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Παντα χωρει κoι oυδεν µενει
–

Alles bewegt sich fort und nichts bleibt. (Platon)

Montes fluxerunt a facie Domini et Sinai a
facie Domini Dei Israhel.

–
Und die Berge zerflossen vor dem Angesicht des Herrn, dem Gott

Israels, und ebenso der Sinai. (Bibel, Richter 5,5)





Summary

Cross-linked or bundled actin networks are the key components in cell mechanics.
By locally activating different actin binding proteins (ABPs) the cytoskeletal mi-
crostructure can be adjusted to meet the changing needs of the cell. Bundles of
actin filaments are used for structural fortification during locomotion. Here, the
cell relies on mechanical stability in order to endure the large forces created at
the leading edge. Besides this mechanical stability the cytoskeleton has to allow
for an ongoing remodeling of its microstructure to provide the cell with crucially
needed adaptibility. To shed light on the microscopic principles in cell mechanics,
reconstituted actin networks have been proven of utmost importance. Only in
such reconstituted systems physical and biochemical parameters can be controlled
independently.

In this thesis the microstructure and viscoelastic properties of reconstituted actin
networks are correlated. The first part of this thesis focuses on the structural or-
ganization of actin filaments by different actin cross-linking and/or bundling pro-
teins. A remarkable polymorphism of network microstructures is observed; the
detailed network configuration is set by both the type and concentration of the
ABP used. Furthermore, it is demonstrated that the different structural phases
of reconstituted actin networks are directly correlated with distinct regimes in the
macromechanical network response. It is shown that the transitions between these
structural and mechanical phases can be induced by varying the effective concen-
tration of a given cross-linking protein. This can be achieved by either varying
the total amount of cross-linking molecules or by adjusting their binding affinity
towards actin by temperature. The resulting network structures can be either ho-
mogeneous or heterogeneous. In the latter case the local viscoelastic properties are
observed to drastically differ from the macroscopic network mechanics. As an out-
standing example of structural heterogeneities the formation of bundle clusters is
described. These clusters exhibit a fractal dimension which also extends to larger
mesoscopic length scales of the cluster network.
Local heterogeneities are also observed in weakly cross-linked networks and seem
to be a generic prerequesite for the transition into a homogeneous phase which is
dominated by cross-links rather than by entanglements between filaments. This
cross-link transition is parameterized and the microscopic origin of this transi-
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tion is identified. Similarly, the transition from a weakly cross-linked phase into
a purely bundled network is investigated. In contrast to the so far commonly
accepted belief, in stiff bundle networks the microscopic origin of the network
elasticity is completely different from that of isotropically cross-linked networks:
non-affine bending deformations have to be considered instead of affine stretching
deformations. By comparing theoretical predictions of affine stretching models and
non-affine bending models with the elastic response of different actin networks it is
shown that the network microstructure sets the local deformation mode and with
that the static viscoelastic response of actin networks.

In a second part the dynamic properties of cross-linked actin networks are
adressed. The transient character of the cross-links and its impact on the vis-
coelastic frequency spectrum of cross-linked actin networks is analyzed. Ther-
mally activated cross-linker unbinding dominates the viscoelastic response at low
frequencies. Consistently, the cross-linker off-rate is identified as the pivotal time
scale that sets the frequency regime at which transient binding effects dictate
the viscoelastic spectrum. Based on this finding a simple semi-phenomenological
model is introduced which is predicated on single cross-link unbinding events and
successfully reproduces the frequency spectrum of transiently cross-linked actin
networks. Further experiments show that not only the cross-linker off-rate but the
whole microscopic interaction potential of an actin/ABP bond dictates the fre-
quency dependent viscoelastic response of transiently cross-linked actin networks.
Such an interaction potential is expected to be sensitive towards forces which act
on the actin/ABP bond. Therefore, the elastic behavior of transiently cross-linked
actin networks under mechanical load is investigated. A highly complex and tun-
able non-linear response is observed that is in sharp contrast to existing theoretical
predictions. It is demonstrated that forced cross-linker unbinding limits the sta-
bility of cross-linked actin networks. Surprisingly, even in complex actin bundle
networks the loading rate dependence of the rupture forces of actin/ABP bonds
follows the Bell prediction for a single molecular bond. This suggests that collec-
tive phenomena can be neglected. Furthermore, the non-linear behavior of actin
bundle networks reveals an equivalence of cross-linker density and force loading
rate. This observation is employed to establish a novel superposition principle
of cross-linker density and time which is then used to describe the self-similar
actin/fascin system with a master curve. Interestingly, such actin/fascin bundle
networks as well as bundle networks formed by α-actinin can be trapped in a
meta-stable state. Yet, the transient nature of cross-linking molecules allows for
an (at least partially) retarded equilibration of these kinetically arrested network
configurations which gives rise to very slow dynamics in these networks.

The physical principles and effects described in this thesis establish a micro-
scopic understanding of the structural organization and viscoelastic properties of
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reconstituted actin networks. These reconstituted networks constitute valuable
model systems of the actin cortex of living cells. Thus, the conclusions drawn in
this thesis may also help to gain a better understanding of complex cytoskeletal
networks in vivo.
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1 Introduction

The cytoskeleton of eucaryotic cells consists of three major classes of filamentous
biopolymers: microtubules, actin filaments and intermediate filaments. The role
of intermediate filaments is only poorly understood; microtubules, however, are
known to serve as ”tracks” for molecular motors that transport vesicles or small
organelles through the cell and play an important role during cell division. The
mechanical properties of cells are mainly attributable to a meshwork of actin fila-
ments (light blue fibres in Fig. 1.1).

Figure 1.1: Fluorescence micro-
graph of fibroblast cells, showing
their nuclei (pink) and the cy-
toskeleton. Microtubules are la-
belled in yellow, actin filaments in
light blue.

The viscoelastic properties of the actin cortex are the key to a microscopic
understanding of the complex mechanical function of the cytoskeleton. The role
of the actin cytoskeleton in cell mechanics includes:

1. exerting forces e.g. for cell motility
2. withstanding deformations and mechanical load
3. allowing for changes in cell morphology, e.g. during cytokinesis
4. potentially providing means for mechanosensing.

Already this relatively short list directly implies that distinct network mi-
crostructures are required to meet all these different challenges: For motility
stiff and mechanically stable structures are crucial and conctractility is of high
importance during cytokinesis. In this context, a rich structural polymorphism
of actin networks is indispensable. The easier cells can switch between different
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1 Introduction

microstructures the faster cells are able to adapt to their actual needs – which
drastically change during the cell cycle.

Moreover, these different network morphologies do not only have to offer a wide
range of mechanical properties but must also be easily built up and destroyed.
This requirement seems to present a conflict regarding the likewise needed mechan-
ical toughness. The apparent dilemma is solved by using transiently cross-linked
networks instead of covalently cross-linked structures. It remains to be shown if
transiently cross-linked networks also exhibit favorable mechanical properties in
contrast to permanently cross-linked networks – besides the obvious advantage of
facile destructibility.

The biological complexity of the cytoskeleton is overwhelming: nature offers
a myriade of actin binding proteins (ABPs) that can be locally produced and
disintegrated, de- and reactivated on demand by e.g. phosphorylation. In combi-
nation with forces that are internally created by molecular motors or in response
to external stress cells can not only adjust their morphology but also their protein
expression, a phenomenon which is known as mechanotransduction. Mere changes
in the substrate stiffness can evoke a completely different differentiation of naive
stem cells [Engler et al. 2006]. Obviously, a coupling of extracellular and intra-
cellular (bio)chemical signalling pathways is not sufficient to rationalize the highly
adaptive behavior of cells. Transiently cross-linked actin networks which are me-
chanically coupled to the cell membrane may also contribute to mechanosensing
tasks, i.e. in converting mechanical forces into biochemical signals.

To shed light on the underlying physical principles governing the mechanical
properties of the cytoskeleton simple in vitro reconstitutions of cytoskeletal ele-
ments have been proven essential [Bausch and Kroy 2006]. Here, the type and
concentration of the involved ABPs are tuned independently from the actin fil-
ament density which allows for studying selected parts or paths in the possible
actin/ABP phase diagram. By specifically choosing ABPs with distinct biochemi-
cal properties and/or molecular structures, the influence of chemical and physical
parameters on the biophysical properties of cytoskeletal networks can be disen-
tangled. As demonstrated in this thesis, an integrated approach combining micro-
and macromechanical techniques with optical microscopy, theoretical modelling
and simulations provides detailed insight into the structural organization and me-
chanical properties of complex actin networks in vitro. Finally, this approach may
also set the basis for a microscopic understanding of cytoskeletal mechanics in
vivo.
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2 Materials and Methods

The actin cortex and actin bundles are the main structural and mechanical ele-
ments of the cytoskeleton. Actin binding proteins (ABPs) have various effects on
the strutural organization of filamentous actin solutions as well as on the poly-
merization/depolymerization kinetics of the filament. For instance, actin binding
proteins can sever, cap, cross-link or bundle actin filaments. By the local acti-
vation of such ABPs cells can not only manipulate their microstucture but also
their micromechanical properties. This provides the cell an enormous dynamic
adaptibility which outmaches technical polymers by far.

2.1 Actin and actin binding proteins

2.1.1 Actin

Monomeric G-actin is a globular protein (Fig. 2.1, top line) with a molecular
weight of 42 kDa. In presence of ATP and divalent ions as present in the polymer-
ization buffer (”F-buffer”), actin monomers polymerize and form helical filaments
(see Fig. 2.1, middle line) with a period of 72 nm corresponding to 26 monomer
subunits. G-actin is obtained from rabbit skeletal muscle and stored in lyophilized
form at -21 ◦C [Spudich and Watt 1971]. For measurements the lyophilized actin
is dissolved in deionized water and dialyzed against G-Buffer (2 mM Tris, 0.2mM
ATP, 0.2mM CaCl2, 0.2mM DTT and 0.005% NaN3, pH 8) at 4 ◦C. The G-actin
solutions are kept at 4 ◦C and used within seven days of preparation. Polyme-
rization is initiated by adding 1/10 volume of 10x F-buffer (20mM Tris, 20mM
MgCl2, 2 mM CaCl2, 1 M KCl and 2 mM DTT, pH 7.5) and gently mixing for 10 s.
Following this protocol, in vitro actin filaments can grow up to lengths of 100 µm.
Actin filaments are dynamic polymers that grow and shrink at the same time;
after short times the filaments reach a steady state called ”treadmilling” where the
average filament length does not change anymore [Howard 2001].

2.1.2 Gelsolin

Gelsolin belongs to a family of actin cutting/capping proteins. By nucleation,
filament capping and severing gelsolin regulates the length distribution of actin
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2 Materials and Methods

Figure 2.1: Monomeric G-actin (top) polymerizes to filamentous F-actin (middle).
These actin filaments can be interconnected or bundled by actin binding proteins (bot-
tom).

filaments [Janmey et al. 1986]. Gelsolin is prepared from bovine plasma serum
following [Kurokawa et al. 1990]. For the experiments shown in this thesis, the
average actin filament length was adjusted to 21 µm, i.e. the actin filaments have
to be regarded semi-flexible (compare section 2.2).

2.1.3 Phalloidin

Phalloidin is an F-actin stabilizing molecule which binds between two neighboring
actin monomers und suppresses the treadmilling process. Phalloidin is isolated
from the poisonous mushroom amanita phalloides (death cap). It is a cyclic peptide
with a molecular weight of 789 Da and can be used to attach a fluorophor to
the actin filament. For the fluorescence micrographs shown in this thesis tetra-
methylrhodamine labelled phalloidin (TRITC-phalloidin) was used.

2.1.4 Heavy meromyosin (HMM)

The molecular motor myosin II can be enzymatically cleaved by chymotrypsine.
The larger of the two resulting fragments, heavy meromyosin (HMM), has a mole-
cular weight of 350 kDa [Lowey et al. 1969] and retains the two actin binding
domains of myosin II as well as the ATP binding site; however, it has lost its cargo
binding tail (see Fig. 2.2). In the ATP-depleted rigor state, HMM can be used as

4



2.1 Actin and actin binding proteins

an ideal actin cross-linking protein [Tharmann et al. 2007]. In actin/HMM net-
works the transition from active ATP-HMM to rigor ADP-HMM can be recorded
rheologically as described in [Tharmann 2007].

