

camera (CCD). Objective and Condenser build the microscope with the piezo-

electric table (PT), the micro-step motors (MOTOR) and the piezoelectric

stage (PIFOC) for the axial displacement of the objective. The piezoelectric

stage is surrounded by a incubation system (INCUB) to hold temperature, air

humidity and CO2 level in the sample.

The light projector ensures a high intensity of light and a stable illumination, which

is important for measurements at high frequencies with short exposure times. The

illumination light reaches the microscope via a glass fiber, gets collimated via lens
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(LI), and passes the dichroic mirror (DS2). The condenser, a 16× Nikon R©objective

(NA= 0.65), focuses the light into the sample. For measurements with living cells,

a dip-in objective (Leitz, 25×, NA 0.65) can be used to increase the contrast and to

avoid water droplets on the surface of the objective. Below the condenser the illu-

mination light passes through the sample which is mounted on a piezoelectric table

(PI-561-3DD, Physikalische Instrumente, Controller E-710). On the piezoelectric

table, a warming plate is located to heat up the incubation chamber (custom-built,

[94]) to temperatures of 37 ◦C for live cell measurements and to test the transition

range of polymer solutions. The piezoelectric table can be moved in a range of

45 × 45 × 15µm with a high precision in the nm range. This is necessary for ap-

plications such as the approach to the sample surface, oscillation of the sample and

focus on the sample surface.

For larger distances two micro-step motors (OWIS R©PS90, LTM 60) can move the

piezoelectric table laterally in the range of few µm to several mm with a positioning

accuracy of around 3µm. The objective, which is below the sample, is mounted on a

piezoelectric stage (PIFOC, P-720.00, Physikalische Instrumente, Controller E-503,

E-509 C3) to be moved in axial direction in a range of 100µm. The objective has

a high magnification (100×) as well as a high numerical aperture (NA= 1.49) to

ensure an accurate tracking of the particles at the microrheology applications and

a high force for a stable trapping of particles in the optical trap. A correction ring

allows to correct for specific glass slide thicknesses and temperatures (measurements

at room temperature and up to 37 ◦C).

While passing through dichroic mirrors (DS3 and DS1) the illumination light gets fo-

cused via a lens (LC) on the CCD chip of the high-speed camera (Imaging Solutions,

MotionPro X4). The high-speed camera offers the possibility to record pictures of

512 × 512 pixel size at a frame-rate of 5000Hz. This is necessary to measure the

particles’ motion at a high temporal resolution. For both applications, passive and

active microrheology, this improves the accuracy of the measurement. The lens can

be aligned along the optical axis to change the field of view of the sample surface.

The current field of view is 51.2 × 51.2µm. The usage of the micro-step motors

in combination with the PIFOC, the piezoelectric table (PT) and the high-speed

camera (CCD) allows a complete scan of the sample surface which is needed to get

an overview of the sample when the field of view is limited to a small proportion

of the sample. During the scan the function of the PIFOC is to ensure the sample

surface stay in the focus, although the sample is slightly tilted (Appendix A).

The incubation system includes a regulated heating unit, a CO2 supply and a hu-

midity control device. This system ensures a physiological environment for living
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cell experiments. The detailed description and reference measurements concerning

the incubation system can be found in [94]. The warming plate consists of four

conventional heat slides which are above the piezoelectric stage and via aluminum

in contact with the sample. For the regulation of the temperature a PT-100 probe,

embedded in the plate, and a controller (Eurotherm, temperature controller) are

used. A (custom-built) PMMA box on the warming plate allows to hold the tem-

perature constant. The mixing of CO2 and air at a rate of 5% of CO2 is most

suitable for the health of the cells. A sensor (Vaisala CARBOCAP R© Sensor, GMT

221) monitors the rate of CO2 which is piped into the chamber. For the experiments

a high humidity (> 85%) is needed to keep the amount of cell medium constant

and prevent indriectly a change of the pH of this medium. Via a bubbling system

(Thermo Electron Corporation, Haake DC 10) the air-CO2 mixture gets nearly sat-

urated in water before reaching the chamber.

The sample, located on a cover slide (24×24mm, Thermo Fisher Scientific, Menzel-

Gläser), is mounted on a holder like depicted in Figure 4.2.

Figure 4.2: Sample holder for the cover slips. A PDMS ring seals the chamber and prevents

the sample of drying out. A specimen holder with holes allows to refill the

chamber with solution/medium if necessary.

The sample is placed in an aluminum ring which builds the basis of the sample

holder. Dependent on the application, the aluminum ring is of circular (sealing the

chamber downwards, for high humidity and constant temperature) or rectangular

geometry. Onto the sample cover slip a PDMS layer is located which is the lateral

sealing of the chamber. Additionally a circular PDMS layer of 0.5µm thickness

(custom built, [95]) is used to seal the incubation system. A specimen holder with

two holes builds the cover for the chamber. Via the holes the amount of buffer fluid,
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culture medium or solvents is regulated in the chamber. At the top of the specimen

holder a second aluminum ring closes and fixes the sample holder. In case of living

cell measurements, the specimen holder is replaced by an aluminum plate with a

larger aperture and a tray for a higher volume of medium. The aperture allows to

use the dip-in objective mentioned above.

For some applications it is necessary to mark the position of the measurement.

Therefore a cover slip is scarified with several scratches which, on the one hand,

allow to break the glass for the usage in the electron microscope and on the other

hand mark a coordinate system. In Appendix A this application is described in

more detail (correlative Microscopy).

4.2 Optical Tweezers Setup

The setup of the optical tweezers is included in the inverted light microscope. Hence,

the high-speed camera, the positioning system and the incubation system can be

used for optical tweezers applications as well. In Figure 4.3 the laser beam path of

the optical trap is shown.

The laser beam of a Nd:YAG diode laser (Coherent R©Compass 1064-500) at a wave-

length of 1064 nm is used to build a single, double or multiple trap. The intensity of

the single mode laser (TEM00) with a diameter 1/e of about 0.9mm can be tuned

up to a intensity of 500mW [96]. Filter F1 is used to exclude the pumping light

(wavelength 800 nm) out of the beam path. Mirrors S1, S2, S3 which have a special

coating for the used wavelength, to align the laser beam onto the optical axis. There

a telescope system of lenses (L1 and L2) and a pinhole (diameter 20µm) expand

the beam and remove possible additional modes out of the beam. Since the beam is

linearly polarized via a rotating polarizer (LP) plate, beam splitter ST1 divides the

beam into two parts where each part of the beam has a specific intensity dependent

on the angle of the polarizer.

In that way the vertical polarized part of the beam passes an acousto-optical de-

flector (AOD, AA Opto-Electronic DTSXY-400), whereas the horizontal part only

passes two mirrors (S4, S5) and beam splitter ST2. The acousto-optical device de-

flects the laser beam in both lateral directions with a maximal angle of 48mrad at

at resolution of 400× 400 steps.
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Figure 4.3: Optical tweezers setup for applications with two or more traps. The yellow

box shows the inverted microscope with two photodiodes (QPD, i.B). The

gray box includes the laser light source with lenses (L1-L2), mirrors (S1-S5)

and a pinhole P to manipulate and steer the beam. An acousto-optical device

AOD with two beam splitters (ST1, ST2) and a polarizer plate LP are used to

separate the laser beam into two innocent beams - a static and a dynamic one.

Lenses L3 and L4 outside the box expand the beam to enhance the trapping

force.

The maximal frequency which can be applied is up to 30MHz. Hence, one laser

beam pass builds a steerable dynamic and the other a fixed, static trap. At beam

splitter ST2 both beams get together with conserved polarization which ensures that

the beams do not influence each other. By rotating LP it is possible to increase or

decrease the intensity of both, the dynamic and the static laser beam. This leads to

an increase or decrease of the strength of the specific traps. Two function generators

(Stanford Research Systems, DS345) control the AOD and therefore the movement

of the dynamic laser beam. By applying a specific voltage to the device the laser

beam gets deflected in lateral direction. The superposition of sinusoidal voltages

applied to the single deflectors for the lateral directions enables an oscillatory move-

ment of the laser beam with specific frequency and amplitude. This is important for

applications like active microrheology or multiple trapping. An additional function

generator manipulating the output intensity of the beam at the AOD could be used

to steer the trap in axial direction.
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When ST2 is passed, both beams are expanded by the lenses L3 and L4. A dichroic

mirror DS1 deflects the beam into the direction of mirror S6 and the high numerical

objective to get focused. The alignment and focal length of the lenses make the

beams overfill the objective which ensures a high and stable trapping force. Ad-

ditionally the dynamic trap passes the optical axis at the back focal plane of the

objective so that the trap focus stays at a fixed height above the objective while

moving laterally [96], [97], [53].

At the sample holder, which is described in Section 4.1, both laser beams build two

optical traps which are used for the applications shown in Chapter 7.3 and Appendix

C. Above the sample holder, the condenser collects the laser light and dichroic mir-

ror DS2 deflects the laser beams out of the optical axis. Beam splitter ST3 separates

the perpendicular polarized beams so that both can be independent monitored with

two four quadrant photo diodes (QPD, Hammamatsu Photonics, InGaAs 6849 se-

ries). Lenses L5 and L6 focus the beams on the specific QPD and filters F2 and

F3 block the illumination light. The alignment of these lenses ensures a back fo-

cal plane detection of the QPD [96]. To record the motion of trapped particles, the

QPD are connected to a AD/DA data acquisition device (Keithley Instruments Inc.,

K-USB 3116) which is controlled by the lab computer. The measurement device has

16 analog inputs as well as four analog outputs and an additional digital I/O. The

maximal scanning rate at this device is 500 kHz for all channels. Operating with a

single four quadrant photo diode needs four channels resulting in a scanning rate of

at approximately 125 kHz for every channel. As explained in the theoretical part,

by the usage of the optical trap it is possible to observe the particles’ motion with

a high spatial and temporal resolution. Further information about the lens basics,

the description of the AOD and the setup of optical tweezers can be found in [60]

and [96].

4.3 Total Internal Reflection Fluorescence Microscope Setup

In addition to the optical tweezers setup, a Total Internal Reflection Fluorescence

Microscope (TIRFM) can be realized by using a separate laser beam. The setup is

described in Figure 4.4. The laser beam of 532 nm wavelength (Coherent R©Compass

315M CW DPSS laser system, around 80mW power)is aligned onto the optical axis

via mirrors M1 and M2 and expanded with the lenses L7 and L8. The lens L9 can be

Tobias Paust



54 Chapter 4. Setup of the Optical Tweezers

moved laterally to displace the laser beam parallel to the optical axis. Furthermore,

the lens focuses the beam into the back focal plane of the lower objective after having

been deflected at mirrors M3, DS3 and S6. At DS3, which is a dichroic mirror, only

light of the wavelength 532 nm gets deflected.

Figure 4.4: Setup of the TIRF Microscope. A laser at the wavelength of 532 nm is focused

at the back focal plane of a TIRF objective. The plain wave illuminates the

sample and causes a near field at the sample surface [98].

Other wavelengths like those of the illumination light can pass the filter. Focusing

onto the back-focal plane allows to get a parallel laser light above the objective. The

collimated laser beam passes through the immersion oil below the sample up to the

examined surface. This ensures a constant illumination of the surface. The lateral

displacement of lens L9 change the angle of incidence of the laser at the sample.

This change increases or decreases the depth and intensity of the near field at the

sample surface. Hence, it allows the transition from epifluorescence to total internal

reflection fluorescence. If the sample surface is labeled with fluorescent markers, the

near field excites the sample which emits light of different wavelength dependent on

the marker. The emitted light passes DS2 and the dichroic mirror of the optical trap

(DS1) and can be observed with the high-speed camera. Partially reflected light of

the excitation laser is filtered with filter F4.

This additional possibility opens several applications like single filament or network

dynamics with labeled polymers, as well as cell dynamics when the focal adhesions

of the cell are marked with fluorescent dyes. Further details are described in the

work of T. Robel [98].
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5 Conversion of the Mean Squared

Displacement into the Shear Modulus

As mentioned in Chapter 3.1, the calculation of the complex shear modulus is only

exact for two conditions. The Laplace or Fourier transform has to be known from

initial t = 0 to infinite time, and the mean squared displacement (MSD) has to be a

continuous function dependent on time. Since other approaches underly constraints

or lead to errors in case of a noisy mean squared displacement - and indeed the MSD

of a thermally driven particle is noisy - a new method was developed to improve

the calculation of the shear modulus and the understanding of viscoelastic systems.

In the first section the new method and its principles are introduced and described.

In the second section simulations are shown which demonstrate the functionality of

the method on the one hand, and on the other hand give insight to the physical

meaning of the single parts of the model.

5.1 Introduction to the New Method

The idea behind the new method is a model-based approach to characterize the

mean squared displacement that allows to transform it without constraints into the

dynamic shear modulus.

In theory the mean squared displacement of a particle moving in a viscoelastic

medium or a polymer network has a slope of α = 3/4 for short measurement times

and reaches a saturation in the mid-time regime. For longer times the saturation

value will stay constant, if the polymer network is cross-linked, and will increase

again, if the network is entangled [100]. Figure 5.1 shows the master curve for the

MSD of a particle in a viscoelastic medium.
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Figure 5.1: The mean squared displacement of a particle in a viscoelastic medium in the-

ory [99], [100]. For short times, the MSD shows a power law behavior with

α = 3/4. In mid-time regimes, the MSD saturates and later increases if the

network is entangled. The creep compliance, which is proportional to the MSD,

underlies the same behavior (inset) [77]. τr is the relaxation time and τe the

entanglement time [102].

If the polymer network is sheared, it can relax the stress for short times because

of the thermal fluctuations of the filaments. For longer timescales the motion is

limited by the lack of an overall filament motion which leads to a plateau in the

mean squared displacement. At larger time scales, after the relaxation time, the

network diffuses to relax the remaining stress [100], [101]. For a particle in a net-

work the situation looks similar. At short time ranges the particles undergoes the

thermal motion which dominates the movement. For longer times it reaches the

limiting borders of the network. When the network moves via diffusion, the particle

embedded in the network has to follow this motion. The model-based approach,

which is used to develop a fitting function for the MSD, makes usage of these three

circumstances for the particle motion in the network. Therefore the fitting function

consists of three terms.

Regarding a particle embedded in an elastic gel-like network, the mean squared

displacement of the motion becomes independent of time. This means, if the par-

ticle moves in one direction via thermal motion, it gets repelled by the medium.
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Consequently, the mean squared displacement is dependent on the temperature and

elasticity of the medium

〈
∆r2(t)

〉
=

kBT

K
= A. (5.1)

In Equation (5.1), kB is the Boltzmann constant, T the temperature and K the

elasticity of the medium. Since all values are constant, they are substituted by pa-

rameter A.

For a pure viscous fluid the mean squared displacement shows a power law depen-

dency with the power law exponent α = 1. This stands for an object which is

thermally driven by the Brownian motion underlying a random walk. By using the

Langevin equation of Chapter 3.1, the thermal motion of the particle that leads to

the mean squared displacement, is

〈
∆r2(t)

〉
= 2nDSEt = 2n

kBT

6πηa
t = Bt. (5.2)

The diffusion constant DSE is the slope of the mean squared displacement. It con-

tains the viscosity η of the medium, the radius a of the particle moving in the

medium and the temperature T of the medium. This is the Stokes-Einstein relation

with the assumption of laminar flow around a round particle with sticky boundary

conditions. n is the number of dimensions in which the motion is observed in. For

the description of the method, n and DSE are chosen to be constant, and therefore

it can be rewritten with parameter B.

Additionally the particle motion in a confined cage is observed. The particle is

thermally driven and freely moving in the medium, until it reaches the borders of

the cage which limit its motion. Because of this the MSD increases linearly up to

the point when the boundaries limits the motion. The mean squared displacement

saturates and no higher displacements can be reached. The equation is given by

〈
∆r2(t)

〉
= C(1− e−

t
D ), (5.3)

where D is the relaxation time (also τ) and C the saturation value. The longer

the time, the more the mean squared displacement approaches the value of C. The
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time, when saturation starts, is dependent on parameter D.

If a polymer network is seen as a viscoelastic medium, the three terms describe the

complete medium with the motion of the particle inside. If this assumption holds,

the total mean squared displacement is the superposition of the three terms. This

leads to 〈
∆r2(t)

〉
= A+ Bt+ C(1− e−

t
D ). (5.4)

The calculation of the complex shear modulus out of Equation (5.4) can be per-

formed by using the Laplace transform of the single terms. This is valid because on

the one hand the Equation (5.1), Equation (5.2) and Equation (5.3) are analytical

functions and on the other hand the linearity principle of the Laplace transform

allows the superposition of separately transformed functions. Hence the resulting

Laplace transform is

Ltot = L {A}+ L {Bt}+ L
{
C(1− e−

t
D )
}
, (5.5)

which leads to

Ltot =
B + BDs+ s(A+ C + ADs)

s2(1 +Ds)
(5.6)

The resulting complex shear modulus is obtained, when Equation (5.6) is applied

to Equation (3.8) of Chapter 3.1. The usage of analytic continuation allows to

substitute the Laplace frequency s by the Fourier frequency iω

G∗(ω) =
−kBTω

2(1 + iDω)

πaiω · (B + iBDω + iω(A+ C + iADω))
. (5.7)

The complex shear modulus is dependent on the parameters A, B, C and D which

are determined by fitting Equation (5.4) to the mean squared displacement mea-

sured in the experiment. The fitting method used in this work was the nonlinear

least-squares method with weighting, so that values of longer times contribute less

compared to those of short times scales. The parameters used for fitting are listed

in Table 5.1.

If the mean squared displacement shows a particle in a pure viscous fluid, which

has a constant slope, parameters A and C approach to zero and B will be a nonzero

value. If the particle moves in an elastic body, the parameter B and C get negligible
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Table 5.1: Table of used parameters for the fitting of the MSD.

Nonlinear least squares fitting

Fit function A+Bt+ C(1− e−t/D)

Fit parameter

Method Levenberg-Marquardt
Confidence Level 95 %
Maximal Iterations 10000
Weighting 1/t

small.

In some cases the fitting leads to a wipe-out of the terms, because the fitting terms

are oppositional. To prevent this, the parameters are substituted by an exponential

function of other parameters a, b, c and d. This makes the method less susceptible

to errors and the fitting function becomes

〈
∆r2(t)

〉
= ea + ebt+ ec(1− e−edt). (5.8)

In the polymer network, especially in the keratin 8/18 network used in this work,

the motion of an embedded particle is composed of the limited caged motion inside

the meshes of the network, a viscous drag which represents the thermal motion of

the network itself and an elastic part which shows the ability of the network to store

and release energy to the particle at future times. Since the fitting parameter are not

smaller than zero at the measurements, an exponential function of the parameters

is reasonable. The network is described by these parameters, and the complex shear

modulus can be distinguished. Inserting Equation (5.8) into Equation (5.7) leads to

G∗(ω) =
−kBTω

2(1 + iedω)

πaiω · (eb + iebedω + iω(ea + ec + ieaedω))
. (5.9)

The complex dynamic shear modulus G∗ can further be separated into the storage

modulus G′ and loss modulus G′′ which represent the real part and imaginary part

of the complex shear modulus. Hence G′ and G′′ can be rewritten as
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G′(ω) =
KMω

(
eaw + ecw + ea+2dw2

)

e2b + e2aw2 + e2cw2 + 2ea+cw2 + 2eb+c+dw2 + e2b+2dw2 + e2a+2dw4
(5.10)

G′′(ω) =
KMω

(
eb + ec+dw2 + eb+2dw2

)

e2b + e2aw2 + e2cw2 + 2ea+cw2 + 2eb+c+dw2 + e2b+2dw2 + e2a+2dw4
(5.11)

with KM = (kBT )/(πa) being a constant for both moduli. By the determination of

storage and loss moduli via the fitting with parameters a, b, c and d, insights into

the mechanical properties of the measured viscoelastic medium can be gained. To

prove the validity of the method the next section depicts simulations, which show

possible applications and test the functionality of the method.

5.2 Simulations

In order to test the data analysis method suggested in the last chapter, numerical

simulations of idealized situations were performed. These simulations should show

the accuracy of the fitting and the rightness of the physical meaning for the cho-

sen situation. Moreover, simulated Brownian motions of particles with or without

boundaries of a limiting symmetric cage should show if the physical interpretation

of the third term of Equation (5.8) is valid. Additionally, the Brownian motion in a

non-symmetric cage was performed to see the consequences of the simulation.

The simulation can be performed by applying a normal distributed random number

which is linked to physical parameters like the viscosity, the temperature, particle

radius and a trap stiffness. For the simulations used here the modeling of a par-

ticle motion inside an optical trap and inside a cage is investigated. In the first

simulations, and the sake of simplicity, the cage is a cube. Hence the particle can

move freely inside the cube until it reaches the borders where it bounces of the wall

elastically. To investigate the particle motion inside the viscoelastic fluid without

optical trap, the trap stiffness is equal to zero for all spatial directions. The Langevin

equation in one dimension is
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mẍ(t) + γẋ(t) +
dV

dx
= F (t) (5.12)

with m being the mass of the bead and γ the drag coefficient. The assumption for

this is that there is laminar flow around the particle and a linear dependency of the

friction force on the velocity of particle motion. The trap potential V (x) is assumed

to be a harmonic potential with the force constant k. By neglecting the inertia of

the particle it follows

ẋ(t) = −k

γ
x+ γ−1F (t). (5.13)

Since the thermal motion is assumed to lead to a random force F , it can be de-

scribed by a Gaussian white noise process with mean zero and a variance depend-

ing on the drag coefficient and the temperature. That means 〈F (t)〉 = 0 and

〈F (t)F (t+∆t)〉 =2γkBTδ(∆t). ∆t is the time the particle needs for one single

step. With the requirement that 〈F (t)2〉 = 2γkBT/∆t, the numerical simulation of

the Langevin equation and the step-wise integration leads to a recursive function

[59]

[x(t+∆t)− x(t)] /∆t = −k

γ
x(t) +

√
2kBT

∆tγ
·N
(
0, 2

kBT

∆tγ

)
. (5.14)

The parameter N indicates that the Brownian motion is normal distributed. The

magnitude of the size of one time step ∆t can be described with a frequency f =

1/∆t. This frequency is chosen to be the same as the sampling frequency for a

measurement of a particle in a network. Hence, the simulation and the measurement

are comparable. Regarding the simulation in three uncoupled spatial directions it is

feasible that Equation (5.14) can be used for each direction separately. The resulting

motion can be written as

r(t+ 1/f) = r(t)− k

γf
r(t) +

√
2kBT

γf
·N(0, 2kBTf/γ). (5.15)
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Cubic confinement

As mentioned above the simulations include a spatial confinement for the particle’s

motion which simulates the motion inside a cage. If a particle hits the wall under

the assumption that the collision with the confinement wall is totally elastic, the po-

sition the particle would take outside the cage gets mirrored to the inside. Since the

simulations are performed by MATLAB or Mathematica this feature can be added

in one line of code inside the simulation loop. The resulting motion only takes place

inside the confinement and the trajectory can be used for calculating the MSD. The

MSD can be compared to measured data and carefully linked to the mesh size of

the network.

Figure 5.2: Simulation of the motion of a particle in purely viscous fluids with varying

viscosity (blue line). The corresponding viscosity is shown above the graphs.

The more viscous the fluid the smaller is the step size of the particle during its

motion. The viscosity of 1mPa s (left graph) is equal to the viscosity of water

at 20 ◦C.

Figure 5.2 shows the simulation of a particle without spatial limits. The three graphs

show motions for varying viscosities: η = 1mPa s, η = 10mPa s and η = 100mPa s.

The more viscous the fluid the less is the distance the particle can move. For the

simulations a sampling frequency of 5000Hz, and a particle radius of 500 nm at a

temperature of 296.15K was chosen. These conditions were comparable with those

of the measurements performed in the lab. This simulation showed that a free par-

ticle diffusion worked with the upper theoretical aspects. The slope of the resulting

MSD for the simulations was dependent on the diffusion coefficient. Furthermore,

the MSD was linear in time. The diffusion coefficient is indirectly proportional to

the viscosity. Thus, the higher the viscosity the lower the slope of the MSD is. The

Tobias Paust



Chapter 5. Conversion of the Mean Squared Displacement into the Shear Modulus 63

next simulations showed the behavior of a free particle (without optical trap) in

spatial confinements with varying confinement size in three directions. Confinement

size in this case meant the length l, width w and depth d of a cuboid, first with

l = w = d and the parameter varied from l = 500 nm to l = 15 nm.
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Figure 5.3: Brownian motion of a particle in a water-like fluid with spatial confinements of

varying size (e.g. 500 nm, 100 nm, and 50 nm). The confinements chosen were

of cubic geometry so that every direction has an equal limit. If the particle

hit the wall, it got deflected elastically. The size of the confinement is located

above the corresponding graphs.
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Figure 5.4: Mean squared displacement of the particle motion with varying confinement

size. The smaller the cage the faster the particle reached the walls, got deflected

and its MSD got saturated. The saturation value was lower the smaller the

confinement was. The different colors of the curves indicated a varying cage

size.
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Figure 5.3 shows exemplary trajectories of the simulations for the varying cage

sizes (500 nm, 100 nm, and 50 nm). The viscosity of the medium is comparable

to water, η = 1mPa s, with a temperature of T = 296.15K. The used sampling

frequency is f = 5000Hz (equal to the passive microrheology measurements). The

number of steps was chosen to 50000 and the simulation was repeated 100 times.