Figure 2.2: Schematic view of the
molecular structure of HMM. After en-
zymatic cleavage of myosin II by chy-
motrypsine, HMM still possesses the
two actin binding domains. Thus, in
the ADP rigor-state it can be used as
an actin cross-linking molecule.

2.1.5 Fascin

Human fascin is a relatively small ABP with a molecular weight of
55 kDa [Yamashiro-Matsumura and Matsumura 1985]. It is most promi-
nently found in the filopodia of cells where it organizes actin filaments into thick
bundles [Vignjevic et al. 2006]. Recombinant fascin was prepared by a modi-
fication of the method of [Ono et al. 1997] as described by [Vignjevic et al.
2002].

2.1.6 α-actinin

α-actinin is a large dimeric protein with a molecular weight of 215 kDa [Craig

et al. 1982]. α-actinin is isolated from turkey gizzard smooth muscle follow-
ing [Craig et al. 1982], dialyzed against G-buffer and stored at 4 ◦C for several
weeks. α-actinin belongs to a highly conserved family of ABPs; its different iso-
forms are ubiquitous in muscle as well as in non-muscle cells [Sjöblom et al. 2008].
In the latter, α-actinin is predominantly found to form stiff contractile bundles –
so called ”stress-fibers” [Yamashiro-Matsumura and Matsumura 1986].
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2 Materials and Methods

2.2 Viscoelasticity of semi-flexible polymers

2.2.1 Classification of polymers

The physical description of polymers relies on parameters that are independent of
the chemical substructure of the polymer. The most important physical param-
eters for the classification of polymers are the persistence length lp and the end-
to-end distance Re. While Re characterizes the size of a polymer chain, lp = κ

kBT

is defined as the direct ratio of the polymer bending stiffness κ and thermal en-
ergy kBT . It represents the typical length scale over which thermal fluctuations
dominate the shape of the polymer. The persistence length and the end-to-end dis-
tance are coupled via the polymer contour length Lc as described by the following
relation [Landau and Lifschitz 1979]:

Re = l2p

(
Lc

lp
− 1 + exp

(
−Lc

lp

))
(2.1)

Depending on the magnitude of lp and Re with respect to the contour length Lc

three classes of polymers can be distinguished (see table 2.1).

flexible polymers semi-flexible polymers stiff polymers

lp � Lc lp ≈ Lc lp � Lc

Re � Lc Re < Lc Re ≈ Lc

Table 2.1: Classification of polymers according to their flexibility

Technical polymers usually belong to the class of flexible polymers. Yet, actin
filaments with a contour length of Lc = 21 µm and a persistence length of
17 µm [LeGoff et al. 2002a] are semi-flexible which complicates the theoretical
description of actin networks. Due to the mechanical coupling of several filaments
in actin bundles, lp is much larger in actin/fascin or actin/α-actinin bundles and
can reach values up to several mm. Moreover, lp depends sensitively on the bundle
length and the spacing of cross-linking molecules within the bundle [Claessens

et al. 2006, Bathe et al. 2008]. Thus, actin bundles can span a broad regime
ranging from semi-flexibility to the stiff limit. While solutions and networks of
flexible polymers can be well described by means of statistical physics account-
ing for purely entropic effects, matters are complicated for semi-flexible polymers
where enthalpic effects cannot be neglected. Finally, in the limit of stiff polymers
entropic effects are negligible which again simplifies theoretical descriptions. In
that sense, semi-flexible polymers constitute the most complex class of polymers.
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2.2 Viscoelasticity of semi-flexible polymers

2.2.2 Rheometric principles

In general, all polymer solutions and networks show characteristics of both elastic
solids and viscous fluids. This is described by the Boltzmann principle of superpo-
sition which relates the temporal evolution of the sample stress σ(t) to the exerted
deformation γ:

σ(t) =

t∫
−∞

dt′ G(t − t′)
∂γ(t′)
∂t′

(2.2)

Herein, G(t) denotes the relaxation modulus, which can be interpreted as a memory
function – according to the Boltzmann principle of superposition the impact of
subsequent deformations can be added up I. This relaxation modulus characterizes
the material properties of the investigated sample.

Experimentally, the viscoelastic properties of soft matter are studied best by
rheological techniques (see section 2.3.1 and 2.3.2). In principle, transient and
oscillatory techniques report the same viscoelastic response. In the first case the
relaxation modulus G(t) is obtained while the latter reports the complex modulus
G∗(f); both moduli are related by a fourier transformation. The complex modulus
G∗(f) can be split into its real part G′(f) and its imaginary part G′′(f). The sto-
rage modulus G′(f) represents the frequency dependent elasticity, the loss modulus
G′′(f) describes the viscous dissipation:

G′(f) =
σ0

γ0

· cos(δ) (2.3)

G′′(f) =
σ0

γ0

· sin(δ) (2.4)

For the derivation of these relation a linear response is assumed II, i.e. the
oscillating deformation γ(t) = γ0 · sin(2πft) is assumed to be small enough III to
evoke an oscillating stress with the same frequency f , as σ(t) = σ0 · sin(2πft + δ).
The phase shift δ sets the ratio of elastic and viscous properties: For a purely
elastic sample δ = 0, for a purely viscous sample δ = π/2 is valid. In this context
it is often helpful to plot the loss factor tan(δ) = G′′(f)/G′(f) in addition to the
usual frequency spectra which removes the absolute values of the moduli and thus
emphasizes the qualitative dominance of either elastic or viscous effects.

Ifor a detailed derivation of this relation see [Landau and Lifschitz 1975]
IIfor a detailed comparison see [Lieleg 2005] and [Landau and Lifschitz 1975]

IIIFor large deformations this assumption breaks down and the viscoelastic moduli G′(f) and
G′′(f) are not well-defined anymore. In this case the differential modulus K can be used to
characterize non-linear effects (compare section 4.1.4).
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2 Materials and Methods

2.2.3 Viscoelastic frequency spectrum of entangled actin
solutions

For solutions and networks of semi-flexible polymers the viscoelastic moduli G′(f)
and G′′(f) are strongly dependent on the probed frequency regime. In the following
the frequency spectrum of an entangled actin solution is exemplarily discussed.
Beyond the overlap concentration actin filaments cannot fluctuate freely but are
confined by other actin filaments. The reptation model [De Gennes 1979, Doi

and Edwards 1986] accounts for this confinement effect by considering a virtual
tube representing the surrounding filament solution (Fig. 2.3).

Figure 2.3: In the repta-
tion model each filament is
considered to be confined to
a virtual tube which repre-
sents the surrounding poly-
mers. The density of polymers
is described by the mesh size ξ;
the entanglement length le and
the tube diameter d represent
the strength of the confinement
effect.

The density of filaments sets the mesh size of the solution:

ξ = 0.3 µm ·
(

ca

mg/ml

)−1/2

(2.5)

where ca denotes the actin monomer concentration in mg/ml [MacKintosh et al.
1995, Tharmann et al. 2007]; for 9.5 µM actin ξ ≈ 0.5 µm is obtained. The
entanglement length le describes the typical distance between two touching points
between a given actin filament and its tube and the tube diameter d represents
the maximum fluctuation amplitude of the actin filament. Obviously, le and d also
depend on the actin filament density [Frey 2001]. Qualitatively, the frequency
spectra of entangled actin solutions beyond the overlap concentration resemble
each other. A typical spectrum is schematically shown in Fig. 2.4.

Two characteristic time scales separate the frequency response of entangled actin
solutions into three distinct regimes: the terminal relaxation time τd and the entan-
glement time τe. In these three frequency regimes different microscopic mechanisms
dictate the viscoelastic response of the filament solution:

• (I): f < 1
τd

:
At very low frequencies the viscous properties of the solution dominate the

8



2.2 Viscoelasticity of semi-flexible polymers

Figure 2.4: Typical fre-
quency spectrum of an en-
tangled actin solution. Three
distinct regimes emerge: The
asymptotic regimes (yellow)
are dominated by viscous pro-
perties, only the intermedi-
ate frequency regime (green) is
dominated by elasticity.

response. τd denotes the time which a given actin filament needs to perform a
diffusive motion along its whole contour, i.e. after this time scale the filament
has completely left its tube. This diffusive motion (”reptation”) exhibits a
strongly dissipative character (”viscous flow”) and is accompanied by a drastic
drop in the elasticity towards zero frequency.

• (II): 1
τd

< f < 1
τe

:
In an intermediate frequency regime (typically between a few mHz and seve-
ral Hz) the elastic properties of the solution dominate the frequency response.
The loss modulus G′′(f) exhibits a minimum while the storage modulus shows
a weak plateau. In this regime, collective phenomena have to be accounted
for which arise from the entanglements between distinct filaments. As a
consequence, the dominating length scale is the entanglement length le which
also sets the plateau elasticity G0. In detail, a scaling relation G0 ∼ c7/5

a is
predicted by the tube model [Hinner et al. 1998, Frey 2001].

• (III): f > 1
τe

:
At high frequencies only relaxation modes at length scales smaller than le are
fast enough to relax an external stress. As a consequence, this high frequency
regime is dominated by single filament properties again. The fast fluctuation
of a single actin filament is strongly dissipative similar to regime (I) and
depends sensitively on the solvent viscosity. In this regime, typically at
frequencies larger than 1 kHz, both viscoelastic moduli are reported to scale
with a common power law of G′(f) ∼ G′′(f) ∼ f 0.75 [Morse 1998, Gisler

and Weitz 1999].

For cross-linked actin networks two qualitative differences in this frequency re-
sponse are expected:

1. The elastic plateau at intermediate frequencies should become more pro-
nounced with increasing degree of cross-linking.

9



2 Materials and Methods

2. The cross-links should suppress the reptation process at low frequencies.

While the first expectation is fulfilled for both chemically IV and physically V

cross-linked actin networks, the latter is only strictly valid in the case of covalent
cross-links (compare section 4.1.1).

IVi.e. permanently or covalently cross-linked networks
Vi.e. transiently or noncovalently cross-linked networks

10



2.3 Experimental techniques

2.3 Experimental techniques

The viscoelastic moduli G′(f) and G′′(f) introduced in section 2.2 characterize
the mechanical response of actin solutions and networks. Yet, a detailed under-
standing of the macroscopic network properties requires both macroscopic and
microscopic information. Such information can be obtained by rheological and
optical techniques, each of them possessing their own intrinsic advantages and
limitations. Macrorheology (section 2.3.1) allows for the detailed quantification of
the macroscopic network elasticity – however, information about the network mi-
crostructure is lacking. A direct observation of labelled actin networks is ideal to
investigate this network structure (section 2.3.3) but inappropriate for determin-
ing filament dynamics in densely cross-linked networks. This is due to contrast
limitations that arise from labelling techniques and cannot fully be suppressed
even in confocal microscopy. Local information about actin networks can also be
obtained by microrheological techniques. For instance, active magnetic tweezer
microrheology (section 2.3.2) can be used to map the local viscoelastic properties
of an actin network; yet this technique is limited to soft networks. This limitation
does not apply to dynamic light scattering (DLS), which is a label-free technique
that offers a very broad accessible frequency range. However, the correlation data
obtained from DLS is rather difficult to analyze. Only a combination of these
different techniques provides sufficient information for a detailed characterization
of complex actin networks.

2.3.1 Macrorheology

The macroscopic viscoelastic response of actin networks is determined by measur-
ing the frequency-dependent viscoelastic moduli G′(f) and G′′(f) with the stress-
controlled rheometer Physica MCR 301 (Anton Paar, Graz, Austria) within a
frequency range of typically three decades. Approximately 500µl sample volume
is loaded into the rheometer using a 50 mm plate-plate geometry with 160mm
plate separation (see Fig. 2.5). This plate separation is the smallest dimension of
the sample volume but still exceeds the typical length of actin filaments or bun-
dles which legitimates the ”macroscopic” character of the measurement. To ensure
linear response only small torques (≈ 0.5 µNm) are applied. Actin polymerization
is carried out in situ; measurements are taken 60 min after the polymerization is
initiated. To avoid drying, millipore water is added to the reservoir around the
sample plate and the measuring geometry is covered with two metal half-shells.
For longtime measurements a thin film of polydimethylsiloxane (ABCR, Karlsruhe,
Germany) is used to cover the spacing between the measuring head and the bottom
plate of the rheometer.

For actin networks the viscoelastic properties can vary over more than 3 orders
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2 Materials and Methods

Figure 2.5: Measuring setup of
the macrorheometer Physica MCR
301. A measuring head with a
plate-plate geometry and 160 mm
plate separation is used for all mea-
surements shown in this thesis.

of magnitude which requires an adjustment of the measuring parameters in depen-
dence of the sample stiffness. The following measuring protocol has been proven
ideal:

1. After loading of the sample into the rheometer the polymerization is followed
over time by recording G′(0.5 Hz) at a given but tiny torque of 0.5µNm. This
protects the sample from mechanical overstraining during polymerization VI.

2. As soon as a steady state is reached (typically after tss = 40 − 60 min) the
current strain γ∗ = γ(tss) used by the rheometer is read out.

3. A frequency spectrum in a typical range of 10 mHz − 10 Hz is taken with
constant strain γ∗. Since γ∗ was determined in the steady state with a very
low torque this protocol guarantees linear response during the frequency
sweep. Interestingly, this type of frequency sweep reports the frequency
spectrum with much higher accuracy than a corresponding measurement
with constant stress VII.

4. After the frequency spectrum (or a series of frequency spectra) is finished,
an experiment with constant shear rate is performed to probe the non-linear
network properties (compare section 4.1.4). It is important to note that
during such a shear rate experiment the sample is usually subjugated to
plastic deformations.

Deviations from this protocol are only used for:

• Glutaraldehyde fixation: Glutaraldehyde is added together with HMM to pre-
polymerized actin filaments. The solution is gently mixed with a cut pipette

VIThe minimum torque this rheometer can apply is approximately 0.1 µNm.
VIIThis is somewhat counterintuitive for a stress-controlled rheometer but is due to the detailed

feedback mechanism implemented in the measuring software.
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2.3 Experimental techniques

tip to avoid breaking of filaments and then loaded into the rheometer for
equilibration according to step 1, i.e. until a comparable elastic modulus is
reached as observed for the corresponding network without glutaraldehyde.
Steps 3 and 4 are followed as described above.

• Prestress measurements: To determine the force dependence of the viscoelas-
tic response increasing amounts of constant prestress σ0 are applied. Only
densely cross-linked networks are investigated under prestress to avoid plas-
tic deformation during the measurement. Full relaxation of the network
is ensured in between two prestress measurements. The frequency depen-
dence of G′(f) and G′′(f) is determined with an oscillating measuring stress
σm(t) = σ0

m · sin(2πft) whereas σ0
m = 0.2 · σ0.

• Ageing measurements: Step 1 and 2 are conducted as described before. The
full ageing process is recorded with constant strain γ∗ which is acceptable
since the changes in the viscoelastic moduli during sample ageing are usually
less than 1 order of magnitude and γ∗ is still small enough to ensure a linear
response.

2.3.2 Microrheology

A magnetic tweezer microrheometer equipped with phase contrast microscopy is
used to obtain local information on the viscoelastic moduli [Ziemann et al. 1994].
Approximately 20µl sample volume is loaded into a cuvette, covered with a glass
slide, and sealed with vacuum grease. Monodisperse paramagnetic beads (4.5 µm
in diameter, Dynal M-450; Invitrogen, Karlsruhe, Germany) are added before
polymerization and used as probing particles (see Fig. 2.6). An oscillating magnetic
field is employed to apply forces to these paramagnetic beads VIII.

Figure 2.6: The viscoelastic re-
sponse of an actin network can be
probed macrorheologically by shearing
the whole network (red arrow) or mi-
crorheologically by displacing embedded
magnetic beads (orange arrows).

Although the position of the magnetic coils is fixed with respect to the objective,
the cuvette holder can be displaced. This ensures that all observed particles are

VIIIfor a schematic representation of the magnetic tweezer setup see [Lieleg 2005]
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2 Materials and Methods

placed in the center of the magnetic coils. This facilitates the microrheometer cal-
ibration, which is conducted in glycerol saturated with CsCl. The bead oscillation
is recorded with a CCD camera and analyzed by a tracking algorithm which is
implemented in the image acquisition software OpenBox [Schilling et al. 2004].
The maximum force applicable with this setup is 5 pN, limiting the use of this
technique to materials softer than about 10 Pa.

2.3.3 Optical microscopy

For fluorescence microscopy actin is labelled with TRITC-phalloidin (Sigma). To
avoid photobleaching 0.6 µM glucoseoxidase, 0.03 µM catalase and 0.01 M glucose
are added. Confocal images are acquired with a confocal microscope (TCS SP5, Le-
ica, Wetzlar, Germany). The samples for transmission electron microscopy (Philips
EM 400T) are adsorbed to glow-discharged carbon-coated formvar films on copper
grids. The samples are washed in a drop of distilled water and negatively stained
with 0.8 % uranyl acetate; excess liquid is drained with filter paper.

2.3.4 Dynamic light scattering

Samples are loaded into a glass cuvette, sealed with parafilm and kept at room
temperature for 60 min to allow for polymerization and structural equilibration.
For measurements the samples are illuminated for several hours with a laser us-
ing light of wave length λ = 532.5 nm. Scattered light from a sample area of
250 µm x 1000 µm is detected with a CCD camera at 90 ◦. At this scattering an-
gle a correlation in the sample dynamics is probed at a length scale of 50 nm. A
characteristic speckle pattern is observed as depicted in Fig. 2.7.

Figure 2.7: Typical speckle
pattern as obtained from
DLS. The shown sector cor-
responds to a sample area of
250 µm x 1000 µm.

This speckle pattern is not static but varies over time which is due to the internal
dynamics of the probed sample. To quantify this dynamics the correlation function
of the speckle pattern cI(t, τ) is calculated at different delay times τ

cI(t, τ) =
〈IP(t)IP(t + τ)〉P

〈IP(t)〉P 〈IP(t + τ)〉P
− 1 (2.6)

where IP is the intensity of a given pixel P and t denotes the sample age (compare
[Duri et al. 2005]). Note, that due to the rather uncommon normalization cI(t, 0)
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2.3 Experimental techniques

is somewhat smaller than 1.
For the data shown in this thesis the full area of 250 µm x 1000 µm is analyzed

as a whole; yet, the use of a CCD camera instead of a photomultiplier in principle
also allows for a separate analysis of different regions of interest and thus for a
spatial comparison of local dynamics.
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3 Static network properties:
Correlating the microstructure to
the macroscopic network response

Cells make use of semi-flexible polymers to form networks that provide structural
integrity and can withstand mechanical load. The mechanical properties of cells
are mainly attributed to the cytoplasmic biopolymer actin which is organized in
filamentous networks and bundles. These actin bundles are e. g. located in the
filopodia where cells create large forces that are required for motion processes.
Actin bundles are also present in the cell body where ”stress-fibers” span through-
out the whole cell (compare Fig. 3.1). Besides these prominent bundle structures,
actin filaments are organized into cross-linked networks that are the main com-
ponent of the actin cortex; if bundles are embedded in these networks, composite
phases are created.

Figure 3.1: Different morphologies of actin networks in vivo. Stiff actin bundles are
observed in the filopodia (orange) and in stress-fibers (purple). Cross-linked networks,
however, are the main component of the actin cortex (green).

Cells combine various actin binding proteins (ABPs) to locally control the forma-
tion of the different microstructures. Usually, one specific cross-linking or bundling
protein is predominant in one of these local cytoskeletal structures. As a con-
sequence this ABP is usually exclusively associated with exactly this particular
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3 Static network properties

region of the cytoskeleton, e. g. α-actinin and fascin are often regarded to be solely
actin bundling proteins.

Figure 3.2: Structural phase diagram for in vitro reconstituted actin networks. Depend-
ing on the type of ABP used, an entangled solution (center) can be rearranged into a
weakly cross-linked network (top), an isotropically cross-linked network (right), a bundle
network (left) or a composite network (bottom).

Simple in vitro reconstitutions of cytoskeletal network elements I can result in
the formation of similar structures as observed in vivo [Bausch and Kroy 2006]
– if the ”correct” ABP is chosen (Fig. 3.2). In a classical cell-biological view,
an actin bundling protein such as α-actinin or fascin should exclusively be able
to create bundle networks. However, from a physical point of view it is reason-
able to assume that a given ABP is able to organize actin filaments into different
network configurations – depending on the concentration of the ABP relative to
the filament density [Tempel et al. 1996]. Such a complex phase behavior was
theoretically predicted by [Borukhov et al. 2005]. A systematic investigation
of actin/cross-linker phase diagrams is crucial to identify the physical principles

Ii.e. a combination of actin filaments with only one type of ABP
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governing the formation of different network structures that are observed for dis-
tinct ABPs. The phase behavior of actin networks formed by the ABPs fascin,
α-actinin and rigor-HMM is discussed in section 3.1. Section 3.2 addresses the
influence of local heterogeneities on the network elasticity and the actin/α-actinin
system is exemplarily discussed. It is a challenging task to relate the different
observed microstructures to the macroscopic network elastictiy as e. g. determined
from rheological experiments. In section 3.3 a detailed microscopic description
of the elasticity of actin/fascin bundle networks is compared to the microscopic
model that can be used to describe isotropically cross-linked networks as they are
formed by rigor-HMM and implications for composite networks are discussed.
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3 Static network properties

3.1 Structural and mechanical transitions in actin
networks

Entangled solutions of the biopolymer actin are mechanically weak – at least in the
regime of linear viscoelasticity. The macroscopic elastic response of entangled actin
solutions can be significantly enhanced by the addition of cross-linking or bundling
proteins. To quantify the dependence of the network elasticity on the ABP con-
centration, the plateau modulus G0 = G′(10 mHz) is a suitable parameter that
can be analyzed as a function of the cross-linker concentration cABP relative to the
actin monomer concentration ca. The experimental control parameter is the rel-
ative cross-linker concentration R = cABP

ca
(compare Fig. 3.3). Depending on the

type and the concentration of the ABP, different mechanical regimes are observed
which manifest themselves in different scaling relations G0 ∼ Rx. The scaling
exponent x describes the sensitivity of the network elasticity on the ABP concen-
tration. It is the result of various microscopic network parameters. Besides the
micromechanical properties of the network constituents such as the bending stiff-
ness of individual actin bundles [Claessens et al. 2006] or the persistence length
of single actin filaments, the network microstructure determines the deformation
mode (compare section 3.3) and with that mainly dictates the static elasticity
of cross-linked and bundled actin networks. Therefore, the existence of distinct
mechanical scaling regimes directly implies that different network structures are
present.

Figure 3.3: The quantification of
the static network elasticity with
respect to the relative ABP con-
centration, R, is exemplarily shown
for actin/fascin networks (ca =
0.4 mg/ml, R = 0 up to R =
0.5). The frequency spectrum of
the storage modulus G′(f) is em-
ployed to define a plateau modulus
G0 = G′(10 mHz).

In the following sections the elasticity of actin networks that are cross-linked
and/or bundled by the three ABPs α-actinin, fascin and HMM are compared and
the phase behavior of the networks is discussed. For homogeneous bundle networks
and isotropically cross-linked networks the phase boundary is parameterized and
a simple relation is obtained which gives a constraint for the phase transition.
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3.1 Structural and mechanical transitions in actin networks

3.1.1 Structural polymorphism in actin/α-actinin networks:
temperature dependent transitions

By increasing the relative α-actinin concentration from R = 0 up to R = 0.5, the
macroscopic elastic response of actin/α-actinin networks at 18 ◦C can be enhanced
by more than 3 orders of magnitude. However, this enhancement is not monotonic
throughout the whole concentration regime; with respect to R, the plateau modu-
lus G0 = G′(10 mHz) reveals 3 distinct regimes (Fig. 3.4) which for simplicity are
approximated best by power laws: At low α-actinin concentrations, the network
elasticity depends only weakly on R, G0 ∼ R0.5. Above a critical concentration
of R∗ ≈ 0.01, a strong increase in the plateau modulus is observed, G0 ∼ R2.3.
This scaling regime at intermediate α-actinin concentrations crosses over to a third
regime at R# ≈ 0.1. Here, the plateau modulus still increases with respect to
R; however, the observed enhancement of the network elasticity is weaker than
before, G0 ∼ R0.6.

Figure 3.4: Mechanical regimes for α-actinin networks (ca = 9.5 µM). The plateau
modulus G0 is depicted as a function of the relative α-actinin concentration, R. Three
distinct mechanical regimes are observed, the transition points between these regimes (R∗

and R#) can be shifted by temperature as indicated by the dashed lines (red symbols and
lines: 18 ◦C, blue symbols and lines: 12 ◦C) while the scaling relations in these regimes
remain basically unaffected.