The particle’s motion was a free Brownian motion which always got deflected when

hitting the confinement wall. The smaller the confinement the earlier the particle

reached the boundary. This influenced the MSD of the particle motion. In Figure

5.4 the averaged MSD for every confinement size is shown.

As the simulations showed, the MSD’s saturation time changed due to the limited

motion of the particle. The MSD could be fitted to the third term of Equation

(5.8) to test if the theoretical ideas matched with the simulations. It can be seen

that the fit had low residues and consequently, theory and simulations were in good

agreement. Furthermore, a dependency of the fit parameters C and D on the cage

size was distinguished. Equation (5.16) shows the behavior of cage size l, α and β

dependent on fit parameters C and D.

C = α · l2 D = β · l2 (5.16)
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Figure 5.5: By fitting the upper MSD with the third term of Equation (5.8), the saturation

value C and relaxation value D were determined. A varying cage size changed

both the saturation and relaxation in a power law behavior with a factor of

2 multiplied by a constant. The graph shows double logarithmic plots of C

and D dependent on the confinement (circles and squares) with the specific

harmonic fit (colored lines).

In Figure 5.5 the simulated averaged fit parameter C and D are plotted over the

specific confinement size. The parabolic behavior can be identified clearly because
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the double logarithmic plot has a constant slope. The R2 values of the fits were in

both cases R2 > 0.998 which indicated an accurate fit with low residuals. Hence, in

a cube confinement in three dimensions α and β were

α = 1.244 · 10−6 β = 4.588 · 10−7.

Fit parameter C in this equation stands for the saturation value which is the value

the MSD can reach. The parameter D is equivalent to the relaxation time. In gen-

eral the idea is that if the MSD of the measurement is fitted by Equation (5.8), the

parameters of the third term can be linked to the cage size. This gives an idea of how

much the particle in the network is able to move, and might lead (with additional

steps) to the mesh-size of the network.

Cuboid confinement

Another simulation shows the resulting mean squared displacements for an aniso-

tropic confinement (l 6= w 6= d). The measurements (Chapter 7) indicate that the

motion of the particle is not the similar for different directions. Figure 5.6 shows

an exemplary simulation trajectory on the left hand side with l = 75 nm, d = 40 nm

and w = 35 nm, and the comparison of the MSD of several varying confinement sizes

on the right side.
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Figure 5.6: MSD for simulations when the particle moved in an confinement with differ-

ent spatial limits. Left: Exemplary Brownian motion. Right: The unequal

confinement size changed the saturation value but not the edge of the mean

squared displacement. Measurement in assembled networks indicated that a

confinement is not symmetric in all spatial directions. The legend shows the

different length scales of the confinement in nm.
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For these simulations it was seen that the edge and the saturation was shifted to

higher or lower values by conserved curvature of the mean squared displacement.

For measurements in networks this behavior indicated that the network was not

isotropic, homogeneous and the cage not symmetric. In addition to the motion in

a static confinement, simulations were performed in a dynamic cage. The particle

can move freely inside a cage which is moving with a spatial drift by diffusion. To

ensure a correct simulation two scenarios were tested. In the first scenario at every

step of the particles’ motions it was checked whether they hit the wall of the drifting

confinement. In the second scenario the calculations were performed as described

above without drifting confinement, and after that a linear function was added to

the complete trajectory of the particles. The linear function corresponded to the

diffusive motion of the confinement. The simulations were performed with the same

parameters as above plus a drift of dr = 0.05µm for the complete motion.
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Figure 5.7: Comparison of the MSD of both the step-wise drift (dashed line) and the drift

added after the simulation of the Brownian motion (line). As the confinement

was smaller the influence of the drift to every single step increased and hence

the difference to the totally added drift decreases. The boxed values show the

values of the corresponding MSD at a time value of 0.5 sec and different colors

mark different cage sizes.

Figure 5.7 shows the different MSDs of the two scenarios for four different confine-

ment sizes. The smaller the confinement the more the trajectory of the particle was

influenced by the drift of the confinement. At the plateau at t = 0.5 sec the values of

the corresponding MSDs are included in the graph. At small confinement sizes the

difference of the MSD for both scenarios could be neglected. Due to the assump-

tions of Chapter 3, the particle should be larger than the mesh size. Therefore every
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step is dependent on the motion of the confinement and consequently, the addition

of a linear function is allowed. For computations of the trajectories the addition

of a linear function as drift is much easier compared to a step wise calculation of

the confinements influence. Especially when the confinement is of complicated ge-

ometry. Overall by adding a linear drift, the viscous part of the fitting function

can be simulated, and its physics described. When the whole network moves with

the embedded particle, there is a increase of the MSD for long times [100]. This

becomes more obvious when the network is entangled, because there the filaments

can slip along each other and thus move the cage. In the cross-linked case, the net-

work’s filaments are bound to each other and therefore the cage does not move much.

Ellipsoidal confinement

In a next step the geometry of the confinement was changed. The latter cuboid

cage as an approach to the motion in a network was not that close to reality. Mea-

surements that are shown in Figure 5.8 reveal that the trajectories were close to an

ellipsoid.

Figure 5.8: Exemplary surfaces of equal probability of measurements performed at differ-

ent cross-linker concentrations of in vitro assembled keratin 8/18 networks and

extracted cells. The axes describe the binning of the motion (40 bins in each

direction). The surfaces of equal probability revealed that the confinement,

the particle moved in, was of ellipsoidal shape. The higher the cross-linker

concentration the more obvious was the ellipsoidal shape. For measurements

at cells this became clearer the closer the particle was to the cell nucleus.

Hence, in this part the motion was simulated for an ellipsoid as spatial confinement.

The results from above allowed that the confinement drift was added after simulat-
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ing the motion. The ellipsoid size was defined by the lengths of the semi-principal

axes in all spatial directions. If l = w = d was chosen, the motion was located in a

sphere, otherwise if l 6= w 6= d the particle moved inside an ellipsoid.
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Free Brownian motion simulation − elliptical confinement

Figure 5.9: Simulations of Brownian motion in an ellipsoidal confinement. The varying

parameters allowed motions of different distances depending on the direction

of motion.

In Figure 5.9 three exemplary trajectories are illustrated. The left graph shows the

motion in a confinement with l = w = d = 500 nm, in the middle the confinement

size is changed to l = w = d = 50 nm. On the right side the situation of an unequal

elliptical cage l 6= w 6= d with l = 75 nm, d = 40 nm and w = 35 nm is illustrated.
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Figure 5.10: Dependency of C, the saturation, and D, the relaxation value, on the confine-

ment size was similar to the cuboid confinement, but with a different values

of constants α and β.
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When the particle hits the wall, it gets reflected elastically like in the upper simula-

tions. The comparison of the MSD of the cuboid and elliptical confinements showed

that the saturation began at earlier times and the saturation value was smaller,

because the particle earlier reached the confinement wall for the elliptic case. By

fitting with the third term of Equation (5.8), the fit parameters for the saturation

value and the relaxation time were determined for a spherical confinement. Similar

to the cube confinement, both the saturation and the relaxation value behaved like

a parabolic function with varying cage size. The equation can be written as

C = α · l2 D = β · l2, (5.17)

with

α = 1.922 · 10−6 β = 8.407 · 10−7.

Figure 5.10 shows the dependency of saturation value C and relaxation value D on

the confinement size. For the simulations several spherical confinements were tested

and the resulting MSDs were an average of 100 simulations. The viscosity, parti-

cle radius and temperature were chosen similar to the cube confinement simulations.

Additional trap potential

In the latter section the fit function was described to contain three terms - the

confined motion term, the viscous term, which was the drift of the network, and the

elastic part that represented the elastic behavior of the network towards the particle.

As mentioned above, the simulation can be performed with an additional force of

the optical trap which has a harmonic potential. In that way the particle is pulled

into the trap while following the thermal motion. If one assumes that the network,

in which the particle is embedded, has also a harmonic potential, it is possible

to introduce a force constant for the network. The parameter k - the trap force

constant - can be used as influence of the surrounding network for the simulations

of the Brownian dynamics and be denoted as network force constant. Figure 5.11

shows the potential over displacement of a particle which passively moved in an

extracted cell network. By fitting a parabolic function it becomes obvious that the

network potential is a parabolic function.
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Figure 5.11: By determination of the distribution of particle positions and Boltzmann’s

law the potential of the network can be developed. The potential can be

approached to a harmonic potential for small displacements of the particle.

It is obvious that the harmonic fit is in accordance to the measured data in

an extracted cell.

With this result, it is possible to assume a harmonic potential for the network and

use the parameter k, the network force constant. Consequently, simulations were

performed with an additional network force constant describing the elasticity of the

network. At the simulations, the other parameters were not modified.
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Free Brownian motion simulation − network force constant

Figure 5.12: Brownian motion of particles with a repelling force of the network. The

assumption that the network has a harmonic potential led to a network force

constant and a behavior like in an optical tweezers. The figure shows the

Brownian motion with varying network force constants.

In Figure 5.12 three exemplary simulated Brownian motions are shown. For these

simulations the cage size was chosen to be large (l = d = w = 4µm), so that it

Tobias Paust



Chapter 5. Conversion of the Mean Squared Displacement into the Shear Modulus 71

did not influence the particle motion. For the calculation, different network force

constants were chosen, k1 = 1 · 10−7, k2 = 1 · 10−6 and k3 = 4 · 10−6. For each

direction the same repelling force was used. In the simulation shown in Figure 5.12,

the particle motion was not strictly limited to a certain volume, but the repelling

force pulled the particle back to the center of motion. The lower the force is, the

more the particle can move. By applying a high force, the particle’s motion becomes

more and more limited.

For the next simulations a varying confinement size is added to a specific network

force constant.
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Figure 5.13: Brownian motion of particles in a cuboid confinement with added repelling

force by the network. The particle was trapped in a harmonic potential and

additionally hit the cage walls when it got displaced too much.

Figure 5.13 illustrates a Brownian motion with network force constant k = 2.6µN/m

(determined by measurement) in cuboid confinements l = w = d = 100 nm, l = w =

d = 70 nm and l = w = d = 40 nm. One can clearly see that the particle often

passed the center of the confinement because of the elastic forces of the network.

The smaller the cage the bigger was the influence of the confinement. In the same

way as for the unequal confinement, further simulations could be performed with

unequal force constant for the spatial directions. This increases the amount of pos-

sible simulations and would be too much to show at this point. In general the forces

that act in real networks are not equal, which can be seen at Figure 5.11.

Predetermined MSD

The considerations of this section illustrate that simulations of a viscoelastic medium

lead to fitting Function 5.8. The three terms show different characteristics which
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can describe the complete viscoelastic behavior of a medium like a polymer network.

Further simulations with given MSDs proof that the model based fitting function

can be applied to real measurements and for the extreme case shows better results

compared to other methods (Mason, Evans, described in Chapter 3.1).

For the first simulation the compliance function, which Evans used in his publication

[86], was used to confirm that the novel method for this case gave reasonable results.

As shown in Chapter 3.1, both other methods worked for this scenario. The following

Figure 5.14 shows the fitting of the MSD and the resulting storage and loss modulus.

The storage and loss modulus resulting of the fitting with Equation (5.8) are in

accordance with the results of Evans and Mason. This confirms that the methods

work for compliance measurements with similar curvature.
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Figure 5.14: MSD of Evan’s compliance function. On the left side the MSD (blue) with

its fit (green) is shown. The fit is in accordance with the MSD. On the right

side the resulting storage (red) and loss modulus (blue). Both show a similar

curvature compared to those of the Evans and Mason methods.

As a second test, the same MSD was used and Gaussian white noise added. The

other methods failed at this scenario with an amplification of the noise. Figure 5.15

shows MSDs with noise (SNR= 40, SNR= 10) and the resulting G′ and G′′. The

MSD with noise (SNR= 40) had almost the same curvature compared to the MSD

of Figure 5.14. Since the SNR is high the noise is very small and could hardly be

recognized. For this case the output, the storage and loss is not influenced by the

noise. In the other case the SNR is small and the MSD noisy. The fitting also worked

in this scenario and produced the same output compared to a low noise. In that way

the novel method showed, independent on the amount of noise, the same curvature

of the compliance data compared to Evans’s publication. The other methods failed
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at this point whereas the new method does not amplify the noise and does not lead

to unreasonable storage and loss moduli.
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Figure 5.15: MSD of Evan’s compliance function with noise. On the left side the MSD

with noise of a SNR= 40 (blue) and a SNR= 10 (light blue) with its fit

(green) is shown. The fit is in accordance with both MSDs. On the right

side the resulting storage (red) and loss modulus (blue). Both show a similar

curvature compared to those of the Evans and Mason methods. In this case

the output does not change even if the noise is really large (SNR= 10)

As a third scenario a MSD of an absolute viscous fluid is taken into account. The

MSD has a constant slope over time. For this case theory predicts that the first and

the third term of Equation (5.8) will disappear. Furthermore, if the shear moduli

of this scenario are calculated via the Laplace transformation of the MSD fit, the

elastic part G′ will be zero because in a viscous fluid no elasticity exists. The loss

modulus G′′ on the other hand will have a linear increasing behavior. Additionally

the other extreme case - the case of an elastic solid - is simulated. In this case

the MSD is independent of time and therefore constant over the whole time range.

The expected storage modulus G′ is also independent of time and the loss modulus

G′′ should be zero over the whole frequency range. Figure 5.16 shows the simulated

MSD within the fitted function. Figures 5.17 and 5.18 the resulting shear moduli for

both scenarios. Both fits for the viscous and elastic case work properly (Figure 5.16).

That means the terms, which do not benefit to the specific case, have parameters

which almost disappear. In the case of a viscous fluid the first and third term of

the fitting function have to vanish and at an elastic solid the second and third term

have no influence on the MSD. The conversion to the dynamic shear modulus leads
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to the results shown in Figure 5.17.
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Figure 5.16: The given MSD of the totally viscous fluid (circles) and rubber like elastic

solid (squares) are fitted by Equation (5.8) (line, red and green). The fit can

completely follow the MSD because of the viscous term and/or the elastic

one. The third term disappears for both cases.
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Figure 5.17: Storage modulus G′ and loss modulus G′′ for the case of a viscous fluid. The

storage modulus is shown in the inset and is at the order of 1 · 10−15 because

of calculation artifacts (the fitting parameters never become exactly zero).

As mentioned above, for the viscous fluid scenario the storage modulus disappears
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because of a lack of elastic response to an external pressure. This can be seen in

Figure 5.17. The remaining loss modulus is in the theoretically predicted range and

the storage modulus is in the order of 1 ·10−15 which is an artifact because the fitting

program does not allow parameters to be equal to zero. Consequently, the values

are very small and the result is a negligible storage modulus.

In case of an elastic solid, the simulation and calculations of the shear modulus

are similar to the upper viscous fluid scenario. As predicted in theory, the loss

modulus is negligible small because of the fitting artifact and the storage modulus

is independent on the frequency.
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Figure 5.18: In an elastic solid scenario the storage modulus G′ is constant and the loss

modulus G′′ disappears. G′′ is very small (inset) and does not completely

vanish because of the calculation artifacts already mentioned above.

Hence, the model based fitting function leads to correct results for both extremes.

Therefore the resulting storage and loss moduli are reasonable and can be used for

the MSDs of the simulations. With this a better insight towards the physical aspects

and the dependency on the three terms is gained.

Shear moduli of varying parameters

In the following calculations of the shear moduli are shown. The shear moduli

are a result of the simulated MSD. The simulations will vary in viscosity, drift

and network stiffness. Hence, the goal is to imitate a measurement of an in vitro

assembled network to gather more information about its dynamics and behavior.
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Figure 5.19 shows a simulation of a Brownian motion in an elliptical confinement

with c = (0.100, 0.100, 0.100)µm, a viscosity η = 1.0mPa s, an additional drift of

dr = (0.050, 0.050, 0.050)µm and a network force constant which varies relative

to the normalization force k0 = 1.0 · 10−6 N/m (in that way rk = 20 means k =

20 · 10−6 N/m). The influence of the repelling force of the network changes both

the storage modulus and the loss modulus. Hence, the higher the network force

constant the higher the storage modulus because the particle’s motion underlies a

higher repelling force. The loss modulus is changed in that way that the minimum is

shifted to higher frequencies and to a higher value. The maximum at low frequencies

behaves in a similar way.
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Figure 5.19: Dynamic shear modulus of Brownian motion simulation with varying network

force constants. rk denotes the ratio of the varying network force constant

and k0 = 1.0 × 10−6N/m. Blue lines show the storage modulus and green

lines represent G′′.

If - in another simulation - the network force constant is equal to zero and the relation

between the total drift and the confinement size is varied, a modified dynamic shear

modulus is observed. Figure 5.20 shows this simulation. The variable r denotes the

ratio of total drift to confinement size. For r = 4 the drift is four times higher than

the confinement size. That means that the particle at every step is pushed into the

direction of the drift and the free Brownian motion is dominated by the drift. In

this case the MSD ends up in a curve with constant slope and therefore the resulting

G′ disappears and G′′ increases linearly. Vice versa, if the drift is apparently equal

to zero (r = ∞) the MSD depends on the confinement size and the resulting G′ and
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G′′, too.
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Figure 5.20: Dynamic shear modulus of Brownian motion simulation with varying drift of

the network. r denotes the ratio between confinement size and added drift.

For intermediate ratio the loss modulus’ minimum shifts to higher frequencies and

higher values, if the influence of the drift rises or dominates. The storage modulus

remains unaffected in value and the plateau moves to lower frequencies.

At a third simulation the viscosity of the medium in the network was modified

and related to the viscosity of water (η0 = 1mPa s). In this case the loss modulus

increases if the particle moves in a more viscous material. The minimum moves of

G′′ to lower frequencies for higher viscosities. The storage modulus G′ changes its

curvature at the upper end of the simulated frequency range, increases with rη > 1

and decreases in the opponent case.

In summary with a variation of either the viscosity, the confinement size, the drift

or the repelling force the dynamic shear modulus is changed in curvature and in

absolute value. A superposition of the modification of those parameters leads to

additional possible values and location of the minimum for G′′ and the plateau of

G′ in the simulated frequency range.
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Figure 5.21: Dynamic shear modulus of Brownian motion simulation with varying viscosity

in the network. The change in the ratio of the medium compared to water

(rη) influences the loss modulus’ minimum.

Furthermore, a change in the confinement shape and the usage of unequal values

for the parameters in different spatial directions opens a wide field of manipulations

which influence the dynamic shear modulus. In general the simulation of the three

terms introduced for this method allow to rebuild the MSD and the shear modulus

of the measurements and, in that way, offers insight into the network properties.

The simulations show that the method is valid for determining the mechanical prop-

erties of viscoelastic media, confirmed by the correct reproduction of theoretically

predicted curvature and magnification, of both the MSD and the dynamic shear

modulus. This was tested for a purely viscous medium, an elastic body and vis-

coelastic materials of varying properties. In Chapter 7 the method will be applied

to measurements of varying media to underline the functionality of the method.
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6 New Insights for Active Microrheology -

the Lock-In Method

In this chapter a second novel method to describe the mechanical properties of net-

works is introduced. This method uses optical tweezers to apply an external stress

to the examined viscoelastic medium or network. The response of the medium gives

an insight into its dynamics and its mechanical behavior in case of stress. In the

first part the general theory for deformations of isotropic and elastic bodies is de-

scribed. The novel method is explained in a following part. Afterwards, simulations

concerning the method and the theory are given.

6.1 Deformation of an Isotropic, Elastic Body

In this section the theory behind the deformation of an isotropic, elastic body is il-

lustrated. This background is needed because in the next section the transfer tensor

is introduced and measurements are compared to the theory.

The information about the displacement of a point in a medium, when the medium

gets stressed, can be expressed by a force and the Green’s tensor. The stress ap-

plied to the medium can be a shear, a dilatation or a compression. The Green’s

tensor contains the properties of as well as the viscous and elastic medium. To gain

knowledge about the Green’s tensor, several assumptions have to be made and the

strain tensor and the stress tensor are introduced [103]. The deformation of the

medium - as a first assumption - is always small. Hence, the theory is valid when

the change of the distance of two points in the medium is small compared to their

distance. Regarding a point with the distance ~r to the origin, with its position being

influenced by a deformation, so that the new position is ~r′. The difference of both

is denoted by the displacement vector ~u. Considered in one dimension, it is

Tobias Paust



80 Chapter 6. New Insights for Active Microrheology - the Lock-In Method

ui = x′
i − xi, i = {1, 2, 3}, (6.1)

with the specific direction being i. If two neighbor points have a distance dxi before

deformation, the distance is dx′
i after deformation and the change is dui. For all

dimensions the distance is dl′, the square root of the sum of all squared dx′
i.

dl′2 = dx
′2
i

= (dxi + dui)
2

=

(
dxi +

∂ui

∂xk

dxk

)2

= dl2 + 2
∂ui

∂xk

dxkdxi +
∂ui

∂xk

∂ui

∂xl

dxkdxl. (6.2)

If the indices i and k are swapped in the second term and k and l in the third term

the equation can be rewritten as

dl′2 = dl2 +

(
∂ui

∂xk

+
∂uk

∂xi

)
dxidxk +

∂ui

∂xk

∂ui

∂xl

dxldxk

= dl2 + 2uikdxidxk. (6.3)

Then the strain tensor is defined as

uik =
1

2

(
∂ui

∂xk

+
∂uk

∂xi

+
∂ul

∂xk

∂ul

∂xi

)
, (6.4)

with a symmetric tensor uik = uki. This is the strain tensor in the general case.

For small deformations the third term is negligible. Consequently, the strain tensor

becomes

uik =
1

2

(
∂ui

∂xk

+
∂uk

∂xi

)
. (6.5)

Tobias Paust



Chapter 6. New Insights for Active Microrheology - the Lock-In Method 81

In order to express the displacement via the Green’s tensor using an external force,

the stress tensor has to be related to the strain. If a body gets deformed, an external

stress is assumed to act at the surface of a small part of the body and affect only this

part. Internal stresses only become relevant at short ranges and therefore are taken

to be zero. Short ranges mean that just the neighborhood of the point is affected

by the internal stress. Macroscopic distances on the other side are considered to be

large compared to the small distance in the molecular range. Thus, if several forces

are applied at several parts of the body, the total force can be written as a sum

of forces acting on all surface elements - a volume integral over force and volume

element. This integral over the force at the small volume element can be rewritten

via the Gaussian equation to a surface integral when the force Fi is the divergence

of the stress tensor σik. With this the following equation holds

∫
FidV =

∫
∂σik

∂xk

dV =

∮
σikdfk (6.6)

where dfk is related to one component of the surface element. If the surface element

is located in the xy, xz or yz plane, the component of the stress tensor becomes the

i-component of the force per surface which is orthogonal to the xk axis. If a force

acts towards the orthogonal surface of the x-axis, it can be divided into a normal

force σxx and tangential forces σyx and σzx. In the case of hydrostatic pressure,

the assumption can be taken into account that on every surface element the acting

force is equal. The stress tensor is dependent on the pressure p and the unit vector

δik with σik = −pδik. In the general case the forces are not equal for every surface

element and underly varying normal and tangential forces. Due to this the non-

diagonal elements of the tensor become non-zero.

The deformation of a body for varying temperature shows a different behavior.

Thus, the stress tensor is also dependent on temperature. In this theory a constant

temperature is another assumption so that the deformation of the body is only from

an external stress and not because of thermal influences. In the thermal equilibrium

state the stress tensor is related to the free energy EF

σik =

(
dǫ

duik

)

S

=

(
dEF

duik

)

T

. (6.7)
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If the isotropy S of the system is constant, the stress tensor can be derived by the

inner energy ǫ. As mentioned before, the deformation can be regarded as small

and so Hook’s law can be applied to the theory. This enables relating stress tensor

and strain tensor which are needed for explaining the deformation of an isotropic,

elastic body. The free energy EF is a scalar and therefore all terms in the expansion

of EF have to be scalars, too. Furthermore, all terms are dependent on the stress

tensor which is assumed to be symmetric. Hence, the expansion of EF with two

second-order terms of uik is

EF = EF0 +
1

2
λu2

ii + µu2
ik (6.8)

with λ and µ the Lamé coefficients. EF0 is an additional constant for the free energy

without deformation. The Lamé coefficients separate the free energy into two parts,

one part concerning pure shear where the deformation does not change the volume

of the body (affine dformation), and the other part where the volume is not changed,

but the shape due to a compression of the whole body. By involving an identity for

uik =
(
uik − 1

3
δikull

)
+ 1

3
δikull into the formula, one can further generalize Equation

(6.8). With this generalization further parameters can be introduced - the shear

modulus (or modulus of rigidity) G and the compression modulus (or bulk modulus)

K. This leads to

EF =
1

2
Ku2

ll +G

(
uik −

1

3
δikull

)2

. (6.9)

Parameter EF0 is neglected because the free energy of the deformation is important

for this case and not the energy of an undeformed body. The second parameter of

the Lamé coefficients is equal to the shear modulus (µ = G) and the compression

modulus can be related to G and λ with K = λ + 2
3
G. Regarding Equation (6.9)

it becomes obvious that both, the shear modulus and the compression modulus,

underly the necessary condition that they are positive values. The whole equation

is positive because of the squared terms. If uik is chosen that ull disappears, only

the first part remains. If uik = const · δik, the second term remains. For this both,

K and G, have to be positive.