The elastic response of actin/α-actinin networks depends sensitively on temper-
ature [Tempel et al. 1996]. This can be rationalized since the binding affinity
of ABPs towards actin is temperature dependent. The data discussed so far was
obtained at 18 ◦C where the binding affinity of α-actinin is low; at lower temper-
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3 Static network properties

ature the effective amount of bound α-actinin molecules should be increased. As
a consequence, the mechanical transition points discussed before are expected to
shift to lower nominal R-values. Indeed, exactly such a behavior is observed: Both
mechanical transitions, R∗ and R#, occur at lower α-actinin concentrations if the
network is probed at 12 ◦C. However, although the bounderies of the 3 mechanical
regimes are shifted, the observed scaling relations G0 ∼ Rx are almost unaffected
by the temperature change (Fig. 3.4).

The weak dependence of the plateau modulus on the α-actinin concentration
that is observed in the first regime below R∗ is generic for other cross-linking or
bundling ABPs (e. g. hisactophilin-constructs [Wagner et al. 2006], rigor-HMM
or fascin (see section 3.1.2) and even low levels of depletion forces [Tharmann

et al. 2006] II). In this first mechanical regime the networks appear homogeneous
and isotropic and show no signs of bundles or composite phases. Furthermore, the
plateau modulus G0 scales with the actin concentration as G0 ∼ c1.3

a suggesting
that entanglements dominate the elastic response [Hinner et al. 1998]. This
is in contrast to networks at higher cross-linker densities where the elasticity is
dominated by the cross-linker distance (see section 3.1.2 and 3.3).

Concomitant with this first mechanical transition at R = R∗, the formation of
bundles can be observed in confocal microscopy images (Fig. 3.5B) in agreement
with former observations [Bendix et al. 2008]. This onset of bundling occurs in
a very similar concentration regime as also reported for scruin [Shin et al. 2004a]
and fascin (compare Fig. 3.8B), which underlines the comparable binding affinities
of these actin bundling proteins. In contrast to the purely bundled network formed
by fascin, α-actinin creates a heterogeneous, composite phase above the bundling
transition: Distinct bundles of various thickness are embedded in a network that
still contains single actin filaments (Fig. 3.5A).

This composite phase resembles the actin/scruin networks reported in [Shin

et al. 2004a]. Indeed, the observed scaling behavior of the plateau modulus in
this composite regime is comparable to the scaling relation obtained by Shin et
al. for scruin networks in the composite phase. As the confocal image depicted in
Fig. 3.5A shows, thick actin/α-actinin bundles are only sparsely present at inter-
mediate α-actinin concentrations. The degree of bundling can be tuned: increasing
the nominal III α-actinin concentration [Bendix et al. 2008] at a given temper-
ature leads to the formation of thicker bundles and increases the bundle density.
Increasing the effective α-actinin concentration by lowering the temperature has
the same effect (Fig. 3.5B). In either case, the resulting network structure retains

IINote, that for actin/PEG networks pseudo-cross-links are formed in this first regime. This
makes a microscopic comparison with networks cross-linked by ABPs difficult.

IIIIn the context of this thesis the nominal ABP concentration represents the total amount of
ABPs present in the sample while the effective ABP concentration refers to the amount of
ABPs that are bound to actin.
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3.1 Structural and mechanical transitions in actin networks

Figure 3.5: Confocal micrographs of composite actin/α-actinin networks (ca =
4.75 µM, R = 0.05); bundles are locally embedded in the network, the degree of bundling
can be adjusted by temperature. (A): At 27 ◦C bundles are very rare (arrow); (B): At
7 ◦C the degree of bundling is increased, but the network structure is still highly hetero-
geneous. Scale bars denote 10 µm.

its heterogeneous character.
The heterogeneities described so far are still quite modest; on the mesoscopic

length scale accessible with classical phase contrast microscopy or epifluorescence,
individual bundles as detected by confocal microscopy are hardly visible – the
bundle diameters are still too small to distinguish the bundles from single filaments
in such a composite network. However, very thick bundles and even stronger
heterogeneities in the local network structure should be detectable. Such structural
rearrangements occur at higher α-actinin concentrations, i. e. in the third regime
R > R#, and can be observed by light microscopy techniques as depicted in
Fig. 3.6: Star-shaped clusters are observed both in epifluorescence (Fig. 3.6A)
and phase contrast micrographs (Fig. 3.6B). The star-shaped regions resemble
actin/α-actinin foci that are found in living cells [Yamashiro-Matsumura and
Matsumura 1986]. These regions of clustered bundles are not detectable at
α-actinin concentrations R < R#.

Confocal images reveal, that in theses clusters many bundles are concentrated
in localized spots that have a size of ≈ 5− 10 µm. The spatial distribution of the
star-shaped bundle clusters shown in Fig. 3.6 can be visualized by a projection
of a confocal z-stack at low magnification as depicted in Fig. 3.7A IV. In order
to determine the fractal (or Hausdorff) dimension d of such bundle clusters, the
cluster mass Mcluster has to be related to the cluster size Rcluster similar to the anal-
ysis of colloidal aggregates [Weitz and Oliveria 1984]: Mcluster ∼ Rd

cluster. The
integrated fluorescence intensity of a bundle cluster is proportional to the amount
of actin filaments in the cluster and can thus be used to represent Mcluster. Using
IVThis picture was binarized to enhance visibility.
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Figure 3.6: Epifluorescence (A) and phase contrast (B) micrograph of actin/α-actinin
networks (R = 0.5, ca = 2.4 µM) showing bundle clusters. (C) Z-projection (20 µm) of
a confocal micrograph of bundle clusters (R = 0.5, ca = 4.75 µM). Scale bars denote
10 µm.

this method a power law behavior Mcluster ∼ R1.8± 0.2
cluster is observed (Fig. 3.7B),

which corresponds to a fractal cluster dimension of d ≈ 1.8. Interestingly, an
evaluation of relatively large sample volumes with Rcluster = 150 µm suggests that
the network organisation follows this fractal dimension also on larger length scales
creating a self-similar material (compare section 4.2).

Figure 3.7: (A) Confocal micrograph of a bundle cluster network (ca = 4.75 µM,
R = 0.5) at low magnification (the scale bar represents 50 µm). The picture shows a
projection of a z-stack of ∆z = 150 µm height which was binarized to enhance visibility.
(B) The integrated fluorescence intensity of the bundle clusters depicted in (A) is plotted
as a function of cluster size, Rcluster. Circles denote data points that were obtained
by assuming spherical clusters, squares denote a polygon approximation. A power law
behavior Mcluster ∼ R1.8

cluster is observed for both methods.

The occurrence of bundle clusters is not limited to the ABP α-actinin, qualita-
tively similar heterogeneities can be observed for filamin bundle networks, but not
for bundle networks formed by scruin [Shin et al. 2004a], fascin (section 3.1.2.2)
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or espin [Purdy et al. 2007]. A possible explanation for this observation could
be, that the size of the ABP is the crucial parameter for cluster formation and
long and flexible ABPs like α-actinin or filamin might be required to perform
cross-linking and clustering besides bundling. Interestingly, in this bundle cluster
regime of actin/α-actinin networks the enhancement of the macroscopic plateau
elasticity is significantly weaker than in the composite phase. While a micro-
scopic description of the macroscopic network elasticity is extremely difficult for
such heterogeneous networks, microrheological techniques and simulations can be
employed to investigate the influence of structural heterogeneities on the macro-
scopic network response. This is described in section 3.2. However, it is clear that
the different scaling regimes observed in the plateau elasticity of actin/α-actinin
networks are directly related to changes in the network microstructure.

3.1.2 Structural and mechanical transitions in homogeneous
networks: describing the phase boundary

For a detailed physical understanding of structural and mechanical phase transi-
tions well-defined model systems are necessary. Two rather simple model actin
networks are given by the actin/HMM and actin/fascin system. In contrast to the
highly complex actin/α-actinin system, actin/fascin networks exhibit only two dif-
ferent mechanical phases (Fig. 3.8B); the same holds true for actin/HMM networks
(Fig. 3.8A and [Tharmann et al. 2007]). The structural polymorphism observed
for actin/α-actinin networks does not occur in actin/HMM and actin/fascin net-
works.

Figure 3.8: Mechanical regimes for (A) actin/HMM and (B) actin/fascin networks:
The plateau modulus G0 is depicted as a function of the relative ABP concentration
R. As indicated by the colors, two different actin concentrations are investigated. The
dependence of G0 on ca is obtained by scaling the fits for the low-ca data upon the high-ca

data points. The dashed line shows the boundary separating the two scaling regimes.
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3.1.2.1 Isotropically cross-linked networks

If rigor-HMM is employed to create cross-links in actin solutions, the overall fil-
ament organization of the actin solution is not significantly altered - the HMM
molecules solely create cross-links between distinct actin filaments thereby de-
creasing the cross-linker distance lc with increasing R [Tharmann et al. 2007].
For actin/HMM networks, the plateau modulus G0 = G′(10 mHz) at low R is only
slightly dependent on R, G0 ∼ R0.1, while above a critical value R#, G0 increases
with G0 ∼ R1.2 (Fig. 3.8A). These exponents fit the data for both actin con-
centrations probed; furthermore the second scaling regime also extends to higher
R-values [Tharmann et al. 2007]. The transition point R# depends slightly on
the actin concentration (R#(0.8 mg/ml) ≈ 0.002, R#(0.4 mg/ml) ≈ 0.004).

In the first regime (R < R#), the observed dependence of the plateau elasticity
on the polymer density, G0 ∼ c1.3

a , is in good agreement with predictions for
entangled actin solutions [Hinner et al. 1998] V. Thus, at very low HMM densities
a theoretical description based on the tube model holds suggesting that the network
elasticity in this first regime is still dominated by entanglements rather than cross-
links. In the second regime, the dependence on the actin concentration as predicted
by an affine stretching model [MacKintosh et al. 1995] is reasonably reproduced,
G0 ∼ c2.5

a
VI. This suggests that in this second regime the actin/HMM cross-links

dominate over the remaining entanglement points.
In order to pin down the microscopic length scale that sets the transition from

the entanglement dominated regime to the cross-link dominated regime an mathe-
matical description of the mechanical transition in actin/HMM networks (as indi-
cated by the dashed lines in Fig.3.8A) would be of avail. It would have to relate the
two competing length scales, i. e. the cross-linker distance lc and the entanglement
length le to give a quantitative criterion for the cross-link transition. As already
mentioned, the exact position of the cross-link transition R# depends on the actin
concentration. With the observed scaling behavior G0(R, ca) the plateau modulus
is parameterized in both cross-linker concentration regimes, i e. before (i= I) and
after the cross-link transition at R# (i= II):

G0(R, ca) = G0(R
t, ct

a) · fi

(
ca

ct
a

)
· gi

(
R

Rt

)
(3.1)

where G0(R
t, ct

a) denotes an arbitrary but fixed transition point and the functions
fi and gi can be read from the scaling relations depicted in Fig. 3.8A. At the cross-
over concentration R = R# these two parameterizations have to be equal. This
uniquely determines the scaling of R# with the actin concentration, R# ∼ c−6/5

a ,

VThe tube model predicts a scaling G0 ∼ c
7/5
a (compare section 2.2.3).

VIThe affine stretching model predicts a scaling G0 ∼ c
11/5
a .
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3.1 Structural and mechanical transitions in actin networks

which results in a constraint describing the phase boundary: cHMM · c1/5
a = const.

Using the entanglement length le ∼ c−2/5
a , the latter can be approximated to

cHMM · l−1/2
e = const. (3.2)

This suggests that with increasing actin concentrations (corresponding to de-
creasing le) smaller absolute concentrations of HMM molecules are sufficient to
induce the crossing-over to the second scaling regime. Thus, the critical parame-
ter which is held constant along the ”phase boundary” is the average cross-linker
distance lc – no overall rearrangement in the network structure occurs. This is con-
sistent with the experimental finding that the cross-linker distance at the transition
points is roughly constant [Luan et al. 2008] and comparable to the persistence
length of an actin filament. lc ≈ 14− 17 µm refers to the percolation threshold at
which the cross-link density is high enough to evoke an overall network response
that is not dominated by entanglements any more. The entanglement length in
turn is set by the persistence length – determining the length scale for tube con-
finement effects. The overall network structure of actin/HMM networks will not
be changed when crossing R#; no extra free energy or enthalpy compensation is
needed for structural rearrangements. Thus, less HMM molecules are required to
induce the mechanical transition at higher filament densities.

While the viscoelastic response of weakly cross-linked actin networks is still
dominated by entanglements, low cross-linker concentrations have a small but sig-
nificant influence on the plateau elasticity. Obviously, the HMM molecules are
able to slightly change the network properties even at very low concentrations. To
elucidate the impact of cross-linking molecules before the cross-link transition R#,
an investigation of the microscopic network elasticity might be of avail. The local
viscoelastic moduli are determined at ≈ 100 positions per sample for an inter-
mediate frequency of 0.1 Hz. From the distribution data of G′(0.1 Hz) cumulative
probabilities are calculated for different R, i.e. below and above R# (Fig. 3.9A).
Based on the shape of the resulting distributions two regimes can be distinguished:
below R# the distribution curves show pronounced heterogeneities of G0 whereas
above the critical concentration R# homogeneous distributions are obtained. In
the latter, the mean values and the absolute widths of the distributions increase
with increasing cross-linker concentration R. Thus, normalizing the cumulative
probabilities by their respective average elastic modulus (Fig. 3.9B) results in a
collapse of all probability distributions onto a single curve. Interestingly, this
normalized distribution curve is identical to the distribution curve obtained for
an entangled actin solution, confirming the cross-linking of actin filaments into
homogeneous and isotropic networks by rigor-HMM [Tharmann et al. 2007].

The relative distribution width is given by the normalized standard deviation
σrel = σ

<G′(0.1 Hz)>
. A relative width of σrel = 20% is obtained for an entangled actin
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Figure 3.9: (A) Cumulative probabilities of the network elasticity are obtained from the
local distribution data of G′(0.1 Hz) for different R. (B) Normalization by the respective
average value < G′(0.1 Hz) > allows an overlay of curves for R > R#. This is not
possible for samples R < R# as their relative distribution width σrel = σ

<G′(0.1 Hz)> is
almost twice as large as for the other samples as depicted in the inset.

solution as well as for cross-linked networks (R > R#) as depicted in the inset of
Fig. 3.9B. At low HMM concentrations (R < R#), σrel = 40 − 50 % is more than
twice as large corresponding to the broad shape of the distribution curves: the de-
gree of heterogeneity is increased by the addition of a few cross-linking molecules,
until at the transition point R# a homogenous microstructure is reached again.
The occurrence of heterogeneities at low cross-linker concentrations was also re-
ported by [Tempel et al. 1996] for actin/α-actinin networks and referred to as
”microgelation”. There, this hypothesis was mainly based on electron microscopy
pictures which are prone to artifacts. However, the microrheological characteriza-
tion of the weakly cross-linked regime discussed here provides strong and direct
experimental evidence which unambiguosly demonstrates the local heterogeneity
of the elastic network properties.

Interestingly, the distributions obtained for the two lowest ratios (R = 1/5, 000
and R = 1/10, 000) contain values even lower than the elastic modulus of an
entangled actin solution; the corresponding histogram exhibits a second peak at
G′(0.1 Hz) ≈ 20 mPa. At the same time, only very few values exceed the elastic
modulus obtained for R = 0. To elucidate the network microstructure responsible
for this peculiar broadening, full frequency spectra are determined at different
sample positions. All obtained spectra have comparable shapes, none of them
exhibits a minimum in G′′(f) within the frequency range probed. As discussed
in detail in section 4.1.1 of this thesis, a minimum in G′′(f) would be a clear
signature of a transiently cross-linked network. However, the locally obtained
frequency spectra are merely shifted lack this feature and are merely shifted with
respect to their absolute values. This finding might suggest that in this first
cross-linker concentration regime (R < R#) the observed heterogeneity in the
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local viscoelastic response is caused by local filament density fluctuations induced
by the few HMM molecules present rather than by a formation of cross-linked
microdomains. In either case, the observed formation of local heterogeneities may
be a more generic phenomenon and a prerequisite for the structural transition into
a network dominated by percolating cross-links.

3.1.2.2 Purely bundled networks

In contrast to the cross-link transition in actin/HMM networks, the mechanical
transition in actin/fascin networks is accompanied with a major structural rear-
rangement. In the presence of high concentrations of fascin, actin filaments orga-
nize into a network of bundles (Fig. 3.10A) while below a critical value R∗ ≈ 0.01
no bundles can be observed. Both fluorescence and transmission electron mi-
croscopy do not show any sign of a composite phase as reported for other ABPs
like scruin [Shin et al. 2004a] or hisactophilin-constructs [Wagner et al. 2006].
Moreover, the existence of a purely bundled phase can be demonstrated by a
cosedimentation assay (see appendix).

Figure 3.10: Fluorescence micrograph
of an actin/fascin network (0.1 mg/ml
actin): at high fascin concentrations a
purely bundled network is formed (the
scale bar represents 10 µm).

For actin/fascin networks, the mechanical transition point occurs at a signifi-
cantly larger ABP concentration than for actin/HMM networks. Here, R∗ ≈ 0.01
is determined from the rheological data at ca = 0.4 mg/ml which agrees well with
the structural transition observed in microscopy. Below R∗ the plateau modulus
scales with the actin concentration as G0 ∼ c1.3

a suggesting that entanglements
dominate the elastic response – comparable to the low-R regime of actin/HMM net-
works. Interestingly, the transition into a regime dominated by the cross-linking
ABP occurs at much higher R-values compared to actin/HMM networks. This
suggests that fascin might not be an equally effective cross-linking molecule as
rigor-HMM which could be due to the small size of fascin. Accordingly, the tran-
sition observed for actin/fascin networks is a bundling transition rather than a
cross-link transition. Above R∗ a different scaling regime occurs with G0 ∼ c2.4

a .
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So far no theoretical predictions for this scaling relation existed for networks of
stiff actin bundles; it is by coincidence a similar scaling relation as obtained for
isotropically cross-linked networks, however the microscopic origin of the network
elasticity is fundamentally different for a network of stiff bundles. The detailed
properties of actin/fascin bundle networks as well as an appropriate modeling of
the network elasticity are addressed in section 3.3.

Combining the different R-dependencies before and after the transition, a con-
straint for the transition line can be calculated following the same formalism as in
3.1.2.1. A surprisingly simple criterion is also obtained for this bundling transition

cfascin · l+1/2
e = const. (3.3)

which is qualitatively different from equation (3.2): higher actin concentrations
(corresponding to smaller le) require larger fascin concentrations to induce the
mechanical (and structural) transition in actin/fascin networks. In contrast to
the simple cross-link/percolation transition of actin/HMM networks, the relation
obtained for actin/fascin networks defies an obvious explanation and a detailed
theoretical model is still lacking. Such a model would need to account for the subtle
interplay between the confinement free energy of polymers in both the bundle and
the network as well as the binding enthalpy of the cross-linking proteins.

In direct correlation with the mechanical (and in case of actin/fascin networks
also structural) transition, the microscopic origin of the network elasticity changes.
While the confinement of filament fluctuations to length scales smaller than the
entanglement length is responsible for the elastic response of an entangled solution
or a weakly cross-linked networks, stretching and bending of filaments or bundles is
expected to dominate at high cross-linker densities. The exact type of the deforma-
tion mode as well as the respective degree of (non-)affinity is still under debate and
no unified theoretical description exists so far. This problem is further addressed
in section 3.3 of this thesis where the microscopic origin of bundled actin/fascin
networks is compared to isotropically cross-linked and composite networks.

3.1.3 Accessible paths in the phase diagram

As described in section 3.1.1 and 3.1.2, in vitro reconstitutions of actin/ABP net-
works can result in several structural and mechanical phases. Actin/HMM net-
works exhibit only one single transition from a weakly cross-linked phase to an
isotropically (= strongly) cross-linked regime. Actin/fascin networks also show
only one transition: at low R weakly cross-linked networks are observed while a
purely bundled phase is formed above a critical fascin concentration (Fig. 3.11).
For actin/α-actinin networks a highly complex structural polymorphism is ob-
served: three different regimes are identified – both in the mechanical response
and the network organization.
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3.1 Structural and mechanical transitions in actin networks

Figure 3.11: Accessible paths in the phase diagram for actin/α-actinin, actin/fascin
and actin/HMM networks. For each ABP the path through the phase diagram starts
with the generic weakly cross-linked phase.

Theoretical predictions for charged stiff rods cross-linked by molecules of diffe-
rent affinity [Borukhov et al. 2005] suggest that the interaction energy between
actin and the cross-linking molecule is the key parameter which can be used to
classify a given ABP as either ”cross-linking” or ”bundling”. While this simple
picture is appealing, many ABPs do not follow this rigorous classification. The
direct comparison of the three actin/ABP systems mentioned above shows that
a variation of the relative cross-linker concentration allows for the creation of
at least two different structural and/or mechanical phases in cross-linked actin
networks. However, the exact concentration regimes for these phases as well as
the accessible parts of the phase space drastically vary for different types of actin
binding proteins.

Besides the relative cross-linker concentration, the inherent microscopic char-
acteristics such as the size, shape, flexibility and binding affinity of a given ABP
determine the microstructure of the resulting cross-linked and/or bundled actin
network. In [Wagner et al. 2006] it was shown, that the spacer distance between
actin binding domains is an important parameter that influences the microstruc-
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ture of actin/ABP networks. For engineered hisactophilin constructs where the
actin binding site and thus the binding energy is conserved, the ”bundling propen-
sity” increases with decreasing spacer distance of the ABP. Qualitatively, this result
can also be confirmed for the ABPs studied here; a comparison with other ABPs
is given in table 3.1:

ABP molecular weight prominent structural phases

espin 30 kDa bundle network/composite network

fascin 55 kDa bundle network

scruin 120 kDa composite network

α-actinin 215 kDa structural polymorphism

HMM 350 kDa isotropically cross-linked network

filamin 560 kDa bundle network

Table 3.1: Different ABPs of increasing molecular weights are compared regarding the
most prominent structural phases that they form in reconstituted actin networks. The
generic weakly cross-linked regime at low ABP concentrations is not explicitely mentioned
for all those ABPs.

Fascin is a very small ABP and creates a purely bundled phase. Similar results
can be obtained for espin, which has an even lower molecular weight (30 kDa [Bar-

tles et al. 1998]) but is proposed to form a composite phase at intermediate
concentrations [Purdy et al. 2007]. Such a composite phase is definitely present
for the much larger ABP α-actinin (section 3.1.1) and the ABP scruin [Shin et al.
2004a] (molecular weight 120 kDa [Way et al. 1995]) – although the binding mode
of scruin is fundamentally different. Finally rigor-HMM is an ideal cross-linking
molecule which does not form bundles at all. This comparison seems to suggest
that at least a common trend might be present with respect to the size of the cross-
linking molecule. The huge human ABP filamin (560 kDa [Wang et al. 1975])
serves as a prominent exception from this rule of thumb as actin/filamin networks
– in contrast to what can be read in many text books – show a purely bundled
phase at sufficently high filamin concentrations [Schmoller et al. 2008b].

This demonstrates that a simple categorization of ABPs into cross-linking or
bundling molecules is futile. Any theoretical model which takes into account ei-
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ther merely strutural or biochemical information VII on the ABP can obviously not
be sufficient to predict the complex phase behavior of reconstituted actin/ABP
networks. Therefore, such theoretical approaches are – at this point of research –
bound to fail in rationalizing the even more complicated structural organization
of living cells. As a consequence, a clean and systematic experimental investiga-
tion of the phase behavior of in vitro reconstitutions of cytoskeletal networks is
indispensable to shed light on the underlying physical principles that lead to the
formation of different structural and therefore mechanical phases as well as the
transitions between them.

Recall that both the isotropically cross-linked networks formed by rigor-HMM
and the bundle networks formed by fascin are very homogeneous. However, in the
generic weakly cross-linked regime at low cross-linker concentrations the formation
of local heterogeneities is observed right before the transition to a homogeneous
phase (compare section 3.9). Heterogeneous network structures are also observable
for actin/α-actinin networks. There, a composite phase at intermediate R and
bundle clusters at high R were identified (compare section 3.1.1). The influence of
such mesoscopic heterogeneities on the macroscopic network elastictiy is addressed
in the next section of this thesis.