If Equation (6.7) is considered and the total differential of the free energy is taken

into account, a relation of the stress tensor to the strain tensor can be derived. dEF
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is given by

dEF = Kull dull + 2G

(
uik −

1

3
ullδik

)
d

(
uik −

1

3
ullδik

)
(6.10)

where dullδik is equal to zero and vanishes. The total differential of the free energy

can be inserted into Equation (6.7) and for the stress tensor follows

σik = Kull δik + 2µ

(
uik −

1

3
δikull

)
(6.11)

uik =
1

9K
δikσll +

1

2µ

(
σik −

1

3
δikσll

)
. (6.12)

A further assumption is that the deformation is homogeneous which means that

every volume of the body in case of external stress gets stressed equally. A good

example for a homogeneous deformation is the deformation of a rod. In this case the

relative elongation σzz is dependent on the coefficient of elasticity and the Young’s

modulus E. The Young’s modulus can be rewritten with the usage of the shear

modulus and the compression modulus

E =
1

1
3

(
1
G
+ 1

3K

) =
9KG

3K +G
. (6.13)

Another parameter can be introduced - the Poisson ratio which denotes the ratio

between axial and lateral strain ν = −uxx/uzz = −uyy/uzz. If K and G are positive

which is necessary in thermal equilibrium, it follows that the Poisson ration lies

between −1 (when K = 0) and 0.5 (when G = 0) for different elastic materials. The

relation of strain and stress tensor of Equation (6.12) can be rewritten as

σik =
E

1 +G

(
uik +

ν

1− 2ν
ullδik

)
. (6.14)

In the special case of an isotropic body and the situation of equilibrium the following

equation is valid
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∂σik

∂xk

+ ̺gi = 0. (6.15)

The gravity is included to keep the equation more general. Hence, the parameter
̺ is the density of the body and gi the gravitational acceleration. The equation
is correct, if the internal forces of the body are compensated for longer times. If
Equation (6.14) is applied to the upper Equation (6.15) and the general Equation
(6.5) for the strain tensor is implemented one gets

E

2(1 + ν)

(
∂2ui

∂x2

k

+
∂2uk

∂xi∂xk

)
+

Eν

2(1 + ν)(1− 2ν)

(
∂2ul

∂xi∂xl

+
∂2ul

∂xi∂xl

)
+ ̺gi = 0. (6.16)

A further step is to exchange ∂2ui/∂
2xk by components of a vector ∆~u (Laplace

operator of ~u. This also changes ∂ul/∂xl = div ~u and therefore the whole equation

to

∆~u+
1

1− 2ν
grad div ~u = −̺~g

2(1 + ν)

E
. (6.17)

As mentioned above, the term on the right side of the equation denotes the gravita-

tional influence on the body. For our purpose the gravitational force is neglected and

replaced by a punctual force which deforms a small part of the body. An additional

assumption at this point is that the deformation is much smaller than the regarded

part of the body where the force is applied. Hence, the complete body can be seen

as infinite in the spatial directions and Equation (6.17) becomes

∆~u+
1

1− 2ν
grad div ~u = −2(1 + ν)

E
~Fδ(r) (6.18)

where ~F is the force which stresses the body at the origin of the coordinate system.

Since an infinite body is assumed, the force has to approach zero for large distances

to the origin of the coordinate system. The solution for the upper Equation (6.18),

which was derived by Thomson in 1848, has to be found to gather the displacement

dependent on the distance r to the center of excitation. By using a solution like

~u = ~u0 + ~u1, with the assumption that the solution has to be zero at infinity, ~u0

becomes
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~u0 =
1 + ν

2πE

~F

r
. (6.19)

Since the rotation of Equation (6.18) leads to ∆rot ~u1 = 0, and for infinity the

condition is that rot ~u1 = 0, this leads to ~u1 = gradφ, and

grad (2(1− ν)∆ϕ+ div ~u0) = 0 (6.20)

which is valid at infinity. For the whole space the equation can be written as

∆ϕ = − div ~u0

2(1− ν)
= − 1 + ν

4πE(1− ν)
~F grad

1

r
. (6.21)

At this point another variable is introduced - Ψ which is the solution of the equation

∆Ψ = 1/r. In the case of no singularity, Ψ becomes r/2 and ~u1 is

~u1 = grad ϕ =
1 + ν

8πE(1− ν)

(~F~n)~n− ~F

r
(6.22)

with ~n being a unit vector in the direction of r. A general result with ~u = ~u0+ ~u1 is

~u =
1 + ν

8πE(1− ν)

(3− 4ν)~F + ~n(~n~F )

r
. (6.23)

If a force ~F is applied to an isotropic elastic infinite body, the displacement u can

be calculated. It is obvious that ~u is dependent on the Young’s modulus, Poisson

ratio and the distance to the place the force acts. The higher the Young’s modulus

is, the lower is the displacement. That is reasonable because the higher the Young’s

modulus of a body, the stiffer is the body and the more force is needed to get a

similar displacement. In the case K = 0 for a body, the Poisson ratio reaches

ν = −1 and an external stress leads to zero displacement because the deformation

cannot be passed through the body. To generalize Equation (6.23) the Green’s

tensor is introduced and the Young’s modulus is replaced by the shear modulus.
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This can be done because both are in relation to each other via the Poisson ration.

In the end the Green’s tensor Gik is

Gik =
1

4πG

[
δik
r

− 1

4(1− ν)

∂2r

∂xi∂xk

]
. (6.24)

If a force is applied to the body, the displacement ui is

ui = Gik(x, y, z)Fk (6.25)

with Gik the Green’s tensor and a force Fk in direction k. In this work, the Green’s

tensor is used in a Cartesian coordinate system and can explicitly be expressed as

Gik =
1

4πGr



1− 1

2b
+ 1

2b
x2

r2
1
2b

xy
r2

1
2b

xz
r2

1
2b

yx
r2

1− 1
2b
+ 1

2b
y2

r2
1
2b

yz
r2

1
2b

zx
r2

1
2b

zy
r2

1− 1
2b
+ 1

2b
z2

r2


 (6.26)

where b = 2(1 − ν) and x, y and z denote the spatial directions. This leads to

r =
√

x2 + y2 + z2. By applying a force in a specific direction it is possible to cal-

culate the displacement at every position close to the stress origin. This derivation

of the Green’s tensor is the Thomson solution which is valid in case of a viscous,

elastic body [103].

6.2 Lock-In Method and Transfer Tensor

The novel active method is introduced in this section. Since it is an active method,

an external force is necessary to deform the medium or the network. In principle

this is possible with an optical tweezers, a magnetic field or an external shear.

In this work an optical trap, combined with tracer particles, is used to apply the

deformation to the measured system. The idea behind the method is the usage of

the functionality of a Lock-In amplifier [104].

In the viscoelastic medium several particles are located and connected to each other
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via the medium. Due to this connection, the movement of one particle in this group

leads to a response of the other particles. By analyzing the motion of all particles

it is possible to gather information about the medium. Hence, the relationship of

response amplitudes, phase shifts of the motion and frequency changes to higher

harmonics can be determined. These information are reliant on the position of the

particles and the distances to each other. Furthermore, the behavior of the medium

changes when the amplitude and frequency of stress vary and also if temperature

or medium properties are different. Overall there are a lot of parameters which

play a role for determining the mechanical properties. In a group of particles (a

group constitutes at least two particles) one particle - the reference particle R -

gets trapped by the optical tweezers and excited with function f(t). The excitation

with f(t) leads to sinusoidal oscillations at specific frequency ω, with an amplitude

A and a specific direction θ. The total motion of the particle is a superposition

of thermal noise and the oscillation of the optical trap. In a similar way Lock-In

amplifiers work [104], the response motion of the other particles in the network is also

a superposition of thermal noise and the same sinusoidal function. Dependent on the

network characteristics, amplitude and frequency of the oscillation, several terms of

the sinusoidal function with doubled, three-fold to n-fold frequencies determine the

response motion. These are the higher harmonics of the systems which appear when

the medium gets excited. If a sinusoidal motion is added to the reference particle,

the motion of the response particle can be written as

sn(t) =
a0
2

+ a1 cos(ωt) + a2 cos(2ωt) + ...+ an cos(nωt)

+ b1 sin(ωt) + b2 sin(2ωt) + ...

+ bn sin(nωt). (6.27)

In this equation ω is the frequency of excitation, a0 to an and b1 to bn the Fourier

coefficients for the single terms which are dependent on the k-fold frequency. The

multiplication of the excitation function f(t) with sine and cosine, and its time

averaging leads to the Fourier coefficients

ak =
2

T

∫ T

0

f(t) cos(kωt)dt =
2

T

∫ t0+T

t0

f(t) cos(kωt)dt (6.28)

bk =
2

T

∫ T

0

f(t) sin(kωt)dt =
2

T

∫ t0+T

t0

f(t) sin(kωt)dt. (6.29)
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The whole response function can be expressed as a sum of sines under the assumption

that the series converges for longer times. With the coefficients ak and bk the

relationship of response amplitudes xk and phases φk to the reference can be gained

s(t) =
a0
2

+ a1 cos(ωt) + a2 cos(2ωt) + ...+ an cos(nωt)

+ b1 sin(ωt) + b2 sin(2ωt) + ...+ bn sin(nωt)

=
a0
2

+ x1 sin(ωt+ φ1) + x2 sin(2ωt+ φ2) + ...+ xn sin(nωt+ φn) (6.30)

with

xk =
√

a2k + b2k (6.31)

tan(φk) =
ak
bk

(6.32)

In the end the response vector in all spatial directions is

~riθ(t) =



xi0θ + xi1θ sin(ωt+ φxi1θ) + xi2θ sin(2ωt+ φxi2θ) + ...+ xinθ sin(nωt+ φxinθ)

yi0θ + yi1θ sin(ωt+ φyi1θ) + yi2θ sin(2ωt+ φyi2θ) + ...+ yinθ sin(nωt+ φyinθ)

zi0θ + zi1θ sin(ωt+ φzi1θ) + zi2θ sin(2ωt+ φzi2θ) + ...+ zinθ sin(nωt+ φzinθ)


 (6.33)

In this equation xikθ, yikθ and zikθ denote the amplitudes of response particle i for

the specific spatial direction x, y or z when the excitation direction is θ at higher

harmonic k. The phase information for a corresponding k is φxikθ, φyikθ and φzikθ.

The transfer tensor Āi, which contains information about the medium, links both

the reference motion and the response motion.

Ȳi = Āi · X̄0 (6.34)

X̄0 =



x011 x012 ...

y011 y012 ...

z011 z012 ...


 Ȳi =



xi11 xi12 ...

yi11 yi12 ...

zi11 zi12 ...


 (6.35)

with X̄0 the reference matrix and Ȳi the response matrix of particle i. The number

of columns of both matrices are dependent on the amount of directions the particles

were excited in.

To calculate the transfer matrix the solution of the linear equation is needed. Since

all different directions of excitation θ are considered for the determination of the

transfer matrix, the reference motion and the response motion are formed like a

Tobias Paust



Chapter 6. New Insights for Active Microrheology - the Lock-In Method 89

l×m matrix where l = 3 (number of dimensions) and m is the number of excitation

directions θ (Equation (6.35)). Hence, the linear equation is overdetermined because

m > l and cannot be solved for Ai. This leads to the minimum least squares

solution where Āi with the smallest residual norm is determined. To gather the

unique solution Equation (6.34) is transposed and left-hand sided multiplied by the

reference matrix.

Ȳ T
i = (Āi · X̄0)

T

⇔ Ȳ T
i = X̄T

0 · ĀT
i

⇔ X̄0Ȳ
T
i = X̄0X̄

T
0 · ĀT

i . (6.36)

If the reference matrix is left-invertible, the matrix product can be inverted and put

on the other side of the equation. In that way a unique solution is found by least

squares optimization [105]. This leads to

ĀT
i = (X̄0X̄

T
0 )

−1 ·X0Y
T
i . (6.37)

The transfer tensor describes the change of the excitement vector to the response

vector of the particles. Regarding the transfer tensor Ā a further assumption was

made. In general the obtained matrix Ā is a combination of Ē0ĀĒi with Ē the

elastic modulus which links stress and strain. Ē is in general a 4th order tensor

which can be minimized via symmetries in the medium. The assumption taken for

the case of the transfer tensor is that the network elastic modulus is independent

on the position of the particles. This holds when the network is homogeneous in

the range where the particles move. For the reference particle the stress is given by

the product of strain and elastic modulus ~σk = Ēk~ǫk. For Ē0ĀĒi follows Ē0 = Ēi

which leads to the upper used transfer matrix (Equation (6.37)) without the elastic

tensors.

6.3 Simulations

The following simulations check that the measurement system and the idea behind

the method is suitable to perform measurements at real media. Furthermore, the
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simulations give insight how the method behaves for changing circumstances. The

simulations are divided into two parts: one part handles simulations to test the

Lock-In method. In the other part, simulations of the elastic body theory are pre-

sented.

The test system contains two particles with a reference particle fulfilling a sinusoidal

oscillation of known frequency f = 10Hz with an amplitude of aamp = 1µm. The

sampling rate of the observing system is 5000Hz. The values are taken from the

measurements which were performed in real systems. The second particle, the re-

sponse particle, moves dependent on the first particle at a specific distance to the

reference. In the following cases the reference particle’s phase difference to itself

and the transfer matrix compared to itself are not shown because the result leads

to zero respectively an identity matrix. The second particle’s position is shifted

2µm in both lateral directions and no higher modes and phase shifts are assumed.

Consequently, the reference and response matrices are both 3×4 matrices with each

column the oscillation in a different direction (0◦, 45◦, 90◦ and 135◦) with amplitude

aamp. This leads to

X̄0 = Ȳ1 =



aamp

aamp√
2

0 aamp√
2

0 aamp√
2

aamp
−aamp√

2

0 0 0 0


 .

Before calculating the transfer matrix a coordinate transformation is performed. In

that way the connection-line between the particles is X∗, orthogonal to that Y ∗

and the vertical direction Z∗. In this coordinate system the reference and response

matrices are

X̄0 = Ȳ1 =




aamp√
2

aamp
aamp√

2
0

−aamp√
2

0 aamp√
2

−aamp

0 0 0 0


 .

Since both matrices are the same, the resulting transfer matrix Ā1 leads to the iden-

tity matrix. For the computations the matrix contains non-numeric values (NAN),

because of the z-direction being zero. To produce comparable results, white Gaus-

sian noise in the range of several nanometer was added to the simulations in every

direction. After that the simulation was performed 50 times. For an amplitude of

aamp = 1 in each excitation direction the resulting matrices X̄0 and Ȳ1 are
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X̄0 =




0.7071 1.0000 0.7071 0.000

−0.7071 0.0000 0.7071 −1.000

0.0069 0.0069 0.0069 0.0069


 Ȳ1 =




0.7071 1.0000 0.7071 0.000

−0.7071 0.0000 0.7071 −1.000

0.0001 0.0001 0.0001 0.0001


 .

Via the upper introduced method the transfer matrix for every simulation was cal-

culated. The resulting averaged transfer matrix is

Ā0 =




1.0000 5.2900× 10−8 −2.0580× 10−11

−3.0575× 10−8 1.000 −3.4985× 10−11

−4.7038× 10−5 −3.2351× 10−5 1.0240


 .

The computation led to the identity matrix as a transfer matrix. This was predicted

and additionally showed, that the simulation script worked properly for both the

simulation without and with noise. With the added noise another important insight

is gained. By the magnitude of noise added to both the reference motion and the

response motion, the values in the third row of the transfer matrix can completely

change and lead to unreasonable results. As examples several simulations with vary-

ing signal-to-noise ratio (SNR) for both the reference and response matrices were

investigated. The start value is a SNR of 5 which leads to a motion of decades of

nanometers. The end value is a SNR of 80 which is a non-resolvable noise in the sub

nanometer region. Figure 6.1 shows the change of entries of the third row dependent

on the ratio of SNR. If the noise of the response is lower than the reference noise,

the matrix entry Āz,z
1 is zero (for plotting at a logarithmic scale, one was added

to the values), which is not correct in case of a pure rotation of the motion of the

response particle or a deformation of the medium. If the noise of the response is

higher (with a lower signal to noise ratio), the matrix entry increases to values in the

103 range. Obviously this is not a property of the medium itself. The correct values

with small variations are reached by a SNR ratio of 1. For real measurements with

particles in a network these artifacts can only be decreased with varying positions

in the network because the network can differ locally and therefore the values of the

matrix vary a lot.
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Figure 6.1: Transfer matrix values with varying magnitudes of SNR. The ratio of

SNRReference and SNRResponse can change the values of the transfer matrix

drastically. The circles (blue) show the z, z value of the transfer matrix. Inset:

The values of the z, x (red triangles) and z, y entry (blue rectangles) of the

transfer tensor with varying SNR-ratios.

The force acting on a point in an elastic body leads to a deformation of the body

with a displacement that can be determined dependent on the observed position.

The simulation should give insight how the deformation changes due to a varying

stiffness of the medium and for different magnitudes of the applied force. The results

can be compared to the measurements at the in vitro assembled keratin network and

the extracted cell. The displacement is derived via the product of the Green’s tensor

and the force vector.

Gik =
1

4πGr
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 .

Gik is the Green’s tensor. Since the Possion ratio ν = 0.5 is constant, the parameters

which influence the displacement are the force vector ~Fk and the shear modulus G.

To gather insight about the absolute displacement at a specific point, several simula-

tions where performed with varying force and shear moduli. For all simulations the

force acted at the origin of the coordinate system, and pointed to the x-direction.

The region the displacement is observed reaches from 1µm to 10µm distance to the
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origin in both lateral directions.

Figure 6.2: Elastic body with different forces (2.5 pN/µm, 5.0 pN/µm and 7.5 pN/µm)

acting on the body of varying stiffnesses (0.65Pa and 0.20Pa). For each column

the specific force is illustrated and for each row the specific shear modulus. For

the case of a stiff medium and a low force (upper left) almost no displacement

can be recognized at a distance of 2µm. In the other case, when the force is

high and the stiffness low (lower right), the displacement is more than 3 times

higher as for the upper case in a distance of 10µm. Since the force acts along

the x-axis, the deformation in this direction is higher.

The values for the plateau moduli G0 were taken from passive microrheology mea-

surements. The high value stands for a plateau modulus close to the cell nucleus,

and the low value G0 for a distance of 8µm to the rim of the nucleus. The values

of the forces applied to the elastic body were taken from the calibration data of

the optical tweezers. Therefore the 2.5 pN/µm refer to the optical trap with a laser

power of 30mW whereas the highest applied force was achieved by a laser power

of 100mW. As a result, the simulations show that at a stiff medium a high force is

needed, so that the displacement can be measured at a distance of more than 2µm

in force direction (Figure 6.2, upper right corner). A lower force hardly displaces the

medium at short distances, and even less at higher ones (upper left surface plot).

For a medium of lower stiffness a strong displacement, even for higher distances,

is calculated (lower row). Hence, when the force is applied at the origin of the

coordinate system (here in x-direction), it deforms the elastic body along this axis
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with an additional component of deformation in the other direction (y-axis). This

displacement in this direction is smaller compared to the x-direction. In Chapter

7.3 measurements are presented which can be compared with this results.

The calculation of the displacement at a fixed position, dependent on a varying force

acting at the origin of the coordinate system, is simple if the force vector has only

one entry. In this case the displacement increases linearly when the force gets larger.

In addition, the displacement to shear modulus dependency is reciprocal: the lower

the shear modulus the higher the displacement. An interesting fact comes up if

the displacement is observed when the force is directed in other directions, too. By

adding only a small force, the displacement changes at a fixed point in a significant

way. Figure 6.3 shows the results of the simulations.
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Figure 6.3: Displacement dependent on the ratio of forces acting in lateral directions. The

forces in y and z directions are equal, but the ration toward the force in x

direction varies. Three positions are shown: P at (2,2,0) in blue, P at (4,4,0)

in green and P at (6,6,0) in red. Even when only a small force is acting in an

additional direction, the overall displacement enlarges.

The displacement increases when the ratio between the forces increase. With re-

gard to measurements, where the optical trap applies a force in one direction on a

particle, the response due to the network might change in direction. Particles at a

specific distance then are affected by a force which is not only along one axis. This

has to be considered for the comparison of the measurement and the theoretical

displacement.
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With the displacement of the reference particle during a measurement one can calcu-

late the force on this particle or the medium. That leads (by assuming an isotropic

and elastic body) to a displacement of a response particle at a specific point. Via

the Lock-In method the theoretical transfer tensor can be compared with the mea-

surements, shown in Chapter 7.
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7 Applications of the Developed Tools

7.1 Sample Preparation and General Parameters

The preparation of the samples is described in this section. For the measurements

on the one hand in vitro assembled keratin 8/18 networks were produced and on the

other hand extracted pancreatic cancer cells were prepared. The first part contained

the synthesis and purification of human keratins K8 and K18. The purification as

well as the synthesis process were performed in the DKFZ in Heidelberg. The details

are described by Herrmann et al in [106], [38]. To obtain an in vitro assembled

network of K8 and K18, an equimolar mixture of K8 and K18 had to be dialyzed.

Keratin 8/18 was stored at 5mM Tris, 8M Urea, 1mM EDTA, 0.1mM EGTA and

a pH7.5 at −80 ◦C. Before use it had to be dialyzed to 2mM Tris, 1mM DTT and

pH9 in order to enable assembly. Especially the Urea had to be removed. The exact

steps in which the dialysis was performed [107], can be seen in the following table.

Table 7.1: Preparation methods for the dialysis.

Dialysis

Old preparation method (all pH 8.5) New method (all pH 9.0)

4 M Urea, 10 mM Tris, 2 mM DTT 8 M Urea, 2 mM Tris, 1 mM DTT
2 M Urea, 10 mM Tris, 2 mM DTT 6 M Urea, 2 mM Tris, 1 mM DTT
0 M Urea, 10 mM Tris, 2 mM DTT 4 M Urea, 2 mM Tris, 1 mM DTT
2 mM Tris, 1 mM DTT, pH 9 2 M Urea, 2 mM Tris, 1 mM DTT

at 4◦C overnight 1 M Urea, 2 mM Tris, 1 mM DTT
0 M Urea, 2 mM Tris, 1 mM DTT
2 mM Tris, 1 mM DTT

at 4◦C overnight

Endbuffer 2mM Tris, 1mM DTT, pH 9

There are two dialysis protocols which were used during this work. Both of them
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lead to the same assembly of intermediate filament networks. The first method was

used for the passive microrheology measurements. In the meantime, the preparation

steps were changed, and the active microrheology measurements were performed af-

ter dialysis with the new method. After these steps the assembly was ready to

start, which was achieved by the addition of an equal volume of 2 x assembly buffer

(20mM Tris, pH 7.0). In that way a filament network was obtained by waiting long

enough (approx. 1 h). The network was an entangled network without the addition

of MgCl2. If the salt of an amount of 0−2mM Mg2+ is added to the K8 and K18 so-

lution, the network became cross-linked. The K8/K18 solution for all measurements

was chosen to be at a concentration of 0.5 mg/ml, as determined by the Bradford

test [85], [4].

For the measurements at the extracted cells, the cells of type Panc-1 of pancre-

atic carcinoma cells (American Type Culture Collection, Manassas, Va, USA) were

grown on a cover-slip and splitted two days before the measurement. At the day

of the measurement, the cells were prepared and hence all non-keratin components

were extracted. For the details and the protocol the reference is [25]. For the pas-

sive and active microrheology measurements polystyrene particles with a diameter of

1µm (Cat No. 4009A , Thermo Fisher Scientific, Waltham, MA, USA) were added

to gather 1% of weight. Concerning the in vitro assembled K8/K18 networks the

mixed suspension was put on a glass slide for filament assembly with the particles

which later were embedded in the assembed network. After that either the cells on

the cover slide or the assembled networks were placed in the sample holder. The

sample was sealed with a PDMS ring or layer prepared for the measurements. The

stainless steel ring of the sample holder closed and fixed the chamber.