VIIsuch as binding affinity
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3.2 Influence of heterogeneities on the static
network elasticity

In living cells, stiff actin bundles are embedded into softer networks constituted of
single filaments. In this way a highly heterogeneous material is created. Because of
its complexity, a physical understanding of composite cytoskeletal networks calls
for well-defined in vitro model systems. So far, a quantitative physical description
of the viscoelastic properties of cross-linked or bundled actin networks relies on
a homogeneous microstructure. A theoretical description of composite networks
is very difficult: the heterogeneous character of composite networks questions the
convential approach of assuming a dominating deformation mode (compare section
3.3.3). Thus, a systematic identification of relevant network heterogeneities as
well as a characterization of their impact on the viscoelastic network properties
is crucial. Only an integrated approach combining micro- and macrorheological
techniques with optical microscopy and simulations can provide the basis for a
detailed understanding of the mechanical properties of heterogeneous cytoskeletal
networks.

In section 3.1.1 it was demonstrated that in vitro reconstituted actin/α-actinin
networks show pronounced structural polymorphism. Three distinct mechanical
regimes were identified and it was shown that these regimes can directly be related
to major rearrangements in the network microstructure. This is summarized in
Fig. 3.12.

Figure 3.12: The mechanical transitions in actin/α-actinin networks are induced by
major rearrangements in the network microstructure. Two types of structural hetero-
geneities are identified: At intermediate α-actinin concentrations a composite network is
formed while at high R a bundle cluster phase occurs.
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It remains to be investigated how these structural heterogeneities manifest them-
selves in the elastic network response. Two imminent questions are addressed in
the following section of this thesis: First, despite the well-defined macromechani-
cal response of such heterogeneous networks, the viscoelastic properties could be
drastically different on a local length scale. This problem is addressed for compo-
site networks in section 3.2.1. Second, it is a priori unclear how the occurrence of
pronounced heterogeneities such as bundle clusters affect the macroscopic elastic
response of bundle networks. Finite element simulations are employed in section
3.2.2 to elucidate this aspect.

3.2.1 Composite bundle phase

Already the semi-flexible nature of actin filaments themselves results in a separa-
tion of length scales. At length scales that are much smaller than the persistence
length the actin filament behaves as a stiff rod rather than as a flexible chain
(compare section 2.2.1). Furthermore, the elastic properties of an entangled actin
solution depends critically on the density of entanglement points which in turn
is set by the filament density. A microscopic measurement cannot fully report
collective properties of actin solutions if the probed length scale is smaller than
this entanglement length. As a consequence, the local viscoelastic properties of
an entangled actin solution can significantly differ from the macrorheological re-
sponse [Liu et al. 2006]. In isotropically cross-linked actin/HMM networks the
viscoelastic response is determined by the average distance between cross-linking
points. It has been shown that the elasticity of actin/HMM networks is system-
atically underestimated if the network response is probed at a length scale that is
smaller than the cross-linker distance lc [Luan et al. 2008]. Similar effects might
have to be considered for heterogeneous composite networks – albeit here the crit-
ical length scales would be expected to be set by the dimension of the occuring
heterogeneities.

In order to test composite actin/α-actinin networks regarding a putative differ-
ence between the local and bulk mechanical properties, a microrheological charac-
terization of such composite networks would be of avail. The microscopic storage
modulus at a given frequency, G′(0.1 Hz), is determined and compared to the
macrorheological value. Distributions of this local modulus are obtained by ana-
lyzing 80 different bead positions in a given sample for a composite network, i.e. at
an intermediate α-actinin concentration of R = 0.02 (Fig. 3.13A). The obtained
moduli are approximately one order of magnitude lower than the macroscopic re-
sult (Fig. 3.13B); however, in either case the network elasticity can be enhanced
by increasing the binding affinity upon decreasing the temperature. Moreover, the
locally obtained frequency spectrum of such a network (Fig. 3.13C) resembles the
spectrum of a weakly cross-linked network below the cross-link transition [Luan
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Figure 3.13: A composite actin/α-actinin network (ca = 9.5 µM and R = 0.02)
is investigated by micro- and macrorheology. (A) The distribution of the microscopic
storage modulus at a given frequency, G′(0.1 Hz), is shown for 21 ◦C (red) as well as
12 ◦C (blue). A Gaussian is fitted to the distribution data to determine the average
value < G′ > and the distribution width σ. (B): Local (front line) and macroscopic (rear
line) elasticity of a composite network (ca = 9.5µM, R = 0.02) at 21◦C (red) and 12◦C
(blue). (C) Macroscopic (squares) and microscopic (circles) frequency response. Closed
symbols denote G′(f), open symbols denote G′′(f).

et al. 2008]. In this context it is crucial to recall that microrheology probes the
mechanical properties of the network on a length scale comparable to the size of
the probing particle – in this case 4.5µm representing the diameter of the beads
used. In the intermediate α-actinin concentration regime the bundle density is still
quite low, thus the strong macromechanical fortification caused by the embedded
bundles is not detectable on this local scale.

An appropriate parameter to quantify the degree of micromechanical hetero-
geneity is the relative distribution width σrel = σ/ < G′(0.1 Hz) > of the local
storage moduli, where < G′(0.1 Hz) > denotes the average value of the distribu-
tion as depicted in Fig. 3.13A and σ represents the absolute distribution width.
For composite α-actinin networks (R = 0.02), this relative distribution width is
very low, σrel ≈ 0.22 for both temperatures investigated and corresponds to values
obtained for isotropic networks (compare Fig. 3.9 in section 3.1.2.1). This further
underlines that the observed heterogeneities affect the mechanical properties of
the network only on length scales larger than 4.5 µm.

3.2.2 Bundle cluster phase

As already discussed in section 3.1.1, actin/α-actinin bundles can also form large
aggregates; the occurrence of bundle clusters coincides with the second mechani-
cal transition point R# (Fig. 3.12). This suggests that the lower effectiveness of
elasticity enhancement observed for high α-actinin concentrations is attributable
to this type of structural heterogeneity. In order to analyze the effect of local bun-
dle clustering on the mechanical response of bundle networks, 3-dimensional finite
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element simulations similar to [Huisman et al. 2007] are employed in cooperation
with Christian Cyron VIII.

Figure 3.14: Finite element simulations of
cross-linked bundle networks with increas-
ing degree of heterogeneity: (A) homoge-
neous network; 25% of the material is redis-
tributed into one central cluster (B) or four
distinct clusters (C). The corresponding net-
work stiffnesses are normalized by the stiff-
ness of the homogeneous network as depicted
in (D). The degree of heterogeneity is repre-
sented by the ratio of clustered beams to the
total number of beams. Circles denote net-
works with one central cluster, squares de-
note networks containing four clusters.

A cross-linked network composed of stiff beams (”bundles”, each beam is dis-
cretized by 11 nodes) with random beam position and orientation (Fig. 3.14A)
is compared to networks with increasing degree of heterogeneity. Networks with
one centered cluster of increasing size (Fig. 3.14B) and networks containing four
distinct clusters (Fig. 3.14C) are investigated. For cluster creation, the beams are
merely rearranged to create increasingly heterogeneous network structures. In all
cases, the total amount of material is preserved. For simplicity, we assume full
degree of cross-linking; i.e. a cross-link is introduced between each pair of nodes
that are closer than 500 nm IX. As depicted in Fig. 3.14D, the stiffness of such a
network of cross-linked stiff beams decreases roughly exponentially with increasing
degree of clustering. The key parameter is the amount of material that is local-
ized in isolated spots; the simulation result is largely insensitive to the number
of clusters formed. Note, that clustering drastically affects the network elasticity.

VIIIArbeitsgruppe Wall, Lehrstuhl für Numerische Mechanik, TU München
IXThe qualitative result of our simulation is largely insensitive towards the detailed assumptions

made on the microstructure.
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Already a degree of heterogeneity of 20 % leads to an 80% decrease in the network
stiffness.

Despite the occurrence of bundle clusters, an increase of the network elasticity
is observable in the macrorheological experiments at high α-actinin concentrations
– albeit weaker than at intermediate R (compare Fig. 3.12). It is important to
note, that this result is based on increasing R-values. Increasing α-actinin con-
centrations induce two types of structural rearrangements, that have competing
effects on the network elasticity. First, clustering of bundles weakens the network
elasticity by concentrating material in localized and isolated spots that are too
sparse to allow for a percolation of these stiff regions. Second, the bundle density,
thickness and stiffness further increase, which counteracts the increase in average
meshsize – similar to what was observed for purely bundled networks as discussed
in section 3.3.2. Still, the drastic effect of bundle clustering on the network elastici-
ty observed in the simulations is consistent with the relatively low plateau moduli
observed for high α-actinin concentrations (R > R#). If the strong R-dependence
valid for intermediate α-actinin concentrations would also extend into the high-R
regime, a 30 times higher elasticity would occur for a R = 0.5 network (red arrow
in Fig. 3.12). From confocal micrographs (see Fig. 3.7) a degree of heterogeneity
of ≈ 10 % can be estimated for such a R = 0.5 bundle cluster network. This
indicates that the simplified simulation approach discussed here is able to cap-
ture the qualitative impact of bundle clustering on the elastic response of bundle
networks. However, more detailed modeling approaches will be needed to achieve
quantitative agreement with the relatively low network elasticity that is observed
experimentally.

In conclusion, two types of structural heterogeneities dictate the macromechan-
ical response of bundle networks formed by α-actinin. On the one hand, the for-
mation of a composite phase where bundles are locally embedded into the network
strengthens the macroscopic network response while the local elasticity remains
low. On the other hand, the rearrangement of bundles into star-like clusters drasti-
cally concentrates material in localized spots, which weakens the network elasticity.
These findings demonstrate that a detailed knowledge of the network microstruc-
ture is crucial to rationalize macromechanical behavior of complex actin networks.
So far, the transitions between different structural and mechanical phases and
their correlation with the macromechanical network response were addressed. It
remains to be shown how the microscopic origin of the network elasticity is deter-
mined by the network microstructures. This is addressed in the next section of
this thesis.
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3.3 The network microstructure determines the
local deformation mode

In the absence of cross-linking molecules, the elasticity of entangled actin solutions
is successfully described by the spatial confinement of thermal bending undulations
upon affine tube deformations [Hinner et al. 1998]. The viscoelastic response of
cross-linked semi-flexible polymer networks, on the other hand, is in general domi-
nated by an interplay between polymer stretching and bending modes. The precise
form of the local deformation mode, as well as the degree of non-affinity, strongly
depends on the network microstructure [Heussinger and Frey 2006b]. So far
the mechanical response of cross-linked actin networks in the linear viscoelastic
regime has mainly been described assuming purely affine entropic stretching de-
formations [Gardel et al. 2004a, Shin et al. 2004a, Tharmann et al. 2006] –
also in the presence of bundles and composite phases. An alternative model was
lacking. The affine stretching model developed by [MacKintosh et al. 1995] is
especially successful in describing the static elasticity of isotropically cross-linked
actin/HMM networks [Tharmann et al. 2007]. However, an applied tension
can stretch a thermally undulating polymer only as far as there is excess contour
lengthX available (Fig. 3.15).

Figure 3.15: (A) Due to thermal undulations, the end-to-end distance Re of an actin
filament is considerably shorter than its contour length Lc. If a force is applied to the
filament, this thermal contraction can be reversed by ”pulling out” the thermal excess
length ∆Λ. This gives rise to an elastic response. (B) For stiff polymers like actin
bundles thermal undulations are suppressed. As a consequence, forces acting on such a
stiff polymer can hardly evoke a considerable mechanical stretching deformation. (C) A
bending deformation can be transduced along the contour of a stiff polymer – even over
length scales larger than the typical distance between two neighboring cross-linking points
(orange circles). This bending induces non-affinities in contrast to the affine stretching
deformations.

Xalso called ”thermal excess length” ∆Λ
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As the maximal amount of stored length is inversely proportional to the per-
sistence length of a polymer, entropic stretching is suppressed in networks of stiff
polymers. Moreover, the highly non-linear nature of the force-extension relation
of semi-flexible polymers implies that linear elasticity theories are only valid as
long as only a fraction of the total excess length is pulled out. The recently intro-
duced concept of the ”floppy modes” may be better suited to describe the polymer
elasticity in situations where entropic effects are suppressed [Heussinger and
Frey 2006a]. These floppy modes constitute bending excitations which, unlike
the affine stretching deformations, retain a highly non-affine character (see the
sketch in Fig. 3.15C). Section 3.3.1 describes the experimental characterization
of actin/fascin bundle networks. These experimental findings indicate that a de-
scription of the macroscopic elasticity of actin/fascin bundle networks should be
based on bending deformations rather than stretching deformations. In section
3.3.2 this microscopic modeling approach is described in detail. Finally, in section
3.3.3 implications for composite networks are discussed.

3.3.1 Experimental results for actin/fascin networks

As described in section 3.1.2.2, actin/fascin networks exhibit a structural transition
from a weakly cross-linked network into a purely bundled phase at a relative fascin
concentration of R∗ ≈ 0.01. The bundles formed are very long (> 100 µm) and
straight over large length scales which is consistent with the high measured bending
rigidity κ [Claessens et al. 2006] and suggests that stretching deformations
are not suitable to describe the elastic response of actin/fascin bundle networks.
TEM micrographs reveal that above R∗ the actin/fascin bundle thickness D and
therefore the number of actin filaments per bundle, N , increases weakly with R
(Fig. 3.16A). The bundle thicknesses are extracted from the TEM-micrographs by
fitting a Gaussian to the intensity profiles, obtaining a scaling of D ∼ N1/2 ∼ Rx

with x = 0.27.
Concomitant with the structural alterations the macroscopic viscoelastic prop-

erties of the network change: with increasing R both the storage modulus G′(f)
and the loss modulus G′′(f) increase over the whole frequency range probed
(Fig. 3.16B). The storage modulus G′(f) exhibits a plateau at low frequencies,
while the loss modulus G′′(f) reveals a well-defined minimum which shifts to higher
frequencies with increasing fascin concentrations XI. In the bundle phase, the
plateau modulus G0 follows the scaling relation G0(R, ca) ∼ R1.5 ·c2.4

a (Fig. 3.16C).
A theoretical description of the elastic response of actin/fascin bundle networks
XIThis is attributable to increasing impact of thermal cross-linker unbinding events and is ex-

plained in detail in section 4.1.1. Further experimental evidence for the existence of cross-links
between distinct bundles can be obtained by observing the correlated thermal fluctuation of
putatively connected neighboring bundles [Schmoller 2008].
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Figure 3.16: (A) From TEM pictures
(inset, scale bar is 0.2 µm) a scaling re-
lation for the average bundle diameter
D is obtained. (B) Frequency spectra
for actin/fascin networks in the bundle
phase. Closed symbols denote G′(f),
open symbols denote G′′(f). (C) The
plateau modulus of actin/fascin bundle
networks scales as G0(R, ca) ∼ R1.5c2.4

a .

would have to reproduce this macroscopic scaling behavior on the basis of the
microscopic findings considering the high stiffness of actin/fascin bundles.

3.3.2 Non-affine bending deformations in actin/fascin
bundle networks

As motivated in section 3.3.1, the mechanical properties of actin/fascin bun-
dle networks may be understood in terms of a non-affine bending model which
is based on a floppy mode description developed for athermal networks of stiff
rods [Heussinger and Frey 2006a]. In such a model the network elasticity is
attributed to bending modes of wavelengths comparable to the average distance
between two cross-links, lc, and with stiffness k⊥ ∼ κ/l3c . In this picture typical
deformations of the network do not follow the macroscopic strain affinely but scale
as δna ∼ γLB, where LB is a constant length over which an individual bundle within
the network can be assumed to be straight (compare the sketch in Fig. 3.15C).
Fluorescence and TEM pictures indicate that this length can expected to be com-
parable to the bundle length. As a consequence the linear elastic modulus of the
bundle network reads

G0 ∼ νk⊥δ2
na (3.4)
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with the polymer density ν ∼ 1/ξ2 lc. This model can be tested by relating the
structural parameters of the actin/fascin bundle network, the mesh size ξ and the
cross-linker distance lc, and the bending elasticity κ of the bundle segment to the
concentration of actin and fascin monomers (ca, cf).

The structural information obtained by EM and fluorescence microscopy justifies
the assumption that the bundles form an isotropic network similar to an entangled
structure of single filaments. With increasing fascin concentration R, filaments and
smaller bundles reorganize to form larger bundles that are spaced further apart.
The mesh size ξ of such a self-similar bundle network therefore depends on R as
ξ ∼ ξ0N

1/2, where ξ0 ∼ c−1/2
a is the mesh size of the filamentous network. Cross-

linking of the bundles will typically occur on the scale of the entanglement length le,
which describes the distance between bundle-bundle intersections (entanglement
points). Since on average only a fraction of those entanglement points will be
occupied by a cross-linking molecule, it can be assumed that distances between
cross-links along the same bundle are given by lc ∼ R−y le [Tharmann et al.
2007, Shin et al. 2004a]. Doubling the cross-linker concentration R should halve
the distance between them, suggesting an exponent y ≈ 1.

For a description of the elastic properties of the bundles it is necessary to realize
that fascin only leads to loosely coupled bundles, where bending is dominated by
the shear stiffness of the cross-linking proteins [Claessens et al. 2006, Bathe

et al. 2008]. The key quantity in this context is the bundle coupling parameter
α(lc) = (lc/b)

2, where the length-scale b ∼ d1/2
c encodes the properties of the

ABPs inside the bundle, in particular via the average distance dc between cross-
links. In general, dc will depend on the concentrations cf and ca; however, the
precise relationship is not known.

From fluorescence images the mesh size of the bundled network at R = 0.5
can be approximated which allows to calculate le and thus lc. From this one
can estimate the coupling parameter to be α > 1 for the whole bundle regime,
implying that the effective bundle bending stiffness κ acquires a wavelength depen-
dence [Bathe et al. 2008], leading to κ(λ) ∼ Nκfα(λ), where λ is the wavelength
of the deformation mode. This stands in marked contrast to what is known for
single filaments or scruin-bound bundles where fully coupled bundles, κ ∼ N2κf ,
have been assumed [Shin et al. 2004b].

The wavelength dependence of the bundle stiffness has far reaching conse-
quences for the static as well as dynamic properties of semi-flexible polymer bun-
dles [Heussinger et al. 2007]. In particular, it implies that the entanglement
length le has to be reevaluated. The correct expression of le is derived from
the suppression of long wavelength fluctuations by confining a polymer into a
tube [Odijk 1983], le is highly sensitive to a wavelength dependent κ(λ). As-
suming this wavelength dependence results in l3e ∼ (Nlp)ξ

4/b2, which is different
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from the usual expression l5e ∼ lpξ
4 valid for single filaments, where in both cases

lp = 17 µm [LeGoff et al. 2002a] denotes the persistence length of a single actin
filament.

Combining the above results and setting the deformation mode length λ equal to
lc one arrives at the following prediction for the scaling of the plateau modulus XII

G0 ∼ Rzcw
a · d−1/3

c , (3.5)

where the exponents are given by z = 2y − 4x and w = 7/3. Thus the scal-
ing exponent of the plateau modulus can be related to parameters describing the
microstructure such as the scaling of the mesh size as well as the dependence of
the bundle thickness and elasticity on R. From our measurements of x = 0.27
and z = 1.5, and by assuming dc to be constant, a value of y = 1.29 is ob-
tained, which is in reasonable agreement with the expected y ≈ 1. This result
is largely insensitive to the assumption of constant dc, since by assuming dc to
change according to simple Langmuir kinetics an exponent y ≈ 1.21 is obtained.

To further characterize the elastic properties in the bundled regime, the non-
linear elasticity of the network is investigated. For samples with R > R∗ a con-
stant shear rate is applied and the resulting stress is reported. From the smoothed
σ(γ) relation the numerical derivative yielding the differential modulus K = ∂σ/∂γ
is calculated (Fig. 3.17, compare section 4.1.4). For small strains of γ = 1 − 10 %
linear response is observed, where the differential modulus follows K ∼ R1.5 in
agreement with our oscillatory measurements. A non-linear response is observed
above γc, which is determined as the strain at which K deviates by 5 % from its
value in the linear regime. Up to R = 0.1 strain hardening occurs while for very
high values of R the linear regime is directly followed by strain weakening. The
disappearance of the strain hardening at high concentrations of fascin is the result
of the rupturing of fascin-actin bonds as discussed in section 4.1.4.

The floppy mode description also has implications on the onset of the non-
linear behavior. As has been argued in [Heussinger and Frey 2006a] large
strains necessarily lead to mechanical stretching of the bundle even if the de-
formations were only of bending character. This amount of bundle stretch-
ing ∆ is related to the transverse displacement δna by simple geometric con-
siderations as l2c + δ2

na = (lc + ∆)2. The floppy mode description thus applies
as long as this stretching is small compared to the available thermal excess
length ∆Λ ∼ lcb/Nlp [Heussinger et al. 2007]. This defines a critical strain
γc ∼ lc(b/N)1/2 ∼ R−y+xb−1/6 ∼ R−1.0d−1/12

c for the onset of non-linear effects.
The scaling with R is in excellent agreement with our measurements (see inset of
Fig. 3.17). The weak dependence on the cross-linker spacing γc ∼ d−1/12

c also im-
plies that this result is insensitive towards any putative dependence on the fascin
XIIA step-by-step derivation of this equation is given in the appendix.
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3 Static network properties

Figure 3.17: Differential modu-
lus K = dσ/dγ plotted ver-
sus the deformation γ for fascin
networks in the bundle phase
(ca = 0.4 mg/ml and increasing R:
diamonds R = 0.02, upright trian-
gles: R = 0.05, circles: R = 0.1,
downright triangles: R = 0.2,
stars: R = 0.5). The inset shows
the critical strain γc in dependence
on R.

concentration via dc = dc(cf).

In conclusion, the elasticity of actin/fascin networks in the bundled phase is
well explained in terms of a recently developed floppy mode picture [Heussinger

and Frey 2006a]. In the absence of a significant amount of stored length in the
bundles, non-affine bending is the dominant low energy excitation. This approach
explains both the linear elasticity and the onset of non-linear behavior. Despite
the absence of significant amounts of thermal excess length in stiff bundles, it
could be argued that an affine stretching model [MacKintosh et al. 1995] would
also be able to correctly describe the elastic response of actin/fascin networks
in the bundle phase. However, to obtain a reasonable data fit with the affine
stretching description a different picture emerges, where dc(cf) has to be tuned.
In such a model one would assume the plateau modulus of a bundle network to
be given by Gaff ∼ νk‖δaff , where k‖ ∼ α3/2(Nκf)

2/l4c is the stretching stiffness
of a single bundle [Heussinger et al. 2007]. The deformations are assumed to
be affine, implying δaff ∼ γlc. The modulus thus reads as Gaff ∼ R2xca · d−3/2

c

while the critical strain γc ∼ d1/2
c R−2x is obtained by equating ∆Λ with the affine

deformation δaff ∼ γlc. This model can only partially fit the data by assuming
dc ∼ c−β

f with an exponent in the range of β = 0.6 − 0.9. For β = 0.6 the
R-dependence of the modulus and for β = 0.9 the ca-dependence of the modulus
is reproduced. To finally decide whether or not the application of an refined
affine stretching model can be equally successful as the floppy mode approach,
dc(cf) would have to be determined independently, e. g. by scattering experiments
– which is very difficult.
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3.3 The network microstructure determines the local deformation mode

3.3.3 Coexistence of bending and stretching deformations in
composite networks

The occurrence of stiff bundles is not limited to the actin/fascin system. In the
composite networks formed by α-actinin or scruin at intermediate concentrations
bundles are embedded into isotropically cross-linked filament networks. So far,
affine stretching deformations were thought to be the dominating deformation
mode in such composite networks [Shin et al. 2004a]. In the following, the floppy
mode-based non-affine bending approach is applied to describe composite networks
formed by scruin on the basis of experimental data as published in [Shin et al.
2004a]XIII.