In both types of measurements - the passive and active method - the high-speed

camera recorded at a sample-rate of 5000Hz, and measured from 1 to several sec-

onds dependent on the screen size. The trajectories were determined out of recorded

pictures via a particle tracker algorithm described in [108]. The temperature was

always room temperature at about T = 23 ◦C and the illumination intensity to-

gether with the screen size (51.2µm×51.2µm) was chosen to be constant during all

measurements. The sections, where the measurements of the specific systems are

presented, give additional information about the values of the used parameters.

After a measurement of either filaments or extracted cells the samples were fixed

with an equal volume of 2.5% glutaraldehyde and 1% saccharose in filament buffer

(10mM Tris, 0.5mM DTT, pH7.4). To ensure that the network could be displayed

at the electron microscope, the samples had to be dried in advance. Therefore,

the samples were first contrasted with Osmium and washed with PBS. After that
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by a gradually dehydration in 30%, 50%, 70%, 90% and 100% propanol steps the

medium with the filament suspensions were critically-point dried (Critical Point

Dryer CPD 030, BalTec, Liechtenstein). Afterwards the sample was rotary coated

with a 2 − 3.5 nm layer of platinum and visualized with a Hitachi S-5200 inlens

scanning electron microscope (Hitachi, Tokyo, Japan) [123]. The platinum coverage

on the filaments and the cells helped to calibrate the electron microscope to gain the

highest possible amount of details in a picture. The small grains of the 2 − 3.5 nm

layer of platinum had to be made visible to ensure a good image quality.

7.2 Passive Microrheology

In this chapter the method which was introduced in Chapter 5 was applied to real

microrheology applications. In these measurements particle motions in systems of

different mechanical and physical properties were recorded. For all particle motions

the mean squared displacement was determined and afterwards fitted with Function

5.8. The resulting fit parameters were used to calculate the dynamic shear modulus

- the storage modulus and the loss modulus. In the latter section the parameters

for the measurements are listed which were usually used for all measurements.

The first section shows the passive microrheology measurements of in vitro assem-

bled keratin 8/18 networks. In [85], it is shown that the networks dependent on

the added salt concentration MgCl2 get stiffer for the storage modulus and more

inhomogeneous in the mesh size. Due to the collaboration with A. Leitner, it was

possible to use parts of already measured microrheology data to verify that the

new method can be applied to both in vitro assembled and extracted cell networks.

Hence, it was shown that resulting storage and loss moduli could be evaluated of

the measurements. The plateau modulus G0 as a second step was determined to

allow a comparison between the networks of different salt concentrations. A first

estimate about these was presented by Köster et al. [109]. The second section

presents the microrheology application at pancreatic cancer cells line Panc-1. The

cell measurements were performed to measure the mechanical properties dependent

on the distance to the rim of the cell nucleus, and to test whether the new method

is stable or not. The cells, as already mentioned above, were extracted so that only

the nucleus and the intermediate filament network of these cells remained. In this

way the intermediate filament network, which builds the scaffold of the cell, could

be examined.
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The third section shows measurements and results of measurements at human gran-

ulocyte cells. Here the addition of colchicine changes the stiffness of the cell and

its motility. Passive microrheology was performed by particles which were added to

stick at the membrane of these cells. In that way the stiffness of the membrane and

the integrins was measured. The results could be related to the stiffness of the actin

network.

Before these measurements were performed, measurements of particles in a pure

viscous fluid and a fluid-like viscoelastic medium were investigated.

7.2.1 Well-known Media

Bi-distilled water

For the measurements in a purely viscous medium polystyrene particles (1µm di-

ameter) were put into bi-distilled water. The motions of the particles were recorded

with the CCD high-speed camera. The distance to the glass surface was chosen to

be larger than 8µm to decrease the influence of the substrate. The measurement

was repeated several times to get the motion of many particles and to minimize

the statistical errors. The total number of particles measured at this medium was

n = 110.
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Figure 7.1: Double-logarithmic plot of the averaged MSD for particles of 1µm diameter in

bi-distilled water (circles) and its fit (red line). Inset: The MSD for a particle

motion recorded at lower sample frequency (circles) and the fit (red line).
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After determining the MSD of each particle, an average of all particle MSDs was

calculated. This average was fitted by the fitting function (Equation (5.8)), which led

to the fitting parameter a, b, c and d. Figure 7.1 shows the resulting averaged mean

squared displacement with the fitted function. For long time scales (> 10−3 sec)

the particles’ MSD showed a behavior of a single relaxation time Maxwell fluid.

The slope of the MSD in this regime was almost constant. At small times this

was not the case, because the particle entered into the ballistic regime, where the

particles moved only few steps and did not get hit by any molecules [110]. When

measurements were performed at lower sample frequencies, this ballistic regime did

not become obvious. By fitting a linear function at the MSD, the viscosity of the

medium could be determined. This viscosity was (1.0± 0.1)mPa s which is in good

agreement with the theoretical value at 23◦C. The red line denotes the fitted curve

with the fitting function (Equation (5.8)). The goodness of the fit could be derived

by the residuals of the fitting function and the measured MSD. The residuals are

shown in Figure 7.2.
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Figure 7.2: Double logarithmic plot of the averaged MSD for particles of 1µm diameter

in bi-distilled water (black line) and the residuals of fitting (red line).

In Figure 7.2 it becomes obvious that the residuals were small compared to the

averaged MSD. This indicated a high goodness of the fit (GoF). The drop-downs

of the residuals showed that the fitting function crossed the MSD and therefore the

residual became zero. This could be achieved by the exponential functions of the
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fitting parameters, which prevented the fitting function to drift off. To improve the

fitting, further terms could be added to the fitting function. The physical meaning

of these additional terms would have to be discussed. In addition the R2 value also

Table 7.2: Results of the fitting of the MSD of bi-distilled water. A R2 value of 0.9991 led
to a high goodness of the fit.

Fitting results

Goodness of fit R2 0.9991

Fit parameter

a -4.5890
b 0.3716
c -0.7031
d 1.6500

Standard Error

∆a 0.0174
∆b 0.0037
∆c 0.0098
∆d 0.0108

gave an idea about the goodness of the fit. R2 is the ratio of the squared deviation of

the fitting function to the total mean value of the MSD, and the squared deviation

of the MSD to the total mean value of the MSD. If R2 = 1, a perfect fit is observed.

A value of zero indicates a poor fit and the fitted curve does not reflect the MSD.

At Table 7.2, the parameters give insight into the observed values of the fitting. Each

fitting parameter describes the weight of the specific fitting term. The parameter

a was the parameter of the elastic part of the fitting function. Since this part in

a viscous fluid in theory is zero, this parameter tends to be small. In Chapter 5 it

is described that, for the sake of stability of the fitting, an exponential function is

applied to every fit parameter. Hence the more negative a parameter gets, the closer

to zero the corresponding term is. Therefore the weight of the term in respect of

whole fitting function is small. With a = −5.64 the elastic part did not play a role

for this viscous fluid. Additionally the parameter c was smaller than parameter b,

which means that the major part describing the MSD was the viscous part. Thus

the measurements were in accordance with the theoretical predictions. Moreover

the R2 value was close to the perfect fit ensuring a high GoF.

The MSD is a sum of single terms as described in Chapter 5. Figure 7.3 shows the

single terms and how their combination resulted in the fitted MSD.
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Figure 7.3: Double logarithmic plot of the single fitting terms of the MSD. The MSD

(black line) was the sum of the elastic term (orange line), the viscous term

(brown line) and the term corresponding to the confinement (red line). The

inset shows the 95% confidence intervals for the fitting parameters beside the

terms.

At low times the viscous term and also the confinement term were of low values.

In this regime the constant part - the elastic term - dominated the other terms and

therefore, the total MSD flattened for small times. This fitted to the ballistic regime

described in [110]. At mid-time regime both the viscous and the confinement term

increased linearly which led to a increasing slope of the whole MSD. At large times

the confinement term got into saturation and this made the whole MSD flatten

slightly until the viscous part dominated. The inset of the figure shows the 95%

confidence intervals for the parameters a, b, and the combination of c and d. The

intervals could hardly be recognized due low standard error of the parameters. For

parameter a, the fit parameter of the elastic term, the absolute value of the term

was 1.016× 10−14 m2, and the intervals 1.034× 10−14 m2 and 9.988× 10−15 m2. For

the other parameter the confidence interval was smaller.

Based on the fitting parameters of Table 7.2 and Equation (5.9) the shear modulus

was determined. The storage and loss modulus (G′, G′′) display the real and imagi-

nary part of the complex shear modulus G∗. Since the particle in this case moved in

a viscous fluid, the storage modulus in theory is zero over the whole frequency range

up to the ballistic regime. In Figure 7.4 the storage modulus and loss modulus are

shown at the measured frequency range.
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Figure 7.4: Double logarithmic plot of storage (dark red line) and loss modulus (light red

line) in bi-distilled water. The inset shows values for the error of propagation

dependent on the frequency.

The storage modulus (dark red) was smaller than the loss modulus over the fre-

quency regime up to a frequency of f = 300 sec−1. This matched to the theoretical

predictions. At higher frequencies, when the ballistic regime was reached, the stor-

age modulus ran into saturation. The loss modulus started to decrease and both

moduli crossed.

Although bi-distilled water is a purely viscous fluid in theory, the measurement

showed that the MSD has not a constant slope for longer times. This is due to the

calculation algorithm that determined the MSD. For longer times the amount of

averaged MSDs decreases. For the longest time value the averaged MSD is equal to

the amount of particles measured. Therefore the uncertainty of the MSD for high

times is higher compared to lower times. To reach the results of the theory, it is

recommended to perform either an infinite number of measurements or measure-

ments of infinite length (hypothesis of ergodicity). Thus, the storage modulus did

not disappear completely.

Overall, the new method worked good at the experiment in bi-distilled water. This

was confirmed by a R2 value close to one, small residuals of the fitting function and

small errors for G’ and G”. The next measurement was performed on a solution of

saccharose - a fluid-like viscoelastic material [112].
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Saccharose solution

In the same way as before, the particles were put into the solution of saccharose.

The solution had a value of 50%brix, with 50 g of saccharose dissolved in 100 g

saccharose/water solution at a purity of 99%. The distance to the surface was about

7µm, and the total number of particles measured was 160. The resulting MSD was

the average of each of the particle’s MSD. Since it is known that the saccharose

solution is a fluid-like viscoeastic material, the MSD is predicted to saturate for

long times. In [112], this indirectly can be seen via the shear moduli for different

solutions. The averaged MSD, its fit, and the MSD of bi-distilled water is shown in

Figure 7.5.
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Figure 7.5: Double-logarithmic plot of the averaged MSD for particles of 1µm diameter in

saccharose solution (diamonds) and its fit (green line). The MSD of the water

measurements is added for comparison.

Compared to the bi-distilled water measurements, when the slope of the MSD re-

mained almost constant, the slope of the MSD of the saccharose solution slightly

started to decrease for time values higher than 0.1 sec. This indicated a saturation

which is typical for viscoelastic systems. As mentioned in Chapter 5, an additional

drift or flow of the medium leads to a further increase at time scales which could

not be resolved at the measurements. Hence, because of the short measurement

time only the begin of the saturation/drift process was measured. Since the MSD

was lower than the MSD of bi-distilled water, the saccharose solution was of higher

viscosity. For short times the ballistic regime became obvious.
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Via R2 and the residuals of the fit, the quality of the fitting was determined. The

residuals are shown in Figure 7.6.
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Figure 7.6: Double logarithmic plot of the averaged MSD for particles of 1µm diameter

in saccharose solution (black line) and the residuals of fitting (green line).

Similar to the measurements of bi-distilled water, the residuals remained small

compared to the averaged MSD.

Table 7.3: Results of the fitting of the MSD of saccharose solution.

Fitting results

Goodness of fit R2 0.9988

Fit parameter

a -5.1886
b -1.6179
c -1.4369
d 1.7075

Standard Error

∆a 0.0117515
∆b 0.00468375
∆c 0.00465486
∆d 0.00620881

The residuals of the fitting were approximately two orders of magnitude smaller than

the corresponding MSD. This indicated that the fitting worked fine, in the same way

which was already observed at bi-distilled water. The R2 value was smaller compared

to water, but close to the perfect fit. This showed that the fitting also worked for a

fluid-like viscoelastic medium. The fit parameter of Table 7.3 can be used to show
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the weight of the single terms for the MSD. The values of the viscous term was

smaller than in bi-distilled water. Hence, this led to a higher weighting of the elastic

and the confinement term, which made the MSD start to saturate and to be lower in

value. Furthermore, the smaller the viscous parameter was, the lower the diffusion

of the particle, and the higher was the viscosity of the medium.

The total MSD and the single terms of the model-based fitting are shown in Figure

7.7
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Figure 7.7: Double logarithmic plot of the single terms of the MSD. The MSD (black line)

is a sum of an elastic term (light green line), a viscous term (blue line) and

the term corresponding to a confinement the particle moves (dark green line).

The inset shows the 95% confidence intervals around the terms.

Compared to Figure 7.3 the MSD terms showed a similar curvature. Thus, for small

time ranges the elastic part dominated which was due to the ballistic behavior. For

longer times the confinement term dominated which made the total MSD start to

saturate. At times longer than 1 sec the confinement term remained constant and

the viscous term made the total MSD increase linearly. For the determination of

the long time viscosity, the viscous term was taken into account, because both the

elastic and the confinement term were constant. The slope of the viscous part led

to the diffusion coefficient and via the assumption that the Stokes-Einstein relation

is valid, the long time viscosity was determined. For the saccharose solution the

viscosity was ηLT = (13.12 ± 0.08)mPa s. A rough estimation at [111] led to a

theoretical value of ηTh = 13.77mPa s at a temperature of T = 23 ◦C (the measured
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temperature inside the solution). If a temperature of T = 24 ◦C was assumed, the

theoretical viscosity changed to ηTh = 13.17mPa s. This led to two interpretations

- on the one hand the temperature might vary locally due to the illumination light.

On the other hand the theoretical value discriminates between different types of

sugar (saccharose, dextrose, glucose, etc.). The reference did not clearly define for

which type of sugar the calculation is valid.

Further on, with the fitting parameter the shear modulus was determined. The

resulting G′ and G′′ are illustrated in Figure 7.8.
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Figure 7.8: Double logarithmic plot of storage (dark green line) and loss modulus (light

green line) in saccharose solution. The inset gives an insight about the propa-

gation of error of the shear modulus.

The saccharose solution is a fluid-like viscoelastic system, and theory predicts that

large parts of the storage modulus are lower than the loss modulus. In Figure 7.8

this can be seen for the mid-frequency regime. At high frequencies both the storage

and loss modulus showed the typical behavior of a medium in the ballistic regime.

The loss modulus decreased to zero whereas the storage modulus stayed constant.

At lower frequencies the storage modulus reached a plateau which indicates the

presence of a viscoelastic material. The plateau of the storage modulus was at a

frequency of 5Hz with a measured value G0 = (0.008± 0.003) Pa.

These measurements at well-known media showed that the new method could be

applied to viscous as well as to fluid-like viscoelastic media. The observed values for
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the long-time viscosity are in accordance to the theoretical values. This indicates

that the system is well-calibrated and the results of the measurements are mean-

ingful. In the next subsection the measurements at in vitro assembled networks are

presented. Those are gel-like viscoelastic media dependent on parameters like the

protein or salt concentration.

7.2.2 In Vitro Assembled Keratin 8/18 Networks

The in vitro assembled keratin 8/18 network without cross-linkers like magnesium-

dichloride or plectin is an entangled network. By adding a cross-linker the former

physical connection between the filaments changes to a chemical one. This change

of the connections has an effect on the viscoelasticity of the whole medium, and

can be described by the dynamic shear modulus. Dependent on the concentration

of the cross-linker, the network changes from a soft to a stiffer one, and the mesh-

size decreases. A particle embedded in the network moves in a spatial confinement

which is related to the mesh-size. Thus, the motion gets more and more limited if the

concentration of the cross-linker increases. Additionally the stiffness is dependent on

the protein concentration used for the assembly and parameters like the temperature,

assembly time and buffer viscosity. For the measurements all parameters apart from

the cross-linker concentration were held constant.

Figure 7.9: SEM images of the in vitro assembled K8/18 networks with a protein con-

centration of 0.5mg/ml. Left: Without cross-linker. Center: 0.5mM MgCl2.

Right: 2.0mM MgCl2 [40].

Furthermore, the particles’ motions were analyzed with the Mason method and the

results are described in [85], [40]. This section shows the results of the calculations

Tobias Paust



110 Chapter 7. Applications of the Developed Tools

with the new method which used the data of the measurements of [85].

The changes in the networks depending on the cross-linker concentrations are shown

in Figure 7.9. Without cross-linker the network consisted of large meshes and loose

entangled filaments. The increase of the MgCl2 concentration reduced the mesh-

size and the filaments became chemically bound to each other. A further increase

led to thick bundles of filaments which sticked together. The mesh-size reached

a minimum. For the microrheology measurements the particles embedded in the

network were chosen to be similar to the water and sugar measurements (a diameter

of 1µm, polystyrene as material). The particles’ motion led to the MSDs, which

varied for different cross-linker concentrations. The number of measured particles

for each concentration was in the range of 20 to 80. The protein concentration for

all measurements was constant at a value of 0.5mg/ml.

The MSDs were fitted by Equation (5.8) and both the fits and the corresponding

MSDs are shown in Figure 7.10 and Figure 7.11. Both figures reveal the MSDs for

different salt concentrations. The MgCl2 concentration of 0.5mM is shown in both

figures for a better understanding of the changes in the MSDs. In Figure 7.10 it

can be seen that the fitting functions fit worse the higher the amount of MgCl2 is,

whereas the fits get better (Figure 7.11) for the highest concentrations.
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Figure 7.10: MSD in keratin 8/18 networks of varying cross-linker concentrations (part1 -

up to 0.5mM MgCl2) with the corresponding fits (lines). For a lower MgCl2

concentration, the MSD showed a fluid-like character. By further reducing

the MgCl2 from 0.1mM to 0.01mM the change in the MSD decreases due to

the low amount of salt.
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Figure 7.11: MSD in keratin 8/18 networks of varying cross-linker concentrations (part2

- up to 2.0mM MgCl2) with the corresponding fits (lines). For the highest

MgCl2 concentration (2mM) the slope of the MSD becomes small. This

indicates a gel-like viscoelastic behavior.

The resulting fitted functions showed a lower MSD and an earlier saturation of

the MSD for higher concentrations. This means, referring to Chapter 5, that the

confinement size was smaller for higher salt concentrations. Consequently, there

were more cross-linked filaments, the network was stiffer and the mesh-size smaller.

Table 7.4 shows the fit parameter and the standard errors. Regarding the goodness

Table 7.4: Results of the fitting of the MSD of in vitro assembled keratin 8/18 networks.

Fitting results

CMgCl2 (mM) 0.01 0.10 0.25 0.50 1.00 1.50 2.00

GoF R2 0.982 0.935 0.857 0.881 0.976 0.947 0.947

Fit parameter

a -5.312 -5.119 -5.840 -5.075 -5.124 -5.094 -5.380
b -3.202 -3.072 -4.306 -5.129 -4.359 -5.892 -6.467
c -2.466 -2.529 -2.912 -3.769 -4.589 -6.953 -7.351
d 2.078 1.998 2.327 2.898 3.476 3.511 5.772

Std Error

∆a 0.0280 0.0239 0.0377 0.0087 0.0034 0.0021 0.0017
∆b 0.0331 0.0305 0.0715 0.0888 0.0149 0.0379 0.0213
∆c 0.0293 0.0343 0.0300 0.0239 0.0071 0.0458 0.0145
∆d 0.0464 0.0540 0.0491 0.0404 0.0152 0.1004 0.0428

of the fit, the measurements showed that in the mid-regime of the concentrations
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the fit is of smallest R2 value. This means that Equation (5.8) did not fit to the

measured data exactly, which on the one hand could be due to a low number of

measurements performed for these concentrations. On the other hand an additional

term in the fitting function would increase the goodness of the fit. Consequently, an

additional term would reveal further mechanical properties of the observed network

like a second relaxation process.

By comparing the fitting parameters with those of the saccharose solution, it became

obvious that the elastic parameter was of similar value. The parameter b was smaller

as for saccharose, which indicated of lower slope of the MSD and therefore a higher

viscosity at the keratin network. In addition to that the higher the concentration of

MgCl2, the smaller the slope was. The other parameters, c and d, showed the same

tendency as parameter b. For a higher MgCl2 concentration parameter c became

smaller which led to lower saturation value. Vice versa the increase of parameter d

dependent on the MgCl2 concentration was related to a decreased relaxation process.
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Figure 7.12: Fitting functions of the MSD of keratin 8/18 networks with 95% confidence

intervals in semilogarithmic graph. The saturation behavior dependent on

the salt concentration can clearly be seen in the graph. The uncertainty of

the fitting parameter is denoted by the dashed lines. Between 0.25mM and

0.5mMMgCl2 the uncertainty is higher compared to the other measurements.

In total the MSD became smaller, which consequently led to higher constraints in

the motion of the particle. The confinement parameter indicated a growing stiffness

of the network by increasing amount of MgCl2.
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The 95% threshold uncertainties are illustrated in Figure 7.12. For a concentration

between 0.25mM and 0.5mM MgCl2 the uncertainties are higher compared to the

other concentrations. The higher uncertainty can be referred to a weaker fit of the

MSD. To reduce this error, as already mentioned above, an additional fitting term

could be applied or the number of measured particle motions has to be increased.

The calculation of the shear modulus for the corresponding salt concentration leads

to the information about the stiffness of the network and its diffusive properties.

Hence, one obtains the storage as well as the loss modulus for varying concentrations.

Figure 7.13 shows the real part of the complex shear modulus.
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Figure 7.13: Storage moduli for varying salt concentrations. The higher the salt concen-

tration, the stiffer is the network.

For a higher salt concentration the storage modulus increased. This can be related

to the higher number of cross-links in the network (Figure 7.9) which minimized the

mesh-size. Thus the particle was placed in a small confinement where its motion

was tightly limited. All storage moduli showed a plateau for the frequency range of

2 − 8Hz. The higher the MgCl2 concentration, the plateau became broader until

the complete measured frequency range was at a constant value. In that way one

can extract the plateau values for the keratin 8/18 networks. The values are taken
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from the frequency ω = 5Hz.

G0.01mM
0 = (0.026± 0.056) Pa G0.10mM

0 = (0.027± 0.044) Pa

G0.25mM
0 = (0.044± 0.073) Pa G0.50mM

0 = (0.088± 0.023) Pa

G1.00mM
0 = (0.151± 0.005) Pa G1.50mM

0 = (0.363± 0.016) Pa

G2.00mM
0 = (0.493± 0.005) Pa. (7.1)

The plateau modulus increased for higher MgCl2 concentrations, which is due to a

stiffer network. The uncertainty of the plateau decreased, the higher the stiffness

of the plateau was. For low concentrations the uncertainty reached a maximum,

which as mentioned above can be related to a missing fitting term. Compared to

the Mason method (data shown in [85]) the plateau moduli were in accordance to

each other at lower concentrations. At higher concentrations the Mason method

overestimated the plateau value. The frequency ranges G′
0 was located were similar

for both methods (1Hz - 3Hz versus 2Hz - 8Hz).

The loss modulus of the measurement gives insight into the diffusive properties of

the network. The figure 7.14 shows the loss moduli in relation to the concentration

of MgCl2.
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Figure 7.14: Loss moduli for varying salt concentrations.
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The minimum of G′′ shifted to higher frequencies when the MgCl2 concentration

increased. This was already observed for actin networks [113]. Regarding the sim-

ulations described in Chapter 5, the ratio of confinement size and drift changed at

the higher concentrations. This made the minimum shift towards higher frequen-

cies. Consequently, the higher the repelling force, the higher the frequency of the

minimum of G′′ was. This is in accordance with a higher stiffness of the network.

The loss modulus of high salt concentrations was lower than the storage modulus

over the complete measured frequency range. In theory this is the case for gel-like

viscoelastic material. For 0.01mM MgCl2 the relation between storage and loss

modulus was similar to the measurements of the saccharose solution and therefore

this network can be described as a fluid-like viscoelastic medium. This can be seen

in the following figure.
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Figure 7.15: Comparison of the shear moduli. The storage and loss modulus of the 0.01

mM MgCl2 concentration is compared to the shear moduli of saccharose.

The figure shows that both the saccharose solution and the keratin 8/18 assembly at

0.01mM MgCl2 behave like a fluid-like viscoelastic medium. The assembled keratin

network is, since there are cross-links, stiffer than the saccharose solution.

The comparison to the simulations of Chapter 5 leads to theoretical confinement

sizes of cages where the particle is located. For low concentrations therefore the

confinement size is larger compared to high salt concentrations. The comparison of

the simulations and the measurements were performed at a high salt concentration

of 2.00mM MgCl2. The fitting of the MSD leads to a value of fit parameter d = 5.77.
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With the value determined at Equation (5.18) of Chapter 5 the confinement size is

l = 60.89 nm for ellipsoidal shape. This value can be used for a Brownian motion

simulation in a confinement with additional repelling force and drift of the network.

The resulting parameters with the best agreement in G′ and G′′ were

Table 7.5: Results of the comparison to the simulated Brownian motion.

Confinement size

lx = 0.065µm ly = 0.065µm lz = 0.09µm

Drift

dx = 0.045µm dy = 0.045µm dz = 0.045µm

Repelling force

kx = 2.0µN/m ky = 2.0µN/m kz = 2.0µN/m

Other
η 0.2mPa s
T 296.15K
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Figure 7.16: Comparison of a Brownian motion simulation in an elliptical confinement

with the measurement.

In Figure 7.16 the resulting storage and loss moduli of the simulation and the mea-

surement can be seen. The good agreement for low frequencies showed that the

method can be used for achieving insight into values like the confinement size or the

viscosity of the system. At high frequencies the simulation was not in accordance

to the measurement because the ballistic behavior was not included so far. Another
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interesting fact of the simulation in this case was a low value for the viscosity. It was

unclear whether there is another combination of simulation parameters which also

agree to the measurement and the viscosity is in the same order of magnitude as

the buffer fluid. In addition to that, the simulation worked best for an anisotropic

confinement. The motion in z-direction was small compared to the other directions.

This indicates that for high magnesium concentration the networks collapse and

therefore the mesh-size gets small.

In conclusion, it was shown that the fitting method works for the in vitro assembled

keratin 8/18 networks. In the case of a fluid-like medium and for a gel-like medium

it shows the correct physical meaning in sense of a higher loss modulus over for a

mid-frequency range and vice versa. In the intermediate range, where the medium

changes from fluid-like to gel-like, an additional parameter should be taken into

account which further improves the fitting of the MSD and leads to more insight

into the network mechanics. First tests of a modified viscous term showed an im-

provement of the fitting. The idea, that also the confinement moves in a viscoelastic

medium, leads to a second exponential fitting term. Further tests will be performed

on this issue.

The comparison of the plateau moduli of both the Mason and the new method

showed similar results for low frequencies, whereas at higher frequencies the Mason

method overestimated G′
0.

7.2.3 Pancreatic Cancer Cells

Pancreatic cells of line Panc-1 were measured with the passive microrheology method.

The goals of these measurements were on the one hand to gather information about

the mechanical properties of the intermediate filament network of the cytoskeleton,

and on the other hand to test whether the method introduced in Chapter 5 was

applicable to this kind of system.

Before the measurements were performed, the particles of 1µm diameter were put

into the medium, where the cells were located. The cells were splitted before ([114])

and ingested the particles via phagocytosis. This procedure took 48 hours and after

that the particles were embedded in the cell intermediate filament network. At the

day of the measurement the cells were extracted so that only the cell nucleus and

the intermediate filament networks remained with the embedded particles. The ex-

traction was performed in steps according to [25]. The goal to gather information
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about the network stiffness in general is dependent on the density of the network.

This dependency varies by the distance of the particle to the rim of the nucleus.

In Figure 7.17, a picture of an extracted cell is shown (electron microscope, SEM).

To allow the imaging of the extracted cell, it had to be prepared for the electron

microscope. This preparation is described in Section 7.1. Figure 7.17 shows the cell

nucleus in the center with the keratin network around it. Particles of 1µm diameter

are embedded in the network, and are located at different distances to the nucleus.

Figure 7.17: Electron microscope image of an extracted cell of line Panc-1.

An important issue for the measurements of cells is that the network changes if the

cell moves. Therefore the density of the network differs from cell to cell dependent on

the direction of movement and the arrangement of the network because of external

stress [115]. Figure 7.18 shows an overview of several cells and the constitution of

their networks. When the particles are embedded inside the network, the mesh-size

has to be larger than the particle size. That is an assumption behind the theory

of passive microrheology. Only if this assumption holds, the network around the

particle can be seen as a continuum. The particles shown in Figure 7.18 are located

in the network, but only for two of them a measurement would lead to reasonable

results. Because of the invisibility of the network, it is complicated to decide during

the measurements whether the particle is surrounded by the network. Correlative

microscopy, where the measured particle is identified afterwards in the electron
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microscope, solves this problem. Up to now the preparation for electron microscopy

removes more than 50 % of the cells ([116]) and makes it difficult to improve the

measurements with the help of correlative microscopy.

Figure 7.18: Electron microscopy image of extracted cells. A) The network constitution is

different for every cell. This depends on the direction of motion as well as on

the external stress applied to the cells. B) The particles embedded in the cell

network. The deeper the particle is inside the network, the better are the re-

sults of microrheology measurements. C) Cell intermediate filament network

without remaining agglomerates of the extraction process which disturbs the

measurements.

In Appendix A the method and its drawback are described. For the cell measure-

ments presented in this chapter, the motion of a large number of particles was
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analyzed and its result averaged.

As mentioned above the motion of the particle is dependent on the distance of the

particle to the rim of the nucleus. Since the networks assembles radially around

the cell nucleus, a cylindrical coordinate system was chosen instead of the Carte-

sian. In this coordinate system the cell nucleus is located in the origin and the

particles’ motion is determined by the radial, tangential and vertical motion. Thus,

each particle motion was transferred into the cylindrical system, and afterwards the

calculation of MSD and the shear moduli was performed. This is reasonable when

a radial constitution of the cell network is assumed. The extracted cell network in

Figure 7.19 consists of radial and tangential components, and therefore confirms this

assumption.

Figure 7.19: Electron microscope image of an extracted cell showing the radial alignment

of the intermediate filament network.

The yellow transparent area marks the cell nucleus, whereas the red lines show the

radial alignment of the filaments in the network. Hence, the radial component is

the x-direction and the tangential component is the y-direction (yellow cross). The

vertical direction (z-direction) is perpendicular to the other directions. The radially

stressed network refers to the motion of the cell, and due to the directed assembly

of the cell network. This is a difference to the in vitro assembled networks which

are randomly assembled.

During the measurement the particle position and the distance to the nucleus rim
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was recorded. Distances between 1µm and 30µm were observed. As in the pre-

vious sections the trajectory of the particles lead to the MSD which was fitted by

the fitting function of Chapter 5. The higher the number of measurements, the less

uncertain the resulting shear moduli are. Therefore, a high number of particle were

tracked (> 900), and categorized into distances to the nucleus. Figure 7.20 shows a

histogram with the number of particles divided by distance.

Figure 7.20: Sum of particle positions located in the cytoskeleton. Left: A histogram gives

an overview of all measured particle motions dependent on the distance to

the nucleus. Right: The cell nucleus (orange) and the counted particles inside

one quarter of the cytoskeleton. The number of particles close to the nucleus

is higher than for growing distances.

In Figure 7.20 the total number of measured particles is shown in a histogram. The

distance of 30µm was divided in 1µm steps. The right picture is a superposition

of all measurements the cell nucleus and its particles. For this an overview picture

of each measurement was taken, the nucleus centered and all images superimposed.

In that way an overview picture about the particle locations was created. It can be

seen that the number of particles, that are located close to the cell nucleus, is higher

than the number of larger distances.

For passive microrheology the trajectories were determined with the same method

compared to the latter sections. Thus, 1µm particles of polystyrene were embed-

ded in the network and its trajectory recorded at a frame-rate of 5000Hz for few

seconds. After particle tracking a coordinate transformation was performed as ex-
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plained above. Similar to the distribution of the histogram, the calculated MSD

were separated into groups dependent on the distance to the rim of the nucleus.

After the calculation of the single particle MSDs, an averaged MSD was determined

for every group. Those MSD were used for the fitting with Equation (5.8) and the

determination of G′ and G′′.

The next Figures (7.21, 7.22 and 7.23) show the averaged MSDs with the corre-

sponding fits. The MSD of distances larger than 12µm are not included. Since the

diameter of the cell in general is between 40µm and 50µm, and the nuclei diameter

accounts for 10µm to 20µm, the network only exceptionally spans over higher dis-

tances than 15µm to 20µm. This exception occurs in case of a stretched network,

which happens when the cell is stressed by an external force. The number of particle

measured at these distances was low, so that the data was disregarded. The first

figure shows the averaged MSD for particles close to the nucleus (up to 4µm).
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Figure 7.21: MSD in extracted cell keratin 8/18 networks with varying distances to the

rim of the nucleus (part1 - up to 4.0µm distance) and its corresponding fits

(lines).

The MSD increased between the first two steps (0 − 1µm, 1 − 2µm ). After the

second step the MSD decreased, which could be related to a smaller confinement the

particle moved in. Since the slope of all MSDs, apart from close to the nucleus, were

low compared to those of saccharose, a network which is gel-like viscoelastic can be

assumed. The MSDs for larger distances (Figure 7.22) increased until a maximum

Tobias Paust



Chapter 7. Applications of the Developed Tools 123

in value could be recognized. This indicated that the particles’ motions were less

limited by the network.

10
−3

10
−2

10
−1

10
0

10
−14

time (sec)

M
S

D
 (

m
2 )

 

 

d: 4 − 5 µm
d: 4−5 fit
d: 5 − 6 µm
d: 5−6 fit
d: 6 − 7 µm
d: 6−7 fit
d: 7− 8 µm
d: 7−8 fit

Figure 7.22: MSD in extracted cell keratin 8/18 networks with varying distance to the

rim of the nucleus (part2 - up to 8.0µm distance) with the corresponding fit

(lines)
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Figure 7.23: MSD in extracted cell keratin 8/18 networks with varying distance to the rim

of the nucleus (part3 - up to 12.0µm distance) with the corresponding fit

(lines)
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For distances up to 12µm (Figure 7.23) the MSDs stayed in the same range than

before, but with a small tendency to decrease. Table 7.6 shows the results of the

fitting with the model-based function. The R2 values were lower compared to the

measurements in the in vitro assembled network which was due to the different con-

stitution of the cells at each measurement. This introduced uncertainties for the

fitting because the MSD varied much at the long times range and this resulted in

Table 7.6: Resulting fitting parameter a, b, c and d dependent on the distance to the rim
of the nucleus. The R2 value shows the goodness of the fit.

Fitting results - part1

Fitting parameter

Distance R2 a b c d

0− 1µm 0.689 -5.5480 -7.2621 -6.4952 3.2480

1− 2µm 0.513 -4.9131 -8.6821 -6.7470 3.3159

2− 3µm 0.926 -5.2629 -8.9056 -7.6785 3.3938

3− 4µm 0.905 -5.6404 -8.6845 -7.816 3.1366

4− 5µm 0.754 -5.5631 -943.3160 -6.2023 2.0974

5− 6µm 0.736 -5.2821 -8.3754 -6.7498 3.8729

6− 7µm 0.759 -5.0282 -9.1771 -8.7834 2.9232

7− 8µm 0.924 -4.7501 -8.6220 -7.3485 3.1167

8− 9µm 0.924 -5.2042 -9.6141 -8.5511 3.0513

9− 10µm 0.731 -5.0881 -895.1020 -5.0093 1.4846

10− 11µm 0.935 -4.916 -8.2023 -7.1518 3.2229

11− 12µm 0.769 -5.4575 -8.6732 -7.2061 4.4581

high residuals. The parameter table shows two exceptions for the fitting parameter.

The value of parameter b at a distance of 3µm to 4µm and 9µm to 10µm was in the

order of −1000. Fit parameter in general b belongs to the viscous part of Equation

(5.8) with the slope eb. If b = −1000, the value for the exponential function is equal

to zero and therefore this term vanishes. Thus for the fitting of the measured MSD

only an elastic and a confinement term remained.

The parameter Table 7.7 shows the standard error of the fitting parameter provided

by the fitting algorithm. The standard errors ∆a of the elastic parameter a are

smaller compared to the standard errors ∆b and ∆c. The other values had a higher

uncertainty, apart from the exceptions seen in Table 7.6 which were values of 10−18.

The errors of the fitting parameter lead to an estimation how accurate the storage

and loss modulus can be specified. Since the fitting parameter a was larger than

parameter b and c for all cases, the elastic part dominated at the MSD.
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Table 7.7: Resulting standard errors of the fitting parameter ∆a, ∆b, ∆c and ∆d depen-
dent on the distance to the rim of the nucleus.

Fitting results - part2

Standard Error

Distance ∆a ∆b ∆c ∆d

0− 1µm 0.0010 0.0198 0.0057 0.0154

1− 2µm 0.0006 0.0884 0.0078 0.0214

2− 3µm 0.0001 0.0879 0.0156 0.0433

3− 4µm 0.0007 0.0504 0.0135 0.0355

4− 5µm 0.0009 0.0000 0.0049 0.0129

5− 6µm 0.0007 0.0431 0.0049 0.0145

6− 7µm 0.0007 0.1725 0.0781 0.1953

7− 8µm 0.0006 0.1088 0.0195 0.0511

8− 9µm 0.0007 0.2108 0.0472 0.1222

9− 10µm 0.0018 0.0000 0.0069 0.0154

10− 11µm 0.0007 0.0690 0.0151 0.0404

11− 12µm 0.0006 0.0379 0.0049 0.0153

For the storage moduli, shown in Figure 7.24, the exceptions had no effect - the cur-

vature did not exhibit any special features, and were of typical curvature. That

means, it had a positive slope for small frequencies and a plateau in the mid-

frequency regime.
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Figure 7.24: G’ in extracted cell keratin 8/18 networks with varying distance to the rim

of the nucleus, up to 12.0µm distance
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At higher frequencies, an increase of the storage modulus could be observed as well

as a saturation due to the ballistic regime. The distance to the nucleus played an

important role. The closer to the nucleus the particle was located, the higher got

the storage modulus. Consequently in this region the network was stiffer compared

to larger distances. For distances between 4µm and 8µm the storage modulus

decreased, reached a minimum and increased again for distances up to 12µm. The

higher the distance was, the more unsteady the storage moduli were dependent on

distance. This could be explained by an artifact corresponding to the sample surface.

The determined plateau modulus G′
0 clarified these aspects.

Regarding the exceptions of parameter Table 7.6, the loss moduli showed a different

curvature in comparison to the other curves. The minimum was shifted to lower

frequencies and hence, did not appear in the measured frequency range. As shown

in Chapter 5 the relation of the viscous part and confinement size is responsible for

the location of the minimum of the loss modulus.
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Figure 7.25: G” in extracted cell keratin 8/18 networks with varying distance to the rim

of the nucleus, up to 12.0µm distance.

The loss moduli G′′ gave insight into the lost energy of the particle moving in the

network. The dependency of the absolute value on the distance to the nucleus rim

was not as clear as for the storage moduli. Compared to the in vitro assembled

networks the minima of the loss moduli were in the range of low MgCl2 in the

networks (Frequency below 10 sec−1).

In the same way as for in vitro assembled keratin 8/18 networks a plateau modulus

G′
0 and its corresponding G′′

0 can be determined. At Figure 7.24 for a distance of
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0µm to 1µm the plateau can be seen more clearly compared to the storage moduli

at other distances. Hence, the plateau is determined to be at around 1Hz frequency.

At the following figure the storage and loss modulus at a frequency of 1Hz are shown.
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Figure 7.26: Plateau storage and loss moduli G′
0 and G′′

0 dependent on the distance to the

rim of the nucleus. The storage modulus decreases first for low distances and

then reaches a maximum. For higher distances the stiffness becomes smaller

and the influence of the substrate below the network increases.

Close to the nucleus the plateau value G′
0 had a value of 0.47Pa and decreased at

a distance between 1µm and 2µm. The plateau value close to the nucleus was

influenced by the much stiffer nucleus itself. The larger the distance the lower this

influence was. Therefore the plateau modulus decreased in the first steps. At larger

distances (3µm - 4µm) the modulus reached a maximum which corresponds to the

stiffest part of the intermediate filament network. In Figure 7.17 the cell nucleus and

the area around it with its networks show the same feature. For higher distances

between 5µm and 8µm the network got softer and the plateau modulus was smaller.

The particle motion in that region was more and more influenced by the substrate

which was located below the network. The increasing errors for that distances

showed that the measured particle motion varies a lot depending on the network

constitution and the substrate roughness. For distances from 9µm to 12µm it was

difficult to interpret the values of the modulus because during a measurement the
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network was not resolvable without changing its constitution (e.g. with labeling).

The influence of the substrate was one aspect which explained the increase of the

plateau modulus.

The loss plateau modulus behaved almost the same way as the storage plateau

modulus. That means that close to the nucleus the loss of energy due to friction

was high, then decreased because the network was less stiff and for higher distances

increased. It reached a maximum because the particle lost energy in the slightly

stiffer network. Since the network got softer for higher distances, the energy loss

decreased until the influence of the substrate played a role.

Overall the measurements at pancreatic cancer cells showed that on the one hand

the method also in this scenario is suitable to determine the mechanical properties

of the viscoelastic medium. On the other hand the mechanical properties in sense of

the storage modulus give insight about the stiffness of the network dependent on the

distance to the rim of the nucleus. The decrease of the storage modulus close to the

nucleus can be explained by the disassembly of the intermediate filament network in

the living cell. In addition to that the stiffest part of the network appears at slightly

larger distances and is due to the movement of the network towards the nucleus

before it gets disassembled.

7.2.4 Human Granolyzytes

Human granulozytes are part of the white blood cells which can be separated into

several groups depending on their function. The neutrophilic granulozytes or neu-

trophils are one of these groups and were in the focus of this work. The motility of

the cells is controlled by the microtubules, the actin network and the stiffness of the

whole cell. The ability to get infected by a disease therefore is up to the motility

of the cells to reach the damaged tissue. The treatment with colchicine, an alkaloid

used for curing artrithis, of a specific amount reduces the deformability which leads

to reduced motility. The colchicine binds to tubulin and stops the polymerization

to microtubules in the cell. Furthermore, it increases the amount of cortical actin

filaments [121]. The aim of the investigations of passive microrheology was to con-

firm the optical stretcher measurements which showed an increasing cell stiffness for

the treatment of 10 ng/ml.

Particles coated with fibronectin of r1 = 1µm or r2 = 0.5µm were added to the cells

half an hour before the measurement was started. The observation of the particles’

motion located on the membrane of the cell was performed at both granulozytes
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with and without colchicine. In case of a treatment with colchicine it was added to

the cells one hour before the measurement took place. The average of several MSDs

of the particles motion lead to the dynamic shear modulus. After that the storage

and loss modulus were extracted out of the dynamic shear modulus. The method

used is explained in Chapter 5 and the application to this system should (beside the

medical aspects) underline the functionality of the method. The averaged MSDs

of the measurements are shown in the following figure. The measurement was per-

formed at room temperature (T = 296.13K) with the high-speed camera at a frame

rate of f = 5000Hz.
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Figure 7.27: Double-logarithmic plot of the averaged MSD for particles of 1µm and 0.5µm

diameter on neutrophils without treatment (circles) and its fit (light purple

line). Neutrophils with treatment are shown by squares and the corresponding

fit in light magenta.

Both MSDs show a similar curvature which means that for higher time scales the

slope of the MSDs increases slightly. The curve of the treated neutrophils is located

below the curve of the untreated granulozytes. Thus the particle movement is more

limited in case of the treated cells. The fitting function at first sight is in good

agreement for both cases. The fit residuals, shown in Figure 7.28, and Table 7.8

with the fitting parameter give more information about the goodness of the fit.
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Figure 7.28: Residuals plot of colchicine treated and untreated neutrophils.

Table 7.8: Results of the fitting of the MSD at treated and untreated human granulozytes.

Fitting results

Colchicine concentration 0 ng/ml 10 ng/ml

Goodness of fit R2 0.9752 0.9500

Fit parameter

a -4.5756 -5.5141
b -3.9506 -38.1657
c -4.1438 -2.7057
d 1.7330 -1.5141

Standard Error

∆a 0.0034 0.0033
∆b 0.0213 0.0000
∆c 0.0335 0.0543
∆d 0.0465 0.0667

The goodness of the fit described by the R2 value is for both the untreated and

treated cells higher than 0.9 and therefore the fit results is good. The fitting param-

eter and their errors lead to the dynamic shear modulus for both cases. The shear

modulus can be separated into storage and loss modulus, which give insight to the

stiffness and viscous behavior of the interplay between the cell membrane, the actin

network and microtubules inside the cell. The resulting moduli are shown in Figure

7.29. The storage modulus of granulocytes, when colchicine was added one hour be-

fore the measurement, showed an increased stiffness over the whole frequency range

compared to the normal granulocytes. That means that colchicine bound to the

microtubules and increased the amount of expressed actin which led to the higher
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overall strength of the cell.
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Figure 7.29: Storage and loss modulus of treated and untreated cells.

The loss modulus of the untreated cells was larger than the storage modulus for

a small frequency range at the lower frequencies. The cell acted like a gel-like

viscoelastic medium. In the case of treated cells it was vice versa, the loss modulus

was higher than the storage modulus for a wider frequency range. The error-bars

at all curves showed a higher error for lower frequencies, so that the determination

of fluid-like and gel-like was difficult. The reason for this was a low number of

measurements. If the number of averaged MSDs is low, the high times range is

inaccurate. Thus, the fit becomes uncertain, which has an influence on the standard

errors of the parameter.

In sum the method showed a reasonable result, and the observations of the optical

stretcher were confirmed [121].

Tobias Paust



132 Chapter 7. Applications of the Developed Tools

7.3 Active Microrheology

The application of the method introduced in Chapter 6 to viscoelastic media like

the in vitro assembled keratin 8/18 network and the extracted pancreatic cell net-

work is presented in this chapter. For the measurements the optical tweezers setup

described in Chapter 4 was used to excite one particle to oscillations in the specific

media. Other particles which were located around the reference particle, responded

to the excitation dependent on the composition of the surrounding network. The

Lock-In method allowed to determine the resulting motion of the response parti-

cles without the disturbing noise (Brownian motion). Additionally, the response

amplitudes of the first, and several higher harmonics of the given excitation fre-

quency were determined. Furthermore, the phase differences between reference and

response, dependent on the higher orders of the excitation frequency, followed from

the calculations. In the end the transfer tensor of the viscoelastic medium was de-

rived and compared to the theory.

In the first section the measurements in bi-distilled water are shown because of the

simplicity of the system. After that the results of the measurements at the in vitro

assembled network are presented. For cell measurements first insights are described.

7.3.1 Bi-distilled Water

The measurement in bi-distilled water was performed to show the functionality of

the system. The water itself is a purely viscous medium and therefore, if a particle

gets excited to oscillations at low frequencies by the trap, it will follow the motion

of the trap. At these measurements the motion and response of only one particle

was observed, because there were no particles which can respond to the excited one.

This was because of the lack of interactions provided by the viscoelasticity of the

surrounding medium.

Hence, in bi-distilled water, the expected values of the response amplitude for differ-

ent angles should always be the same as the excitation amplitude. This is valid if the

oscillation frequency is small so that the viscosity of the medium does not influence

the particle motion. Since the response particle phase is always in dependency on

the reference particle phase, the expected value should lead to zero for bi-distilled

water, because the response particle is the reference particle at the computations.

This is an additional test if the written analysis script works correctly. Furthermore,
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the calculated transfer matrix is predicted to be the identity matrix because of the

calculation with equal matrices. The calculation of the amplitudes corresponding

to the higher frequency modes leads to zero because only the first harmonic is ex-

pected.

At the measurements for this test, the optical trap oscillated with an amplitude

of 1.275µm peak-to-peak (pp), a oscillation frequency of 10Hz and four angles of

excitation 0◦, 45◦, 90◦ and 135◦ in the Cartesian coordinate system (x,y and z) of

the CCD camera. The optical trap had a laser intensity of 180mW which led to a

force constant of around 9.8 pN/µm. The measurements were performed at 10µm

distance to the surface to minimize effects of the substrate. The sampling frequency

of the high-speed camera was at 5000Hz. Figure 7.30 shows the resulting motion

separated in the three directions of the coordinate system, which means that the X∗-

direction is the connection line between reference and response particle, Y ∗-direction

its orthogonal and the Z∗-direction the vertical direction.
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Figure 7.30: X∗,Y ∗ and Z∗ Lock-In (blue) and real motion (light red) of the reference

particle with an excitation angle in x-direction (0◦) and 0.6375µm amplitude.

On the right side the Lock-In motion is shown (x-y- and x-z-plane) for all

excitation directions. The particle always follows the optical trap with low

displacement in the z-direction.

For this case if only one particle is observed, the coordinate system with X∗, Y ∗

and Z∗ is equal to the CCD coordinate system with x, y and z. The measured
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particle motion was in accordance with the calculated particle motion via the Lock-
In method in the direction of excitation because the Brownian motion was small
compared to the oscillations. The lateral motion of the particle can be seen as a
superposition of the Brownian motion and a cross-talk due to the oscillation in x-
direction. The lateral calculated motion in the theoretical ideal case is zero. Table
7.9 shows the input parameters and the resulting values for the amplitudes and
phase differences.
Since the response and reference particle motions were the same, the phases were

Table 7.9: Response parameters of a particle excited in bi-distilled water.

Input parameter

Medium Osc. freq. Osc. amp. Distance Sampling

bi-distilled 10Hz 0.638µm 0µm 5000Hz

Result

Order X∗ Y ∗ Z∗

0◦-Excitation

1st Amp 0.617 0.030 0.033
2nd Amp 0.002 0.003 0.047
3rd Amp 0.007 0.004 0.016
4th Amp 0.016 0.004 0.014
1st Phs 0 0 0
2nd Phs 0 0 0
3rd Phs 0 0 0
4th Phs 0 0 0

45◦-Excitation

1st Amp 0.414 0.422 0.028
2nd Amp 0.001 0.002 0.012
3rd Amp 0.001 0.001 0.016
4th Amp 0.013 0.006 0.001

90◦-Excitation

1st Amp 0.049 0.632 0.077
2nd Amp 0.001 0.010 0.022
3rd Amp 0.002 0.001 0.023
4th Amp 0.014 0.007 0.001

135◦-Excitation

1st Amp 0.402 0.348 0.027
2nd Amp 0.005 0.008 0.036
3rd Amp 0.002 0.008 0.016
4th Amp 0.010 0.003 0.008

zero and the algorithm of computation was correct. The amplitudes of the higher
orders in the excitation direction were small compared to the first mode, and they
were an artifact due to the laser motion in this case. In the other direction without
excitation an amplitude of around 30 nm could be recognized. This was due to the
crosstalk of the trap motion. The particle followed with small deviations the exci-
tation of the trap.
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The motions in the directions of 45◦, 90◦ and 135◦ showed a similar behavior for
the phase which is reasonable because of the comparison of the same particle with
itself. The results of the calculated amplitudes is also shown in Table 7.9. The
diagonal oscillations (45◦, 135◦) led to smaller amplitudes in X∗ and Y ∗ because the
oscillation amplitude was aamp/

√
2 = 0.4508µm. Hence, the measured values were

in accordance with theory. The amplitude in non-excited direction always resulted
in minor values which shows that the method works in the case of a viscous fluid.
Furthermore, the higher orders of the amplitude were negligibly low in value, which
was predicted in theory.
As already could be seen in the theoretical description of the method and the sim-
ulations, the transfer tensor Ā0 was expected to be equal to the identity matrix
because the reference matrix X̄0 and response matrix Ȳ0 were equal.

X̄0 =



0.617 0.414 0.049 0.402

0.030 0.422 0.632 0.348

0.033 0.028 0.077 0.027


µm Ȳ0 =



0.617 0.414 0.049 0.402

0.030 0.422 0.632 0.348

0.033 0.028 0.077 0.027


µm

Ā0 =



1.000 −3.335× 10−8 0.000

0.000 1.000 5.189× 10−8

0.000 3.196× 10−6 1.000




The columns of matrix X̄0 and Ȳ0 are the amplitudes of the first harmonic - the

excitation frequency itself - for the different oscillation angles. The resulting transfer

matrix shows the predicted values apart from rounding artifacts which are in the

range of 10−6 to 10−8. Hence, the identity matrix is a result for this measurement

and shows that the principle and computations behind the method work. The next

section shows the measurement of the in vitro assembled keratin 8/18 network.

7.3.2 In Vitro Assembled Keratin 8/18 Networks

The in vitro assembled keratin 8/18 network was prepared in a similar way as for

the passive microrheology measurements. The polystyrene particles were added

during the polymerization and were embedded in the network. At the beginning,

the sample was scanned and searched for a suitable place for the measurement - a

place where several particles were aligned in almost the same plane. In addition to

that varying distances to each other to gather as much particle motions as possible

with one record of the high-speed camera was preferred. The sampling rate was

5000Hz and the optical trap was calibrated via the optical potential method. That
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led to a force constant of 9.8 pN/µm at I = 180mW. The high strength of the

trap was needed to apply enough force to the network and to reduce the Brownian

motion inside the trap. The distances of observed particles was between 1µm and

20µm, with the latter distance was assumed to be too large to gather reasonable

results. The reference particle was excited by the laser oscillating at an amplitude

of 255 nm pp and a frequency of 10Hz. The angles of excitation were at 0◦, 45◦,

90◦ and 135◦ in reference to the CCD camera coordinate system (x, y and z). The

measurements presented in this work were performed in the keratin 8/18 networks

of two different MgCl2 concentrations. The first one had a concentration of 0mM

MgCl2 and the other one a concentration of 1mM MgCl2. Both types of in vitro

assembled networks had a protein concentration of 0.5mg/ml.

The reference particle’s response to the laser deformed the network, and this led to

a response of the particle. The laser oscillation, which excited the reference particle,

was always at an amplitude of 127 nm, but the response of the reference particle

often did not follow the oscillation of the optical trap due to the limitations of the

surrounding network.
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Figure 7.31: Lock-in (blue) and real motion (light red) of the reference particle with exci-

tation angles in 0◦, 45◦, 90◦ and 135◦-direction and a 127 nm amplitude. The

graphs on the right depict the particle motion for the four angles in the x-y-

and the x-z-plane.
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The Figures (7.31 and 7.32) show exemplary motions of a reference particle and

the response motion of a particle at a distance of 3.72µm in a network with a salt

concentration of 1mM MgCl2. The light red line stands for the motion which was

observed via the tracking program whereas the calculated motion of the Lock-In

method is shown in blue. The tracked motion of the reference particle and the

calculated motion with the lock-in method showed that the curves were in good

agreement. The amplitude of the reference particle (99.8 nm) was smaller compared

to the excitation amplitude of the laser which showed that the network restricts the

displacement of the particle. Regarding the shift of the angle between laser motion

direction and reference particle motion direction the network allowed the particle

to move in a slightly different direction. The motion into the z-direction is also

due to the network surrounding the particle. This change of excitation angle due to

the network was important for the calculation of the response particle, because not

the laser beam deformed the network, but the reference particle. Dependent on the

reference motion, the Lock-In motion for the response particle was calculated.
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Figure 7.32: Lock-In (blue) and real motion (light red) of the response particle with exci-

tation angles in 0◦, 45◦, 90◦ and 135◦-direction and a 127 nm amplitude. The

graphs on the right depict the particle motion for the four angles in the x-y-

and the x-z-plane. The motion of the 0◦ and 90◦ excitation are highlighted

(dark blue, light blue) to clarify the response curves.
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In that case the reference particle was the source of the deformation of the network

which influenced the motion of the response particle. In Figure 7.32 it became ob-

vious that the response of the particle at the excitation frequency and the higher

modes was small compared to a high signal due to the Brownian motion. Never-

theless, the Lock-In method results in a correct response for the specific excitation

angle, which can be seen on the right part of Figure 7.32 considering the motion in

the x- and y- plane. The motion of the reference particle, and therefore the defor-

mation of the network in the z-direction, led to a response of the motion into this

direction.

As can be seen in the upper figures, neither the reference nor the response particles

moved the complete oscillation amplitude at 1mMMgCl2. For the networks without

MgCl2 the response of the reference particle to the oscillation of the laser was higher

due to a looser network.
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Figure 7.33: Response of the reference particle to an oscillation of the laser with the am-

plitude of 127 nm. On the left side the histogram at 0mM MgCl2, on the

right side a MgCl2 concentration of 1mM.

The histogram of the amplitudes of the reference particles (Fig. 7.33) indicated

that the higher the concentration of MgCl2, the lower the amplitudes got. This is

an important fact, because the motion of the reference particle is crucial for the

deformation of the network and for the response of the other particles. Because of

the higher distance to the excitation position, the oscillation of the response particle

amplitudes in general are smaller than the reference particle and the calculated

transfer tensor’s entries are in a range around one and below. For the exemplary
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measurement the transfer tensor was calculated and became

Āi =



0.105 0.169 0.451

0.066 0.114 0.125

1.134 0.875 2.124




As can be seen at transfer tensor Āi, the transfer matrix contained entries which were

larger than one. This came up when the reference motion was more noisy than the

response motion (simulations in Chapter 6). The general case for the measurements

at 1mM MgCl2 was that the transfer matrices contained high entry values. Over a

larger amount of data, there were high variations of values and thus a large standard

deviation.

The transfer tensors of the networks were separated dependent on the distance of

reference and response particle. Afterwards a displacement of arbitrary amplitude

ai in the X∗ or Y ∗-direction was chosen to calculate the output vector. The output

vector ~ro was determined via the multiplication of the arbitrary vector ~rp and the

average transfer tensor Ā at a specific distance of particles.

Ā~rp = ~ro

Axx Axy Axz

Ayx Ayy Ayz

Azx Azy Azz






a1

a2

a3


 =



Axxa1 + Axya2 + Axza3

Ayxa1 + Ayya2 + Ayza3

Azxa1 + Azya2 + Azza3


 (7.2)

As ratio the absolute values of preset and output vectors were taken into account
and weighted by the standard deviation.

|~ro|
|~rp|

=

√
(Axxa1 +Axya2 +Axza3)2 + (Ayxa1 +Ayya2 +Ayza3)2 + (Azxa1 +Azya2 +Azza3)2√

a2
1
+ a2

2
+ a2

3

(7.3)

The error was determined via the standard deviation of the transfer matrices and the

propagation of error. The resulting ratios were compared to the theoretically derived

values. The theoretical derived values used a shear modulus which was observed at

the passive method for the corresponding MgCl2 concentration. In addition to that a

theoretical curve was computed which fitted to the curve of the measurement. This

gave an idea of how large the difference between the theory and the experiment was.

The following figure shows the resulting ratios of as well as the theoretical and the

experimentally calculations - in this case of the measurements in the network with

a concentration of 0mM MgCl2. By taking the plateau modulus of G′
0 = 0.02Pa for
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a network with a low salt concentration into account (Section 7.2), the theoretical

curve was higher than the curve of the measurements. If a theoretical value of

G′
0 = 0.1Pa was applied to the theoretical calculations, the curve matched better to

the measurement data, which indicated that, for the moment, both methods - the

passive one and the active one - are not comparable.
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Figure 7.34: Excitation in X∗ and Y ∗ of amplitude a = 0.5µm at 0mM MgCl2. Cal-

culation of response amplitude of the measurement (blue circles) in X∗ and

Y ∗ (red squares) and the theoretical values (dashed green for G′
0 = 0.02Pa,

dashed black for G′
0 = 0.1Pa) dependent on distance to the reference particle.

For larger distances to the reference particle, the ratio of amplitudes decreased

which means that the displacement of the particle got smaller the further away the

response particle was from the origin of deformation. This behavior is comparable

to the theoretical predictions. For the measurements at 0mM MgCl2 this can be

seen for both curves - for excitation in axial (X∗) and lateral direction (Y ∗) - but it

is difficult to recognize a faster decrease of the amplitude ratio with larger distance

for the lateral excitation. The larger the distance, the higher the error became

because the deformation propagation was highly dependent on the morphology of

the network. Hence, for larger distances the probability that the filaments channeled

the force not directly to the response particle was higher, especially if the network

mesh sizes were large.

For the measurements with 1.0mM MgCl2 the prediction is that the response of
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the network is lower for short distances, assuming that the deformation force is

the same as above. The displacement of positions at larger distances therefore are

hardly appreciable due to the low deformation. Figure 7.35 depicts the theoretical

as well as the measured curves.
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Figure 7.35: Excitation in X∗ and Y ∗ of amplitude a = 0.5µm at 1mM MgCl2. Calcula-

tion of response amplitude of the measurement (blue circles) in X∗ and Y ∗

(red squares) and the theoretical values (dashed green for G′
0 = 0.1Pa, dashed

black for G′
0 = 0.25Pa) dependent on distance to the reference particle.

It is obvious that the errors were very high for the 1mM MgCl2-network. This was

on the one hand due to the low amplitudes of the reference particle which deformed

the network (Figure 7.33). That led to a high ratio of reference SNR and response

SNR which introduced high entries at the transfer tensor like shown in Chapter 6.

From measurement to measurement the entries in the transfer matrices varied a lot

and this resulted in the high uncertainties. On the other hand it was observed in

[40] that the higher the salt concentration is, the more often bundles occur in the

sample. Then the assumption of an isotropic medium is not valid any more and

for every position it is not known if the response particle is located in a bundle or

beside the bundle and how the network behaves. Thus, the comparison of the specific

directions of excitement and the fit to a theoretical curve are not reasonable for this

case. To improve the results and decrease the error it might be recommended to

additionally investigate the amplitudes of the higher harmonics of the measurement.
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If those amplitudes are comparable to the first harmonic, additional effects play a

role which complicate the interpretations. The histograms (Figure 7.36 and Figure

7.37) show the higher modes for a low MgCl2 concentration and an amplitude of

127 nm.
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Figure 7.36: Histogram of the amplitudes of the higher harmonics (2nd - green, 3rd - red,

4th - blue) due to the oscillation of the optical trap for the amplitude of

127 nm at a network with 0mM MgCl2 concentration.

For the network without MgCl2 the higher harmonics do not play a role at this

amplitude. The highest value observed at the 4th harmonic was only 1/10 of the

excitation amplitude of the laser. Compared to the amplitudes of the first harmonic

(Figure 7.33) the ratio is also around 1/10 for the highest occurring value.
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Figure 7.37: Histogram of the amplitudes of the higher harmonics (2nd - green, 3rd - red,

4th - blue) due to the oscillation of the optical trap for the amplitude of

127 nm at a network with 1mM MgCl2 concentration.

Tobias Paust



Chapter 7. Applications of the Developed Tools 143

The higher harmonic amplitudes measured at the 1mM MgCl2-network were in the

same range or even smaller compared to the upper 0mM MgCl2 case, but compared

to the first harmonic they are half the size or about 1/5. Hence, it might be the

case that the amplitude of the excitation was chosen too large and higher harmonics

influenced the result and led to significant errors.

Further measurements in the already investigated networks should give more insight

to the dynamics of the networks and show up novel results which are also interesting

for measurements at cells. The observation of the change in phase during the motion

dependent on the distance is another information which can be extracted out of the

motion of reference and response particle.

Furthermore, measurements were performed at extracted pancreatic cancer cells.

For an oscillation of the optical trap at the tangential direction respective to the

cell nucleus the reference particle response was measured higher compared to the

response for radial oscillation with the same amplitude. This indicates that the

observations shown in Section 7.4 are correct. Since these observations are derived

from a low number of measurements further discussions are avoided in this context.

Measurements in the future certainly will give more information about this topic.
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7.4 Further Results

In this section further results obtained by the measurements of particle motions in

the extracted Panc-1 cell networks are described and discussed. With the motions

of the particles more information about the networks can be gathered. This is

important for the understanding of the constitution and the functionality of the

intermediate filament network. As seen before the stiffness of the network depends

on the distance to the rim which has amongst other the function of a shielding of

the nucleus. As shortly discussed in Chapter 5 there are two additional ideas how

to describe the networks behavior towards stress. On the one hand the network

can be compared to a mass-spring system with a harmonic potential. Then the

network force constant can be determined dependent on the distance to the rim

and the direction of the network. On the other hand the particles motion can be

described by the surface of equal probability which gives insight of how the network

or in other words the confinement is constructed. Both ideas lead to helpful values

for the simulations as already mentioned in Chapter 5 and new insights into the

network.

7.4.1 Network Potentials

The potential of the particles motion in the network can be derived in the same way

as the trap stiffness of the optical tweezers. This is described in Chapter 2 as one of

the force calibration methods and named optical potential analysis [53]. Thus the

particle, which is seen to be located in a potential follows a Boltzmann distribution

in the network and this potential is considered to be harmonic. In that way the

particle positions during its motion can be separated into the bins of a histogram.

The histogram has a Boltzmann distribution, hence the logarithm of the histogram’s

values is multiplied by the thermal energy and resulting in the potential of the par-

ticles motion. Since it is assumed that there is no external force or anything else

acting on the particle apart from the network itself, the potential is the potential of

the network. A further assumption is that the network potential is harmonic and

therefore the network force constant can be derived to gather the force for a specific

displacement.

In Section 7.2.3, when the measurements at pancreatic cancer cells were introduced,

it was mentioned that the particle’s motion is transformed into cylindrical coordi-

Tobias Paust



Chapter 7. Applications of the Developed Tools 145

nates to reveal the x-movement as radial component and the y-movement as tangen-

tial part. This is an important step to show the network force constants in radial,

tangential and vertical (x,y, and z) direction and get insight into the physics of

the cell. An exemplary result of the calculation of the network force constant was

already shown in Chapter 5. At Figure 5.11 the network force constants (nfc) were

determined of a particle at the distance of d = 1.6µm. The motion in the z-direction

for this example is less limited and therefore the distribution wider than for radial

and tangential direction. Thus, the network force constant is lower compared to the

other directions.

For a more detailed insight all measurements performed at the cell networks were

taken into account. Hence, the network force constants were separated in the direc-

tion (x - radial, y -tangential, and z - vertical) and in the distance to the rim of the

nucleus. In Figure 7.38 the averaged notwork force constants can be seen.
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Figure 7.38: Semi-logarithmic plot of the averaged network force constant (nfc). The mo-

tion is divided into radial, tangential and vertical components leading to these

three values for the nfc depending on the distance of the rim of the nucleus

The measurement parameters like temperature and particle size were the same as

for all presented cell measurements. As already seen at the exemplary measurement

(Figure 5.11), the motion in z-direction was larger compared to the the other direc-

tions. Hence, the network force constant was smaller in that direction. This fact was

recognized over all distances from 1µm to 12µm. The force constants in radial and

tangential direction were in the same range but differed for the specific distances.
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The tangential component behaved almost like the storage modulus although at

about 5 − 6µm a minimum appears. The number of measurements performed in

this region were around 60, and therefore an artifact as reason seemed implausi-

ble. Additionally at this distance the radial component followed this behavior. In

general the higher the distance the lower the network force constants in tangential

direction get which can be linked to the decreasing density of the network. For

distances above 10µm the influence of the substrate could be recognized. In the

radial direction the network force constant underlies a permanent change of higher

to lower value and vice versa. In the vertical direction the stiffness constant got

smaller at short distances and increases until, at 4µm distance, a decrease in value

appears. This can be seen similarly for the storage modulus (Section 7.2.3). At a

distance of 6µm the value is not significantly smaller compared to the other values

and the other directions. Thus, the minimum only appears at the horizontal plane.

The R2 value of the fitting of an harmonic potential showed the goodness of the

fit. For all averaged histograms resulted from the measurements the R2 value was

determined dependent on motion direction and distance to the rim of the nucleus.

The values for the goodness of the fit were calculated and can be seen in Figure

7.39.
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Figure 7.39: The R2 values show the goodness of the fit for the three directions in a

cylindrical coordinate system.

The fits for the horizontal directions are in the range between 0.96 and 0.98 with

small uncertainties at short distances. The higher distance show higher uncertain-
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ties which can be explained by the substrate influence and the low density of the

network. The R2 in vertical direction shows a high variation depending on the dis-

tance and a lower goodness of the fit compared to the other directions. Hence, the

harmonic fit was not always in good accordance with the histogram determined by

the measurement. A possible reason for this is the influence of the distance of the

network to the substrate. Whereas in the in vitro assembled networks a distance of

several µm could be chosen, at the adherent cell this was not possible. Consequently,

the network is not as stiff as in the lateral directions, and depends on the connection

to the surface.

In total, the introduction of a network force constant out of a harmonic potential,

which fits to the particle motion distribution, leads to a good additional informa-

tion about the network and can be used to fulfill Brownian motion simulations in

confinements with repelling forces.

7.4.2 Surface of Equal Probability

The Brownian motion simulations can be performed either in a cuboid confinement

or in any other geometry which limits the particle motion. For setting up a simu-

lation, which should be as close as possible to reality, a cuboid confinement seems

not to be sufficient and a good solution for the simulations. The idea presented in

Chapter 5 to use an ellipsoidal confinement is based on the observations during the

measurements of particles in the pancreatic cancer cell network and in the in vitro

assembled networks. The particles positions during the motion in the network were

used to determine a surface which spans over a specific volume. Therefore a three-

dimensional histogram of the positions is calculated that is described by a N×N×N

array. Each entry corresponds to a probability of a position that shows how likely

the particle moved to this position. The isosurface or surface of equal probability is

the surface that results from the connection of all entries with the same probability.

The probability is given by the density value. If a low density value of 0% is chosen,

all probabilities of the histogram are included in the surface, because at the largest

distance to the arithmetic average of the particle motion, the probability is zero.

Thus, at a density value of 50% only those positions are included, if the probability

to find particles at this position is higher than 50%. The higher the density value is,

the lower the amount of included positions. The geometry of the observed isosur-

face gives an idea about the motion of the particle. This geometry can be related

to the confinement geometry that are used for the simulations. Additionally, with
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this method a classification of the network type - entangled or cross-linked - can be

derived [40].

Figure 7.40 shows different measurements with their surfaces of equal probability.

Figure 7.40: Exemplary surfaces of equal probability of measurements performed at dif-

ferent cross-linker concentrations of in vitro assembled keratin 8/18 networks

and extracted cells. The surfaces of equal probability reveals that the confine-

ment the particle moves in is of ellipsoidal shape. The higher the cross-linker

concentration the more obvious is the ellipsoidal shape. At cells this becomes

clearer the closer the particle is to the cell nucleus.

At first sight it is clear that the surfaces of equal probability look like ellipsoids.

The size of the confinement for these surfaces of equal probability play a major role.

By determining the length of the semi-principal axes of the ellipsoid, it is possible

to relate the measurement and the simulation. All data points of the surface of

equal probability are known, and hence a system of equations can be set up with

unknowns, the semi-principal axes. In case of an overdetermined system a least-

squares optimization solves the set of equations for these three parameters. An

optional way to determine the unknowns is to calculate the volume and the surface

area of the isosurface. In addition, with the equation for ellipsoids three equations

for the three unknowns are determined. For this method there is the constraint that

the calculation of the surface area only can be performed with an approximation

(Knud-Thomson formula).

Another problem causes the determination of the density used for the calculation of

the isosurface, because the semi-principal axes lengths are dependent on the density

value. By increasing the density the semi-principal axes get smaller and applied to

the simulations. That means a smaller confinement size which might underestimate
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the real value. Figure 7.41 shows the calculation of the surface area dependent on

the density value and the distance to the rim of the cell.

Figure 7.41: Surface area of the isosurface dependent on density value and distance to rim

of the nucleus. Densities of 30% (blue), 50% (red), 70% (green) and 90%

(orange) are shown.

Figure 7.42: Volume included of the isosurface dependent on density value and distance

to rim of the nucleus with the shown densities of 30% (blue), 50% (red), 70%

(green) and 90% (orange).
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The higher the distance to the rim of the nucleus, the larger the surface area is, if a

decreasing network density is assumed. The particle moves further in the network

because of larger meshes. For a low density this is difficult to observe at the measure-

ments, because the particles position included for the calculation of the isosurface

vary too much so that a tendency is not clear. At a density value of 90%, if only

a small amount of particle positions are included for the surface area calculation, a

tendency can be observed. Thus, for low distances to the rim the surface area first

sligthly increases and then decreases due to the increasing stiffness of the network

and the limitation the particle’s motion underlies. For higher distances the area

increases because the network density becomes smaller. As already observed at the

dynamic shear modulus, the higher distances are difficult to interprete because of

the substrate’s influence.

The changes of the isosurfaces’ volume are in principle similar to the observations

seen for its surface area (Figure 7.42). The tendencies to decrease and increase are

reasonable for the first 6µm distance to the rim of the nucleus. For larger distances

a high variation of the volume appears, although the surface areas do not change in

this manner. A probable explanation for this can be the change of eccentricity of

the ellipsoid.

The calculation of the averaged semi-principal axes in dependency on the density

can be used to gather an estimation value for the confinement for this type of cells.

As mentioned in the latter section, the coordinate transformation was also consid-

ered for the calculation of the isosurfaces and its semi-principal axes. In that way

the axes x, y and z are the radial, tangential and vertical components in the cylin-

drical coordinate system. The dependency on the distance to the rim of the nucleus

is shown in Figure 7.43, with the semi-principal axes at values of 70% density. The

errors observed can be explained by the fitting of the ellipsoid to the isosurface.

The radial semi-principal axis is slightly smaller compared to the other directions.

That means that the particles can move less into the radial direction. This implies a

network which is stiffer in the radial direction because in this direction the filaments

are pre-stressed whereas in the tangential direction the network is looser connected.

The calculation of the surface of equal probability gives additional insight of how the

shape of the confinement can be assumed and also helps to gather the semi-principal

axes of the fitted ellipsoids. A further improvement for the simulation would be a

direct insertion of the shape of the isosurface which definitely is possible but requires

more knowledge in programming.
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Figure 7.43: Semi-principal axes fitting an ellipsoid to the isosurface. In radial (blue),

tangential (red), and vertical (green) direction the dependency of the semi-

principal axes on the distance to the rim of the nucleus is shown.

Overall, the calculation of the surface of equal probability gives information about

the geometry of the confinement. In case of an ellipsoidal confinement the deter-

mination of the semi-principal axes leads to information about the sphericity of the

confinement. In that way a preferred direction of the particle motion can be re-

vealed. In the end it can be shown how inhomogeneous or stressed the networks are.

The ellipsoidal geometry furthermore is useful for the simulations of the Brownian

motion in a confinement.
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8 Summary

At this work two new methods for the analysis of mechanical properties have been

introduced. The first method shows an alternative way to determine the shear mod-

ulus out of the mean squared displacement. The mean squared displacement is

determined via the Brownian motion of particles that are embedded in the medium.

The method uses a model-based approach which allows the fitting to the noisy MSD

and an exact conversion into the frequency dependent shear modulus. The second

method gives insight about the transfer tensor of the medium, when a reference

particle is excited to oscillations. The resulting motion of the response particles

is determined via the Lock-In method. A least-squares optimization leads to the

transfer tensor which describes the mechanical properties of the medium.

This thesis showed that both introduced methods are suitable to describe the me-

chanical properties of viscoelastic systems. The system investigated were the in

vitro assembled biopolymer networks, the extracted cell networks and the whole

living cell. Additionally, the methods help in understanding the propagation of me-

chanical forces in the networks and the response due to the forces.

The investigated improvements, performed at the setup of the optical tweezers built

the basis for all the measurements which were done at this work. For this purpose

the acousto-optical deflector and a high-speed camera were added and the micro-step

motors supplemented to allow an accurate positioning at the sample. Furthermore,

a piezoelectric stage, implemented at the setup and the rebuilt electrical circuit for

two four quadrant photo diodes, was important to increase the possible field of mea-

surements. Signals of the photo diodes recorded with the integrated data acquisition

card were directly transferred to the renewed PC system. The control and synchro-

nization of all devices was enabled by the programs written during this work. The

software (Mathworks R©MATLAB) offered many features which allowed to start the

analysis of the measurements directly during or after the measurement. With all

this, a powerful setup was constructed, allowing a high variety of applications.

In the theoretical chapters, which introduced the novel methods, also simulations
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were shown which were performed to support the ideas behind the methods and

to help in understanding the results of the measurements. The development of the

methods was divided into two chapters - one for the passive and the second for the

active microrheology. In the first chapter the simulations of a particle motion in a

cage of varying geometries and sizes explained the saturation behavior of the MSD

at viscoelastic systems. An additional introduced network force constant led to a

back pulling force into the center of the network. This force is responsible to the

shift of the storage modulus and the shift of the minimum appearing at the loss

modulus. The third part of the model-based fitting function was described by the

drift occurring in the network. Therefore, the MSD increases for larger time scales.

With these simulations the passive method was described - an idea to circumvent

the drawbacks of the other methods namely the noise amplification by taking the

derivative of the noisy MSD. Hence, a way was developed to exactly perform the

unilateral Laplace transformation without any approximations. The fitting function

has a reasonable physical basis and its transformation leads to reasonable storage

and loss moduli and consequently, is a good way for the determination of mechanical

properties.

In the second theoretical chapter another novel method was introduced and ex-

plained by simulations. The general idea to excite one reference particle in the

network to oscillations and record the response of the other particles in the network

offers information about properties like the network morphology, force propagation,

phase change and stiffness of the network. The simulations on the one hand pro-

vided information about possible errors which occurred at the measurements and on

the other hand showed how the displacement at the reference position changed the

motion dependent on the distance to the reference. The error calculations compared

signals with an added Gaussian white noise of specific signal-to-noise-ratios. In the

case that the reference signal had a higher noise compared to the response signal,

the matrix entries of the transfer tensor got larger than one which means that the

result is less meaningful. Thus, the average transfer matrix was prone of errors

due to high variations of the entries. Additional information could be gathered by

varying the parameters like stiffness of the network or the direction of excitement.

In the experimental part of this work the application of the developed methods to

real measurements was described. Since there were two new methods, the chapter

was divided into two sections dealing with the passive method and the active method

and a third section with further important results of the measurements which sup-

port the simulations.

The media in the first part of passive microrheology - bi-distilled water and the sac-
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charose solution - were chosen because of their simplicity. On the one hand water as

a viscous fluid and on the other hand saccharose as a fluid-like viscoelastic system.

The resulting shear moduli of water clearly showed a storage modulus below the

loss modulus without crossing each other apart from the region of a high frequency

when the ballistic regime played a role. For longer times the MSD of water showed

a constant slope and the calculation of the viscosity out of this slope was in the

range of 0.9mPa s to 1.1mPa s which is comparable to the predicted value of water

at room temperature.

The measurements in saccharose solution, a fluid-like viscoelastic medium, resulted

in a MSD with a slightly decreasing slope for long times and a lower magnitude than

water. The calculated effective viscosity was at 10.9mPa s with a theoretical value

of 12.6mPa s. The difference between the two values might be based on wrong tem-

perature values or false assumptions for the ratio of the saccharose-water mixture.

The resulting shear moduli showed correct results meaning the diffusive part of the

shear modulus is higher for the major part of the frequency range, but gets crossed

by the storage modulus at a lower and a higher frequency. Again the ballistic regime

could be resolved.

Those tests showed that the method works for simple systems. Therefore the mea-

surements were performed at the in vitro assembled networks, which are entangled

when no magnesium chloride is insert and cross-linked, when an amount of MgCl2

fixes the contact points of the filaments. The cross-linked networks were gel-like

viscoelastic media and therefore a plateau modulus for G’ appeared in the mid-

frequency regimes. In the same frequency range the loss modulus G” reaches a

minimum which gets shifted due to parameters like the salt concentration, the vis-

cosity and the network force constant. The measurements showed an increasing

plateau modulus for an increasing amount of MgCl2 in the range of 0.02Pa up to

0.50Pa. The introduced model-based function was fitted to the MSD and resulted

in a goodness of the fit provided by the R2-value of at least 0.88. This showed

a good accordance to the function, although, at concentrations of around 0.5mM

MgCl2, the fitting function could be improved with additional terms. The result of

the measurements showed that the model-based method is suitable for the in vitro

assembled intermediate filament networks.

The investigation at extracted pancreatic cell networks leads to insights to the de-

pendency of the plateau modulus on the distance to the rim of the nucleus. Addi-

tionally the goodness of the fit reflected the quality of the method. The R2 values

determined by the fit were lower compared to the values of the in vitro assembled

networks. This could be explained by the high diversity of the morphology of the
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cells. The dependency on the direction the cell moved before extraction and how

this influences the network was neglected completely. Most likely this introduced

errors which decreased the goodness of the fit. Although the goodness of the fit

was lower, the measurements clearly showed that the network stiffness decreases for

larger distances to the rim of the cell. The observed plateau moduli were in the

range of 0.65Pa for the stiffest case and lower for large distances. The assembly

of intermediate filaments at the rim of the intermediate filament network and the

corresponding disassembly at the rim of the nucleus leads to a less dense network

around the nucleus like discussed in literature. The measurement of the stiffness

showed this region in the cells and therefore confirmed this assumption.

The passive method was also applied to measurements at human granulocytes.

There the particles were placed on the membrane of the living cells and their motion

recorded. Although the motion on the cells membrane is not a suitable application

for the model conditions - especially the continuum around the particle assumption

did not hold - the method worked good in sense of the goodness of the fitting and

the physical meaning behind the measurements. Thus, the addition of colchicine

stiffened the cells and changed the motility. This behavior was observed by both

the measurements in the optical stretcher and the passive microrheology showed in

this work.

To confirm the model-based passive method simulations were performed which sim-

ulated the three terms of the fitting function. A physical interpretation for each

of the terms could be found with the calculations described in the last part of the

chapter. The elastic part of the network was approached by the assumption that an

intermediate filament network has a harmonic potential. This leads to a repelling

force applied by the network at the particle. The force constant or spring constant

could be derived and added to the simulations. The resulting network force con-

stants were in the range of 1 pN/µm to 20 pN/µm, which is also the range of the

optical tweezers force constant. Another term, the third term of the fit function,

was described by the calculations of the motion of the particles. The motion of the

particles in an ellipsoidal confinement led to the saturation of the MSD. The usage of

so-called isosurfaces confirmed that mostly the confinement has an ellipsoidal shape.

The viscous term, to complete the fitting function, was assumed to describe the drift

the network is exposed during the measurement. This part leads to an increase of

the MSD for long times.

The active microrheology measurements were also divided into two measured me-

dia. On the one hand with the oscillation of the particle in bi-distilled water, the

requirement that the optical tweezers setup really works was proofed and on the
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other hand the measurements in two in vitro assembled K8/18 networks should give

insight into the dynamics of the observed media. The amplitude given by the oscilla-

tion of the dynamical optical trap led to a correct response of the particle which was

excited. Since the medium was water, the particle should follow the trap without

constraints as long as the frequency of the oscillation is low and the trap stiffness is

high so that friction is negligible. The analysis of the displacement of the particle

confirmed the predicted behavior and the calculation of the transfer matrix resulted

in the identity matrix. Another important result was that the oscillating trap did

not steer the particle along the axial direction, but only in the lateral directions

since the displacement only can be performed in the x-y-plane.

The measurements at the in vitro assembled intermediate filament networks were

analyzed with the result that the higher the added MgCl2 concentration, the lower

the response of the reference particle which deforms the network. Without salt the

given amplitude of 127 nm could be followed for the most cases and the response of

the reference particle was at around 100 nm amplitude. Thus, the deformation of the

network resulted in a displacement of particles with a specific distance. The transfer

tensor between the motions could be calculated and the dependency of the ampli-

tude ratio on the distance of the particles be determined. A clear tendency could be

observed that these ratios decrease with distance, that is also predicted in theory.

The theoretical curvature was shown with a value of the plateau modulus that fit to

the measurements. This plateau modulus did not fit to the passive microrheology

measurements, which indicates that the two methods are not comparable yet. The

measurements at the higher MgCl2 concentration showed that the reference particle

almost never followed the optical trap because of the stiffness of the network. In that

way the small amplitudes of the reference and the occurring bundling introduced

huge variations of the transfer matrices with high uncertainties. Those uncertainties

made it very difficult to interpret the data and confirm a tendency that the higher

the distance is, the higher the decay of the response motion. Additionally the faster

decay of the response of motions perpendicular to the excitation compared to the

in-excitation direction could be observed, but was handled with care because of the

high errors. In both kinds of networks the higher harmonics were lower than the

first, but for higher salt concentration the first harmonics amplitude is double the

size of the higher order. Hence, the denser the network is, the more higher harmonics

were introduced at this excitation amplitude. The preliminary measurements with

this method proofed that the method is a suitable tool to measure the dynamics and

the force propagation in the in vitro assembled networks. Further measurements in

cell networks are also possible and have a high content of new insights helping to
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understand the cells dynamics and force propagation.

In the end the interplay between the built setup, the introduced methods, the simu-

lations and the measurements improved the understanding of the physical network

properties of intermediate filament networks which are located on a sample assem-

bled in vitro or in the extracted cell. Only if theory, the experiments and the

simulation operate in accordance, the work has a meaningful output.
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9 Outlook

The treatment of the pancreatic cancer cell and the in vitro assembled K8/K18

networks as a viscoelastic medium and the introduced methods open a huge field of

possible applications. These applications should lead to a further understanding of

the networks in sense of their morphology, assembly, the dynamics due to stress and

the function in the whole cell. Some of these ideas are presented in this chapter as

an outlook for future works.

For the in vitro assembled networks it was seen that for some MgCl2 concentrations

the derived fitting function fitted not perfectly for the intermediate time scales. This

might be due to additional relaxation modes the networks contain. Hence the fitting

function has to be extended with additional terms describing this behavior of the

network. In this sense additional terms may be exponential functions with varying

relaxation times or the introduction of a power law with specific factors. In general

it is not challenging to increase the number of terms to gain a better fitting, but a

crucial point is to explain the physics behind the function in a correct way.

Regarding the measurements of the in vitro assembled networks and the passive

microrheology, the temperature dependency and the temporal development of the

assembly are of larger interest. Moreover, the system to control the temperature

shown in Chapter 4 could be used to perform microrheology at specific tempera-

tures. The temporal development of the assembly could give insight if and how the

networks change from an viscous-like fluid to a gel-like solid and how all parameters

influence the formation of the gel-point.

The active microrheology method which was developed during this work can be

used in the future to, one the one hand, increase the number of measurements

which improves the goodness of the statistics for varying parameters like MgCl2,

temperature, protein concentration and angles of excitation. Additionally the in-

fluence of the laser intensity might play a role at the determination of the transfer

tensor. On the other hand, the dynamics of the network can be investigated in sense

of phase shifts dependent on the distance of reference and response, velocity of the
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signal passing through the network and the propagation of the force in the network.

The latter point is interesting regarding the measurements in cells. A theoretically

predicted force channeling ([117]) could be confirmed or declined, if the particles

were located radially in the network. For this it would be a challenge to find a

way to place particles as wished or find a dependency of particle size and particle

position in the cell network.

The passive microrheology method applied to extracted cells on varying substrates

like gold or fibronectin could give information whether the network meshes are

smaller and thus the network denser, or whether the morphology completely changes

with a different substrate. As already shown in [118] and [119] measurements in liv-

ing cells are possible, but have to be handled with care, because inside the living

cell it’s apparatus influence the motion of the particles. Since the microrheology

is difficult at this point, there are other interesting applications like the alignment

of the inserted particles dependent on the direction of the cells motion. Here the

idea is to track the particle position for cells moving in a known direction. If there

is a dependency, one could determine the direction of motion by the alignment of

particles which helps at the extracted cell network to develop a model for the shear

modulus in the cell dependent on radial position and angle to the cells main axis.

This possible application can be realized with the usage of a particle coated with

attractants and the dynamic optical trap.

Since 2005 when Woell et al. showed the dynamics of the keratin filament network

with its formation at the outer part of the cell, a drift towards the nucleus and a

disassembly at the rim of the nucleus ([120]), an application which could lead to

interesting results, is the manipulation of the assembly or disassembly of the keratin

network. This could be performed by a disturbing oscillating of particles at the

nucleus rim or close to the outer part of the intermediate filament network. With

an optical tweezers setup and multiple traps which can oscillate in several directions

that can be realized. This oscillation could change the behavior of the cells and

disturb their growth or even animate them to faster division.

In the end the resumé is that with the introduced methods there are plenty of new

opportunities and challenges to gain newer and more important results and infor-

mation about the keratin networks morphology, the dynamics and their role in life.
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• Peter Schützner, Maryse Lapierre-Landry and Tobias Pusch who did a

lot of programming and measurements for a better statistics and functionality

of the optical tweezers.

• Iris Mayer for being always there for me especially when work didn’t work the

way I wanted to have it. I want to thank her for the excellent support and for

giving me the encouragement to manage the thesis and whole life. Additionally

I want thank her for proofreading the thesis which helped a lot because of her

knowledge about English grammar.

• Alexander Gerstmayr for sharing 25 years of life-time to be there as the

best friend one can have. Big thanks for supporting and keeping me in a good

mood during the work, during free-time and everywhere else. Furthermore, I

want to thank him for the discussions about the thesis.

Tobias Paust



164 Chapter 10. Acknowledgements

• Tobias Bleher and Jenny Führer for the proofreading of the thesis although

it is very difficult for someone who is completely outside of the subject area.

Additional thanks for the immediate attendance to help me at the this.

• my parents and my brother Florian Paust who always stood behind me and

supported me at everything I did in my whole life. Furthermore I want to

thank them for the many hours they listened to my stories about work and the

university.

• my friends, especially Stefan Staib, Sandro Strazzeri, the soccer clubs

and the upper mentioned (Iris, Alex, Velasco, Jenny) who, through all the

years, gave me the power to reach for the stars, because they showed interest,

friendship and the willingness to understand me. In addition they helped me

to free up my memory if needed.

• Dr. Masoud Amirkhani for the interesting discussions about our works and

his knowledge about dynamic light scattering which helped me in understand-

ing this topic.

• Patrick Paul and Karin Fluhr who gave me during the supervision of their

works new insights to other interesting fields and helped to get an overview and

knowledge about these. Their discussions often opened the eyes for improve-

ments which could also be realized at all kinds of setups. Thanks to Patrick

for the correction of the thesis.

• Prof. Dr. Harald Herrmann, Dr. Norbert Mücke, Prof. Dr. Sarah

Köster and Stefan Winheim for the good collaboration, the interesting dis-

cussions and the support at the in vitro assembled keratin 8/18 networks.

• Prof. Dr. Paul Walther who helped a lot at the interpretation of the SEM

pictures and gave excellent instructions for the usage of the electron microscope

which provided absolute incredible pictures of the nano-world which supports

the macro-world.

• Anne-Marie Saier,Monika Asbach,Maria Hammer, Elke Wolff-Hieber

and Iris Repple who always immediately helped at technical questions, prob-

lems and decisions.

Tobias Paust



Chapter 10. Acknowledgements 165

• the whole Institute of Experimental Physics. It became a second family

for me because of the nice atmosphere and the good discussions.

• the mechanics workshop and electronics workshop for giving us the

chance to realize all the parts the setup needed for improvement.

• the SFB518 and SFB569 for the financial funding through the four years.

I want to thank everyone who supported me, not only during my work, but also in

all situations during life which helped making every day’s life easier.

Tobias Paust





Appendix A. Correlative Microscopy 167

A Correlative Microscopy

The optical tweezers setup presented in the latter sections was built by Maghelli

[122]. The improvements of the setup during this work contained the attachment of

the high-speed camera (with illumination device), the incorporation of the micro-

step motors and the piezoelectric stage. Furthermore, for dual trap applications the

AOD was included and a second QPD added. For recording the QPD signals the

data acquisition card was involved into the setup. Since all devices used separate

software to control the corresponding device a commercial programming and data

analysis software (Mathworks R©MATLAB, varying versions) was implemented to

control and synchronize the specific devices. The applications shown in the follow-

ing and in chapter 7 make use of the self-made programs and scripts developed in

this work.

Correlative microscopy describes the method to perform a measurement at the same

sample or object with two different devices. In that way the results of two methods

or devices are comparable or in a second case, one device can be used for verify-

ing the results of the other method. In correlative microscopy two microscopes are

used to examine the same region or the same position of a sample, which was the

challenging part in case of the optical tweezers and the electron microscope used in

this work. The microrheology measurement was performed at several specific cells

in the sample, but only a small number in comparison to all could be observed. To

verify the result of the measurement the same cell was to be identified in the electron

microscope.

Before the measurement at the optical trap the cells were prepared an put on a

cover slip (24 × 24mm) which then was mounted on the sample stage inside the

sample holder presented above. The cover slip was scratched with six scratches be-

fore the cells were grown on it. The alignment of the scratches on the cover slip was

chosen to limit the area of cells measurable. The area is of the size comparable to

the sample size of the electron microscope. For this four scratches were necessary.

After the measurement the sample was treated with fixative and an alcohol series

to prepare it for the electron microscope [123]. After fixation the cover slip was
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broken along the scratches and the remaining small glass (5× 7mm) fitted into the

electron microscope. The other two scratches built the axes of a coordinate system

on the small glass. The origin of this coordinate system was placed in one corner

and due to the rectangular geometry of the small glass the positions of the cells were

well-defined.

The position of a cell on the glass inside the sample was determined via the co-

ordinate system and with an overview scan performed by the micro-step motors,

the PIFOC, and piezo-electric table and the high-speed camera. These devices were

needed because a sample inside the microscope is always slightly tilted (around 5µm

in height difference for 1mm distance). Therefore the scanning via the micro-step

motors for an area of several mm led to an overview over the surface. Since this

overview is of a large tilted area, the step motors alone would run out of focus.

Hence, the PIFOC simultaneously changed the height of the objective during the

scan. Via three determined heights of the sample and a fitted plane representing the

substrate tilt, the focus correction was performed. Additionally the piezo-electric

stage analyzed the images recorded with the CCD camera and adjusted the correct

height for each picture. In the end the single recorded pictures were stitched to-

gether to an overall overview where the scratches and the coordinate system were

determined. This led to the information of the position of the cells needed for the

electron microscope. The following pictures show a measurement of a substrate

containing pancreatic cancer cells and a test sample with Fisher projection pat-

terns (FPP, [124]), where significant structures were determined in both the optical

tweezers and the scanning electron microscope.

Figure A.1: The overview picture of a sample scan at the optical tweezers. Left: Only a

small part of the whole scan is showed to illustrate the principle of the surface

scan. Right: During the scan the tilt of the sample is recorded. The cover

slip is slightly bended due to the contact with the lower objective.
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On the left side the surface with cells is shown. Independent on the position on the

sample the surface is in the right range for the focus. Since all images are a series of

single pictures, the resolution is not decreased and hence, no structural information

is lost. Here a small part of the surface is shown to illustrate the method. The

complete scan was over an area of 1500× 1500µm. The right graph depicts the tilt

of the sample determined during the scan. The fact that the cover slip is not only

tilted but also slightly bended underlines the importance of the piezo-electric stage

which adjusts the height.

With the significant structures (dislocations) of the FPP and their positions identi-

fied at the optical tweezers and in the electron microscope the deviance between the

points at both systems were determined. This gives an idea if cells can be relocated

and how accurate this is.

Figure A.2: The overview picture of a sample scan at the optical tweezers. Left: The

FPP shows dislocations which are a good reference for the determination how

accurate positions can be relocated. The origin of the coordinate system is

marked by a scratch. Right: Rim between mono-layer of the FPP and several

layers without transmitted light [125].

The left picture of Figure A.2 shows the FPP and the small errors due to the image

stitching and varying foci. The radius of the cavities was 3µm and the scan range

500×500µm. In the center the scratch can be seen which is the coordinate system’s

origin. On the right side an additional overview scan is presented for illustration.

The chosen unique structures for testing their location are shown in Figure A.3. At

both systems the optical tweezers and the electron microscope the dislocations can
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clearly be identified. Thus the distance of the center of the origin to the center of

the dislocation was determined with the help of the micro-step motors of the optical

tweezers and the electron microscope.

Figure A.3: Dislocations of the pattern in the optical trap and the electron microscope.

The upper line illustrates screenshots at the light microscope of the opti-

cal tweezers. The lower row shows the same dislocations in the electron

microscope.

The positions of the dislocations were determined as distance to the origin of the

coordinate system with its x-and y-components. With this distance a position re-

garded in the light microscope can be found in the electron microscope with an

accuracy of 10µm. Since the cell size is about 25µm, a cell in principle could be

found in the electron microscope. At real measurements is was difficult to find the

cell. This could be explained by a loss of cells during the preparation process, and by

a morphylogical change of the cell, e.g. a shrinking during the preparation. These

are problems which should be solved with several measurements and a improvement

of cell preparation for the electron microscope. Overall, the correlative microscopy

is helpful to determine whether measurements in in vitro networks and cells are

reasonable, and to decrease the high uncertainty of the measurements.
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B Polymer Brushes

Considering the attachment behavior of cells on surfaces of biomaterials polymer

brushes are used as a link between the cells and the biomaterial. Since the polymer

brushes vary in its stiffness and the adsorption behavior dependent on the pH value

of the medium, the attachment of cells or proteins changes. Hence, a better insight

into the behavior and influence of the brushes towards other materials is gained

by analyzing the interaction during approaching these materials [127],[128]. In this

work an additional application implemented with the optical tweezers setup was to

analyze the influence of the brushes towards polystyrene particle during approaching

to the brushes field. The particles chosen for these measurements had a radius of

500 nm and were trapped in the optical tweezers setup described in Chapter 4. The

intensity of the laser beam was at 30mW which corresponded to a force constant of

around 3 pN/µm.

The polymer brushes of interest were brushes containing polycarboxylate poly (meth-

acrylicacid) (PMAA) as substrate coating with varying pH values (pH 7.3 and pH5)

of the buffer (PBS). The produced surfaces and the measurements were in collab-

oration with Annina Steinbach (of the Institute of Physics, Chair of Solid State &

Materials Chemistry, Augsburg University). Since the polymer brushes fields were

aligned in a pattern of 50µm width with glass surfaces of 50µm width in between,

the interaction of the glass and particles additionally could be tested and compared

to the brushes measurements.

The measurement process worked in several steps. First, a calibration of the optical

tweezers was performed as described in Chapter 2, and afterwards a particle was

trapped at a distance of around 2.5µm above the glass or brushes surface. The

interplay of the piezoelectric stage and the AD/DA measurement device allowed to

record the motion of the the particle in the axial and lateral directions and in the

mean-time approach to the surface in 5 nm steps. Out of the measured motion on

the one hand the displacement of the particle in the trap could be detected and

on the other hand the potential of the trap and surface was calculated for every

Tobias Paust



172 Appendix B. Polymer Brushes

step during the approach. The displacement of the particle is the average value of

the positions the particle was due to the Brownian motion inside the trap. When

the optical tweezers moved towards the surface, there was an influence of it which

displaced the particle out of the trap focus.

Figure B.1: Response of the particles upon approaching a PMAA coated polymer brush

substrate and a groove surface at pH3 (left) and pH7 (right). A and B: The

displacement of the particles due to the interaction between polymer brushes

(blue) and groove surface (red). The insets depict a close-up of the snap-in for

all cases. C-F: The potentials of the particles during the approach towards the

substrate. The higher the potential (yellow to red), the lower is the probability

of a displacement of the particles onto this region. Vice versa the lower the

potential (green to blue), the more often the particles are located in that

potential well.
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Figure B.1 A and B show the change in displacement of the particle during the

approach to a glass surface and the polymer brushes field with 5nm steps at a pH

of 3 and 7.3. The inset shows a zoom into the snap-in region. For pH 3 the dis-

placement minima were shifted towards each other to compare the strength of the

snap-in of both cases. The change of the pH influences this displacement of the par-

ticle which leads the attractive forces for the particle. In Figure B.1 A, the curves

were measured at pH 3 and show a point where the particle displacement changes

drastically and reaches a minimum. This point is the snap-in, where the particle is

pulled towards the surface due to the attractive forces. After the snap-in the curve

for the glass surface and the polymer brushes field differed. When the particle was

pushed towards the glass surface it could not follow the optical tweezers any more

which further moved on decreasing the height above the surface. Relative to the

trap focus the particle gets displaced in axial direction, linearly to the trap motion.

In the case of a brushes field the particle also got pushed against the softer field,

but here it could slowly flatten the brushes so that the displacement relative to

the optical trap increases less. For the measurements at pH 7.3 (figure B.1 B) both

curves showed the same behavior for both kinds of surfaces and compared to pH 3

less attractive forces. This is explained by regarding the charges the particle and

the brushes which were both slightly negative. For the brushes this resulted in a

swelling behavior which stiffened the field. Thus, a difference between glass and

brushes could not be detected any more.

The potentials plotted in figure B.1 C-F give an overview of the energy landscape

(z-axis) the particle is involved in during the approach (x-axis) dependent on the

displacement in axial direction (y-axis). The energy landscape therefore only shows

the influences of the surface - the potential of the optical tweezers is subtracted. As

long there is no interaction between the glass or the brushes the energy should be the

same independent on the displacement of the particle. In the case of interaction the

particles motion in the trap is limited by an attractive or repulsive force and then

the potential increases and builds a wall on one side of the displacement, because

the probability to move there gets lower. At the measurements at pH 3 (C,E) the

attractive forces of both polymer brushes and the glass surface could be recognized

when the particle touched the surface. The potential wall increases immediately

after the snap-in and the particles motion got strongly restricted. In the case of the

glass surface the potential minimum shifted because the particle was pulled against

the surface. Relative to the trap position the particle moved above the trap which

was already explained at the displacement curves. At the polymer brushes the po-

tential does not show a clear minimum because at the moment when the particle
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got into contact it can move trough the brushes an the motion is less limited.

At pH 7.3 (D, F) the interactions are weaker compared to pH 3 which made the

potential walls less steep. The behavior after the snap-in is similar to pH 3 which

was not expected for the measurements. The repulsive force in case of pH 7.3 should

be higher for the polymer brushes so that it could not be possible to approach to

the field. A probable solution for the observations done during the measurement

could be that the interactions are so weak that the particle mechanically sticks in

the brushes field when gets attached to it.

The measurements at the polymer brushes showed that the optical tweezers beside

the AFM is a suitable instrument to determine interactions between arrays of poly-

mers. The change in pH value could be resolved and confirmed the measurements of

the zeta potential described in [126]. As a possible alternative to the measurements

of a trapped particle approaching to the surface one could use two particles coated

with polymers and bring them slowly together with a dual optical trap based optical

tweezers.
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C Multiple Optical Tweezers

In the outlook possible applications were mentioned where a multiple trap setup

could be used to gather additional properties of the observed media like the in vitro

assembled K8/K18 networks, the cytoskeleton or the membrane of a specific cell

type or the interactions between particles covered with polymers. The multiple trap

can be realized with different kinds of setups. An instantly apparent idea to realize

a multiple trap is to use several light beams originating from several lasers. This

method was already mentioned in [129] as easy but expensive method.

The usage of a spatial light modulator is a more up-to-date method. With this the

phase component of an expanded laser beam is manipulated by the modulator which

encodes the pattern for the information about size and positions of the traps. One

of the drawbacks is that the realization of large trapping arrays causes errors and

delays at the complex computation processes which make the traps unstable [130].

Holographic optical tweezers also can be used to gather a multiple trap system which

is also a good method. A holographic plate controlled via a PC-system creates an

arbitrary optical landscape which influences the laser beam. The real-time control

and manipulation of the traps is a big advantage at this method [132], [131]. Some

others are presented in [133].

In the setup used for the measurements presented in Chapter 7 and shown in Chapter

4 an acousto optical deflector system of two orthogonally aligned AODs was used.

With these two AODs it is possible to steer the beam to several positions in the

sample by modifying the angle of the outcoming beam. Depending on the frequency

the angle changes it is possible to illuminate specific positions almost at the same

time. A particle in the optical trap does not recognize the absence and the return

of the laserbeam when the frequency is chosen high enough [134]. This method was

tested beside the other measurements performed at this work. The two available

function generators (Stanford Research Systems, DS345) were synchronized and with

either a sinusoidal, a triangular or a rectangular signal sent to the AOD a steerable

second trap could be realized. Additionally, the possibility to use an arbitrary
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function provided by the computer made it possible to place the trap at several

positions. By applying a high frequency to the AOD a multiple optical tweezers was

ensured. The realization of several synchronous working traps is shown in Figure

C.1.

Figure C.1: Screenshot of particles of 1µm diameter located in water. The laser beam

jumps at a high frequency so that multiple traps can be generated. The laser

beam of the static trap can be recognized in the center. The dynamic multiple

optical trap are aligned as an ’V’.

In this figure the letter ’V’ can be observed with a central trapped particle due

to the static optical trap, written by the positions of the particles. The program

running in the background allows to mark positions for the traps on the screen, and

the AOD steers the beam to the specific positions. By changing the amplitudes of

both function generators it is possible to wiggle the particles at their positions.

The usage of an multiple optical tweezers offers a lot of applications which can be

used to further describe polymer networks, cell stiffnesses or polymer brushes field

like the applications and methods used in this work already did.
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D MATLAB Programming

As mentioned in Appendix A the simultaneous usage of several devices of the setup

allows complicated applications at the optical tweezers. The official software of the

devices often do not support to synchronize one device with another. Therefore,

one part of this work dealt with the programming of scripts to address each device

and, dependent on the purpose, synchronize several devices. The programs written

during this work made usage of Mathworks R©MATLAB because of the simplicity to

realize difficult issues and the possibility to perform further analysis during or after

the measurement. In this chapter parts of the programs are presented. This will

give an insight to the concepts used to keep a high performance at the devices.

The optical tweezers setup (described in Chapter 4) consists inter alia of the piezo-

electric table, a piezoelectric stage, the step motors, the CCD camera, the laser,

the photo diodes and the acousto-optical deflector. These devices can be controlled

via graphical user interfaces (GUI) in MATLAB and can run simultaneously. The

realization of the GUI-controller can be described in several steps and is similar for

each device.

Initialization

As a first step, the initialization of the device has to be performed. This includes

the connection to the devices and start them with default values. The initialization

enables the usage of the specific device without further modification, and conse-

quently, for every instrument a function was written to fulfill this step. MATLAB

offers several commands for connecting to the device dependent on the type of con-

nection. The easiest method for this is a predefined function of the manufacturer of

the instrument, because the device directly can be addressed by the function. The

CCD camera is used in this way. Listing D.1 shows the command which is used to

open and initialize the CCD camera.
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Listing D.1: Initialization of the CCD Camera

1 ...

2 nInId = 0; % If one camera is used, the device ID always is 0

3 if exist(’XStreamML.m’)>0

4 [nResult,CCD.CCDId]=XStreamML(’OpenCamera’,nInId);

5 % ’OpenCamera’ is used to connect to the camera

6

7 propertyKey=X; % each parameter has a specific key number

8 [nResult,exposure,nMinValue,nMaxValue]=...

9 XStreamML(’GetParameter’,CCD.CCDId,propertyKey);

10 % ’GetParameter’ allows to get parameter X

11

12 CCD.propertymax=nMaxValue;

13 CCD.propertymin=nMinValue; % save parameter in main object

14

15 propertyKey=X;

16 [nResult]=...

17 XStreamML(’SetParameter’,CCD.CCDId,propertyKey,propertyValue);

18 % Set initialization values

19 ...

20 assignin(’base’,’CCD’,CCD); % Send object file to MATLAB workspace

21 else

22 return;

23 end

24 ...

The code first checks if the object file for the camera is available. A second command

to connect to the camera leads to the camera identity number, which is used for fur-

ther commands. By using ’GetParameter’ and ’SetParameter’ the current settings of

the camera can be retrieved or modified. At the last step of the initialization, the

assignin() command sends the device object variable CCD to the workspace. This al-

lows to address the device with all other programs which can get the object variable

from the workspace. All child programs of one MATLAB session have the permis-

sion to load this variable.

An other function (to control the acousto optical deflector via the function gen-

erators) is the serial() command. This command is predefined in MATLAB an

connects the serial port with the specific device. In addition to this, commands

like analoginput() and analogoutput() were used to address the photo diode via the

AD/DA data acquisition instrument. With the latter commands the connection be-

tween the computer and both the piezoelectric stage and the laser was established.
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Listing D.2 illustrates parts of the script for the initialization of the latter devices.

Listing D.2: Initialization with MATLAB commands

1 ...

2 % Connection to function generators

3 FG=serial(sprintf(’COM%i’,com),’BaudRate’,19200,’DataBits’,8,’StopBits’,2);

4 % serial connection to COM Port com, with specific settings

5 fopen(FG); % open serial object FG

6 fprintf(FG,sprintf(’CMND %.3f’,val));

7 % send command CMND with value val to the object FG

8 assignin(’base’,sprintf(’FGCOM%i’,com),FG);

9 ...

10 % Connection to data acquisition card, piezoelectric stage, laser

11 % analog input control

12 AI = analoginput(’dtol’,id); % ’dtol’: name of adaptor with ID id

13 addchannel(AI,i); % adds channel i for data transfer to object AI

14 getsample(AI,val); % get data of value val from object AI

15 assignin(’base’,’AI’,AI);

16 ...

17 % analog output control

18 AO = analogoutput(’dtol’,id);

19 addchannel(AO,i); % adds channel i for data transfer to object AO

20 putsample(AO,V); % get data of value val from object AO

21 assignin(’base’,’AO’,AO);

22 ...

The showed lines in principle have the same function. The first command creates

and object and connects to the instrument. The second collects or sends data to the

device. This allows to work with default values at the startup of the program. The

last step ensures that other programs can communicate with the instrument via the

workspace of the MATLAB session.

If only the dynamic libraries are available for a specific device, the script will contain

commands which have to setup a device object. In this case the object is not an

output of a predefined MATLAB script, but has to be developed by the programmer.

For the initialization of the piezoelectric table and the step motors the device objects

were defined by a custom-made script. Listing D.3 shows the script to built the

device object of the piezoelectric table. This and other scripts were developed in

collaboration with T. Fröhlich.
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Listing D.3: Initialization with dynamic libraries

1 ...

2 % Definitions of the device

3 c.DLLNameStub = ’E7XX_GCS_DLL’;

4 c.libalias = ’E7XX’;

5 c.ControllerName = [];

6 c.DLLName = [];

7 c = SetDefaults(c); % set default values for initialzation

8 if(~libisloaded(c.libalias)) % only load dll if it wasn’t loaded before

9 c = LoadGCSDLL(c);

10 end

11 c = class(c,’E7XX_GCS_Controller’); % define the class ’Controller’

12 ...

13 %------------------------------------------------------

14 function c = LoadGCSDLL(c)

15 % Search for dynamic library file

16 % its path in the windows registry

17 try

18 gcspath = winqueryreg(’HKEY_LOCAL_MACHINE’,’SOFTWARE\PI\GCSTranslator’,’Path’);

19 catch

20 gcspath = ’’;

21 end

22 % the dynamic library file itself

23 if(exist(gcspath,’dir’)==7) %with the registry entry

24 c.DLLName=[gcspath,’\’,c.DLLNameStub,’.dll’];

25 else % with a predefined folder

26 if(exist(’c:\programme\pi\gcstranslator\’,’dir’)==7)

27 c.DLLName=([’c:\programme\pi\gcstranslator\’,c.DLLNameStub,’.dll’]);

28 elseif(exist(’c:\program files\pi\gcstranslator\’,’dir’)==7)

29 c.DLLName=([’c:\program files\pi\gcstranslator\’,c.DLLNameStub,’.dll’]);

30 end

31 end

32 % import the corresponding header file

33 if strcmp(c.DLLNameStub , ’C843_PM_GCS_DLL’)

34 c.hfile = [’C843_GCS_DLL.h’];

35 else

36 c.hfile = [c.DLLNameStub,’.h’];

37 end

38 % only load dll if it wasn’t loaded before

39 if(~libisloaded(c.libalias))

40 % load library

41 [notfound,warnings] = loadlibrary (c.DLLName,c.hfile,’alias’,c.libalias);

42 end
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43 if(~libisloaded(c.libalias))

44 error(’DLL could not be loaded’);

45 else

46 % load the functions of the specific device, e.g. the MOVE command

47 c.dllfunctions = libfunctions(c.libalias);

48 end

49 end

The first part of the listing contains the definition of the name of the library which

has to be loaded. Furthermore, the values for the initialization are arranged in

function c=SetDefaults(c). By calling the function c=LoadGCSDLL(c) the algorithm to

import the dynamic library into MATLAB is started. Variable c denotes the device

object variable, which has to be built step by step. In LoadGCSDLL(), first the dynamic

library path is determined and afterwards loaded with function loadlibrary(). In

between the header file for the library has to be imported. The functions the specific

device can fulfill, e.g. the ’MOVE’ command in case of the piezoelectric table, are

listed in the dynamic library and have to be loaded to complete the device object

variable. If the dynamic library is loaded correctly, the command libisloaded() will

return with a ’TRUE’ status.

With these different commands and function all devices could be addressed. Via

the device object variable located in the MATLAB workspace it is possible for every

script to access the object.

Timer function and second MATLAB session

In the setup of the optical tweezers the possibility to control the step motors, the

piezoelectric table and the acousto optical deflector via a programmable joystick

(Force 3D Pro PC Joystick, Logitech) was implemented. In contrast to the buttons

used in the graphical user interface which use a callback function as trigger, the

joystick actively has to be addressed and checked for status changes. In the case

of a button, MATLAB sets up the trigger and the function calls. In case of the

joystick, a loop has to be created which continuously checks status changes. A

change of status means e.g. the tilt of the stick or a button press on the joystick. To

realize the usage of the joystick a timer function was implemented into the MATLAB

script. Hence, with the timer function the timer period could be chosen dependent

on the connection and response speed of the device. Another advantage compared to

a common loop function is that in the meantime several other timer objects can be
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started. Since a function like fork() (language C) is not possible in MATLAB, the

timer replaces this function. Moreover, the setup of the timer was used to allow a

’live’ mode of the CCD camera and the photo diode via the AD/DA data acquisition

card. Thus, further programs like live potentials, live particle detection and more

could be realized by implementation in the timer function. Listing D.4 shows the

setup of a timer function. This part of the script is similar for all timers used for

the devices of the optical tweezers.

Listing D.4: Set up of the timer function

1 ...

2 % set up of timer function

3 TimerName = timer(’TimerFcn’,{@Timer_Callback,handles},...

4 ’Period’,TimerPeriod,’ExecutionMode’,’fixedDelay’,’BusyMode’,’drop’);

5 % ’TimerPeriod’ is the time period of TimerFcn

6 % ’fixedDelay’, the timer starts after period and with

7 % being the first entry at the MATLAB queue

8 % ’drop’ do not execute the function when sytem has no capacities

9 start(TimerName)

10 ...

11 stop(TimerName)

In general there are three possibilities to built the timer function. In ’fixedRate’

mode, the next timer function starts directly after the execution of the current

timer and the time period. In ’fixedDelay’ mode, before the next timer starts, the

MATLAB queue has to be finalized. After that and the time period the timer is

executed. In the third mode, ’fixedSpacing’, the next timer function starts after

the first ended plus the time period. For the custom-made scripts the second mode

was used to allow to use the timer as fast as possible without exceeding the system’s

capacity. With the start() and stop() commands the timer can be started, which

led to the execution of the ’TimerFcn’, or stopped when the timer returns. The usage

of several timer for different devices allowed to use their functionality in the same

time. This was important e.g. for the measurements of the polymer brushes shown

in Appendix B.

In case of a executing joystick controller, a photo diode controller and the CCD

camera controller for the live view of the sample, three timer were running simul-

taneously. Since the CCD camera timer has to run at least with 25Hz to allow a

screening without buckling, and the shown signals of the photo diode at least with

10Hz, the MATLAB session runs into capacity problems. A single MATLAB session

does not completely use the whole memory of the system. This makes it possible
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to run several MATLAB sessions which share the system’s memory. Consequently,

the two session work in parallel, do not influence each other and increase the effi-

ciency in memory usage. For the upper purpose, to run the CCD camera without

buckling, the CCD camera controller was outsourced to a second MATLAB session.

For a communication between both MATLAB sessions, the second session has to be

started by the first session. This can be performed via the actxserver() function.

The return value of the function is a object variable which is used to address the

client session. In the second session the CCD camera controller can be started and

controlled via the link between both session. This is obligate if programs have to be

synchronized. Listing D.5 shows the code to start and use two sessions.

Listing D.5: Usage of an activeX server

1 ...

2 % commands at the host session

3 % start second session

4 OtherSession=actxserver(’Matlab.Application’); % start second session

5 OtherSession.Visible=0; % make second session invisible - runs in the background

6 OtherSession.Execute(sprintf(’cd(’’bin’’);’)); % change folder in 2nd session

7 OtherSession.Execute(’startup();’); % start the startup function in 2nd session

8 % start CCD camera controller

9 try CCD=OtherSession.GetVariable(’CCD’,’base’); % try to get the camera

10 % controller object from the second session’s workspace

11 catch exception %if this wasn’t successful

12 OtherSession.Feval(’CCD_Camera_Manager()’,1,’2’); % execute camera controller

13 return; % terminate the function

14 end

15 if ~CCD; % if there is an object, but the camera already closed

16 result=OtherSession.Feval(’CCD_Camera_Manager()’,1,’2’);

17 % execute camera controller

18 else

19 return; % terminate the function

20 end

21 ...

In the host session the command actxserver(’Matlab.Application’) starts a client

MATLAB session. In this way it also is possible to control e.g. a Microsoft Excel

application. Since the second session can be controlled by the host, it can be made

invisible and placed in the background. The variable OtherSession denotes the object

of the client session. For every command concerning the second session the object

has to be addressed. When the second session is executed, the paths of functions
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which are not included in the main MATLAB folder are unknown to this session.

Consequently, those functions cannot be started. Therefore while the second session

starts up, a function has to be executed that includes the needed paths (command

startup()). Afterwards the camera controller is started if there is no camera con-

troller object. With the command OtherSession.GetVariable() variables between

both sessions are transferred. The camera object variable is then a variable in the

host’s workspace. The function OtherSession.Feval(’CCD_Camera_Manager()’,1,2) is

similar to OtherSession.Execute and starts the camera controller.

By the usage of several timer running simultaneously and a second session it was

possible to ensure a smooth run of the applications. Another advantage was a better

sharing of the computer memory to both session, which led to more efficiency.

Graphical User Interface (GUI)

Every controller of the optical tweezers setup is shown in a separate figure with

active control elements like buttons, sliders and edit fields. In that way the device

can be controlled. The users do not have to know which steps are necessary and

used to fulfill their commands. Especially for those users which are not familiar

to programming scripts this makes it easy to work with the optical tweezers. The

graphical user interfaces are similar in their principle. Beside the main function

which is used to set up the figure and its objects, there are the callback functions

which get executed when a specific button is hit or an edit field is changed. Moreover,

axes can be implemented to show directly the output of a measurement. Via the

objects’ variables it is possible to change each object’s properties in the program

code. In Listing D.6 an exemplary GUI script is shown.

Listing D.6: script for a graphical user interface

1 % main GUI function, set up of the properties of the GUI

2 function varargout = CCD_Camera_Manager(varargin)

3 ...

4 gui_State = struct(’gui_Name’, mfilename, ...

5 ’gui_Singleton’, gui_Singleton, ...

6 ’gui_OpeningFcn’, @CCD_Camera_Manager_OpeningFcn, ...

7 ’gui_OutputFcn’, @CCD_Camera_Manager_OutputFcn, ...

8 ’gui_LayoutFcn’, [] , ...

9 ’gui_Callback’, []);

10 ...

11 end

12
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13 % opening function, for changes before the GUI figure opens

14 % every callback contains the own object variable hObject and the handles

15 % of the figure. The opening function gets the input of the GUI - varargin.

16 function CCD_Camera_Manager_OpeningFcn(hObject, eventdata, handles,varargin)

17 ...

18 % set up of a callback function, to use button with external program

19 set(handles.B_CCD_Init,’Callback’,@B_CCD_Init_Callback);

20 % make a timer object for the usage of the camera, with specific options

21 ManTimr = timer(’TimerFcn’,{@Timer_Callback,handles},’Period’,0.11,...

22 ’ExecutionMode’,’fixedDelay’,’BusyMode’,’drop’);

23 ...

24 end

25

26 function varargout = CCD_Camera_Manager_OutputFcn(hObject, eventdata,handles)

27 % Get default command line output from handles structure, GUI object variable

28 varargout{1} = hObject;

29 end

30

31 function Camera_Manager_CloseRequestFcn(hObject, eventdata, handles)

32 ...

33 %close the CCD camera before closing the GUI

34 try help=XStreamML(’CloseCamera’,1);

35 catch exception

36 disp(’could not close’);

37 end

38 ...

39 end

40

41 % callback executed when the button B_Init is pushed

42 function B_Init_Callback(hObject, eventdata, handles)

43 ...

44 end

45 ...

Every GUI contains an ’opening’ function and an ’output’ function. These func-

tions are important if predefined value should appear at the GUI and if specific

values should be returned in case of a successful execution of the GUI. Furthermore,

a ’closing’ function is used when specific commands are executed before the GUI

closes, e.g. the termination of a specific device or to stop a running timer. Every

function (’opening’, ’callback’,...) within the script uses the variable defined as ’han-

dles’. This variable contains all object variables and is passed to the function during

Tobias Paust



186 Appendix D. MATLAB Programming

their call. By updating the status of the programs main object file, the handles are

updated so that the next called function can use it. This is important in case of a

running timer function, when parameters change during the execution. Another used

feature is the possibility to address the GUI from a function which is not directly

implemented in the GUI. Via the command set(ButtonName,’Callback’,@ProgName) it

is possible to call the figure object, extract the specific callback function and exe-

cute this function. This was used to steer the step motors with additional programs.

Overall by the usage of the embedded MATLAB and the custom-made MATLAB

scripts it was possible to combine all devices which can be addressed via the com-

puter. Furthermore, it offered a new way to several applications which use the

functionality of the devices. At table D.1 a list of applications is shown, which use

a specific device or a combination of several instruments.

ACF of table D.1 denotes autocorrelation function and PSD is the spectral power

density. The current project ’Task Scheduler’ allows to plan a schedule for the

devices of the optical tweezers. Hence, for measurements of living cells specific po-

sitions are chosen where cells are located. The usage of the screen-shot and loop

functions enable to screen the cells for long times with a high spatial resolution. If

the microscope is out of focus at one specific cell, the autofocus function corrects

the height and a sharp mapping of the cell is possible.

The usage of the function generators and the photo diodes made it possible to realize

the active microrheology method (described in Section 3.2) to gather information

about in vitro assembled keratin 8/18 networks. Details of this work are described

in the thesis of S. Bührdel [135].
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Table D.1: Overview of custom-made scripts.

Controller for single devices

Name Device Applications

CCD Camera Manager high speed camera live screening, high sample rate
measurements, long-time records,
screen-shots, live particle detection

PiFOC Controller piezoelectric stage axial positioning in 100µm range

Laser Controller trapping laser laser intensity variation

Photo Diode Manager data acquisition card live signal, laser position on
(for photo diodes) photodiode, live position cloud,

live potential, signal measurement,
signal ACF, signal PSD

AOD Manager function generators trap position modulation,
(for AOD) multiple traps, static trap shielding

Controller for several devices

Name Devices Applications

Joystick Controller

joystick position control, position marking,
step motors beam steering, axial control
piezoelectric table (15µm range), wave function
function generators motion, automatic height correction,
(for AOD) coordinate system marking

MapRun Controller

step motors sample scan (a range with
high speed camera several mm×mm range,
piezoelectric table autofocus, height correction,
PiFOC

Surface Approach Manager
piezoelectric stage approach particle displacement,
data acquisition card approach energy landscapes,
(for photo diodes) axial and vertical approach,

Task Scheduler
all devices schedule applications, loops,

time delays (beta)
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[123] Sailer M., Höhn K., Lück S., Schmidt V., Beil M., and Walther P., Novel elec-

tron tomographic methods to study the morphology of keratin filament networks,

Microsc. Microanal. 16, 462-471, 2010.
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