By again assuming non-affine bending deformations and – this time – considering
strong filament coupling κ ∼ N2κf , the plateau modulus of composite actin/scruin
networks would be predicted to scale as

G0 ∼ R4y−22x/5c13/5
a (3.6)

which reproduces the dependence on the actin concentration equally well as the
affine stretching model as presented in [Shin et al. 2004a]. Considering the ex-
perimental result for the R-dependence of the plateau modulus of actin/scruin
networks, G0 ∼ R2, and the increasing thickness of actin/scruin bundles with
respect to the relative scruin concentration, D ∼ R0.3 [Shin et al. 2004a], the
prediction of the non-affine bending model can be cross-checked. Since in the fully
coupled bundle case, the stored length in a bundle is given by ∆Λ ∼ l2c/N

2lp,
the non-affine bending model predicts the onset of non-linear behavior to scale
as γc ∼ R1.1. This prediction – by coincidence – is the same as for the affine
stretching model and therefore matches the observed scaling γc ∼ R0.6 reported
by Shin et al. equally well – or equally bad, depending on the point of view.

The validity of both models discussed here seems to depend strongly on the net-
work microstructure: While the elasticity of isotropic networks is predominantly
determined by the entropic stretching of single filaments between two neighbo-
ring cross-linking points, networks that are composed of stiff bundles can only
be described by non-affine bending deformations. Furthermore, a re-evaluation of
actin/scruin data as discussed here indicates that the elastic response of composite
networks might be determined by a combination of affine stretching and non-affine
bending deformations. Such a combination of the two different approaches would
require highly detailed microscopic information about the composite network. Yet,
the exemplary discussion of purely bundled actin/fascin networks and composite

XIIIThe actin/scruin system is a more appropriate candidate for a thorough test than the actin/α-
actinin system. This is due to the fact that in actin/scruin networks the composite phase
spans a much broader concentration range than in the actin/α-actinin system.
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3 Static network properties

Figure 3.18: The network microstructure determines the microscopic deformation
mode: (A) Entangled actin solutions and weakly cross-linked networks below the cross-
link transition can be described by confinement effects. (B) In stiff bundle networks
non-affine bending is the dominating deformation mode while in (C) composite networks
affine stretching might have to be considered, too. The latter is the dominating defor-
mation mode in (D) isotropically cross-linked networks.

actin/scruin networks nicely demonstrates that the network microstructure dic-
tates the microscopic deformation mode (Fig. 3.18).
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4 Dynamic network properties:
Transient binding of cross-linking
molecules

For living cells it is of utmost importance not only to withstand mechanical strains
but also to allow for an ongoing remodeling of the cytoskeletal microstructure. The
cytoskeletal biopolymer actin itself is dynamically growing by the polymerization
of monomers at the ATP-end of the filament. At the same time monomers detach
at the ADP-end of the filament, the polarity of the filament is controlled by ATP
hydrolysis. This treadmilling can be controlled by polymerization accelerators such
as profilin or depolymerization agents such as cofilin. The dynamic growth and
shrinkage of actin filaments is a major strategy for the remodeling of the cytoskele-
tal microstructure. Additionally, restructuring of cytoskeletal networks is facili-
tated by employing transiently cross-linking proteins instead of covalent linkages.
Despite this dynamic remodeling of the cytoskeletal microstructure, quantitative
research on cytoskeletal networks focused on the static plateau elasticity [Tempel

et al. 1996, Shin et al. 2004a, Tharmann et al. 2007]; the frequency dependent
loss modulus representing the viscous dissipation in such networks has been largely
ignored so far. It is yet to be resolved how transiently cross-linking proteins affect
the frequency dependent viscoelastic response of cross-linked actin networks in the
biologically most relevant elasticity dominated intermediate frequency regime.

The transient cross-links formed by ABPs are characterized by an off-rate, koff ,
which typically corresponds to frequencies in an intermediate regime of several
mHz up to a few Hz [Marston 1982, Miyata et al. 1996, Vignjevic et al.
2006]. In a comparable frequency regime, cells show increasing viscous dissipa-
tion [Dheng et al. 2006, Massiera et al. 2007] which is a feature that does not
appear in the frequency spectrum of covalently cross-linked networks. This sug-
gests that transient cross-links might trigger an important relaxation mechanism
in cytoskeletal networks of semi-flexible polymers.

This chapter focuses on the transient nature of actin/ABP interactions and elu-
cidates the impact of cross-linker unbinding events on the viscoelastic response
of actin networks which are transiently cross-linked by ABPs. In section 4.1.1 it
is demonstrated that thermal energy is sufficient to entail cross-linker unbinding
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4 Dynamic network properties

Figure 4.1: If a cross-linked actin network is subjected to shear deformations, unbinding
of transient cross-links can be triggered either by force or thermal energy (kBT ). This
unbinding process entails a loss of elasticity in the local actin filament configuration as
indicated by the stretched and relaxed springs, respectively.

events (see sketch in Fig. 4.1). It is shown that this relaxation process deter-
mines the dynamic network response at intermediate frequencies. A simple semi-
phenomenological model is introduced in section 4.1.2 and employed to quantify
the viscoelastic frequency spectrum. It is demonstrated, that the dynamic vis-
coelastic response sensitively depends on the microscopic interaction potential of
actin/ABP bonds. Conversely, this interaction potential can – for simple network
geometries – be obtained from the macroscopic frequency spectrum as demon-
strated in section 4.1.3. Depending on the microstructure of the reconstituted
network, a macroscopic deformation can be transmitted to the microscopic level
of single filaments and individual cross-linking molecules in an affine or non-affine
manner I. In either case, large forces may evoke rupturing of the non-covalent
actin/ABP bond. This is adressed in section 4.1.4 of this chapter. For the non-
linear response of actin/fascin bundle networks the cross-linker density and the
force loading rate are observed to be equivalent. This is used to introduce a gen-
eralized description of the viscoelastic frequency response with a master curve
(section 4.2). Finally, the transient character of actin/ABP bonds in combination
with kinetic trapping effects can give rise to meta-stable network configurations
and complex relaxation processes (section 4.3).

ICompare the discussion on actin/fascin bundle networks in section 3.3.2.
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4.1 Thermal and forced unbinding of transient cross-links

4.1 Thermal and forced unbinding of transient
cross-links

In polymer networks distinct molecular mechanisms can lead to a relaxation of
external (or internal) stresses on different time scales; depending on whether energy
is stored or dissipated, elastic or viscous behavior can be evoked [De Gennes

1979, Rubinstein and Colby 2003]. The linear response of entangled actin
solutions is well-understood (compare section 2.2.3). Thermal bending fluctuations
of single actin filaments dominate the viscoelastic response at high frequencies
while the plateau elasticity is attributed to confinement effects that are induced by
the surrounding filaments. The diffusive motion of filaments along their contour
is the main mechanism that is responsible for the relaxation of stresses at low
frequencies.

The corresponding relaxation processes are complicated if cross-linking
molecules are introduced. Many synthetic polymer networks are covalently cross-
linked resulting in a predominantly elastic response over a broad frequency range –
the covalent cross-links suppress the single polymer diffusion present in entangled
solutions. Therefore, the frequency dependent viscoelastic behavior of a cova-
lently cross-linked polymer network is expected to reach a constant level of elas-
ticity at low frequencies while viscous effects become negligible. In contrast, if
transient cross-links are present (i.e. physical cross-links based on electrostatic in-
teractions or van-der-Waals forces), a pronounced minimum and maximum in the
viscous dissipation is observed for flexible polymer networks in a frequency range
of 0.01 − 10 Hz [Sjibesma et al. 1997, van der Gucht et al. 2003]. This
feature in the viscous dissipation is always accompanied by a decrease in elasticity
at low frequencies; nevertheless, the viscoelastic response in this frequency regime
is dominated by the network elasticity. Moreover, the ”stickiness” of polymer
sidegroups gives rise to additional friction processes in both asymptotic frequency
regimes [Leibler et al. 1991, Tanaka and Edwards 1992, Rubinstein and Se-

menov 2001]. In transiently cross-linked cytoskeletal networks the semi-flexible
nature of the biopolymers complicates a theoretical description of their viscoelastic
properties (compare section 3.3). Additionally, the cross-linking proteins can fully
dissociate from the filaments and reach new cross-linking positions by diffusion.
As a consequence, the molecular mechanisms responsible for the behavior at in-
termediate (f ≈ koff) and low frequencies (f < koff) are poorly understood. A
molecular understanding of these mechanisms is still missing but urgently needed
to rationalize the mechanical properties of living cells.

49



4 Dynamic network properties

4.1.1 Dominance of cross-linker unbinding at intermediate
frequencies

Proteins such as fascin, α-actinin, filamin or rigor-HMM create non-covalent cross-
links in actin networks. In actin/fascin and actin/HMM networks these cross-links
interconnect distinct bundles and/or filaments in a pointwise manner. For these
networks, the viscous dissipation G′′(f) exhibits a pronounced minimum at an
intermediate frequency fmin, whose exact position depends on the cross-link density
(Fig. 4.2).

Figure 4.2: Frequency spectra for (A) actin/rigor-HMM networks (ca = 19 µM,
R = 0.0076 (upright triangles) up to R = 0.143 (diamonds)) and (B) actin/fascin net-
works (ca = 9.5 µM, R = 0.05 (downright triangles) up to R = 0.5 (upright triangles)).
Closed symbols denote G′(f), open symbols denote G′′(f). The red arrows mark local
minima in the loss modulus, G′′

min = G′′(fmin).

The elastic response of these cross-linked networks differs from the expectation
for covalently cross-linked networks: although the elastic modulus G′(f) is con-
stant for sufficiently large frequencies f > fmin, it decreases significantly at lower
frequencies. This decrease in the elasticity as well as the increase in the viscous
dissipation is more pronounced for isotropically cross-linked actin/HMM networks
where the cross-link density is significantly higher (compare Fig. 4.2A and B).
Here, the viscous dissipation even reaches a clear maximum around fmax ≈ 0.03Hz
(Fig. 4.3A). This time scale is independent of the cross-link density; however, the
maximal amount of low-frequency energy dissipation increases linearly with the
cross-link density [Tharmann et al. 2007]. The transient nature of actin/HMM
cross-links becomes also evident in a step-stress experiment. Such an experiment
is conducted for a strongly cross-linked actin/HMM network (R = 0.1) as de-
picted in Fig. 4.3B. At intermediate time scales (≈ 40−60 s) the network exhibits
significant creep similar to a viscous fluid.
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4.1 Thermal and forced unbinding of transient cross-links

Figure 4.3: (A) Extended frequency spectrum of a transiently cross-linked actin/HMM
network (R = 0.1). A clear maximum in the viscous dissipation is located at
fmax ≈ 0.03 Hz. (B) A stress puls of 0.1 Pa height and 60 s duration is applied to
a transiently cross-linked actin/HMM network (R = 0.1) and the resulting deformation
is recorded. This step-stress experiment reveals significant creep behavior at time scales
of ≈ 40 − 60 s.

To shed light on the molecular origin of the viscoelastic response of transiently
cross-linked actin networks, the possible molecular mechanisms involved should be
tuned independently. A mechanism of energy dissipation that is always present
in polymer networks is friction due to viscous drag of individual filaments. The
viscosity of the solvent can be increased by the addition of glycerol. As a conse-
quence, the time scale of the single filament relaxation regime should be shifted
according to the increase in solvent viscosity. Indeed, for the cross-linked network
the minimum in the viscous dissipation relocates as the viscosity of the solvent
is increased by glycerol (Fig. 4.4A). However, over the whole frequency range the
addition of glycerol does not significantly affect the elastic network response.

It is important to note, that the viscous dissipation depends on the solvent
viscosity only at frequencies f > fmin while e. g. the maximal dissipation at
fmax ≈ 0.03Hz remains unchanged. Obviously, single filament fluctuation is not
sufficient to rationalize the complex dissipation behavior of a cross-linked poly-
mer network. In fact, another molecular mechanism has to be considered. Recall
that the maximum in the viscous dissipation is located around fmax ≈ 0.03 Hz
independent of the cross-link density. The cross-links are created by rigor-HMM
which is known to form a non-covalent bond to the biopolymer actin with a typical
off-rate koff ≈ 0.09 s−1 [Marston 1982]. As this off-rate is on the order of fmax,
the binding kinetics of the cross-linking protein HMM might give rise to additional
mechanisms in the network accounting for the observed frequency dependence of
the viscoelastic moduli for frequencies f ≈ fmin.

It was shown before that the bond between actin and ABPs can be forced
to unbind by mechanical load [Miyata et al. 1996, Guo and Guilford 2006,
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4 Dynamic network properties

Figure 4.4: Viscoelastic frequency response for actin/HMM networks (ca = 9.5 µM,
R = 0.1). The left column shows the storage (closed symbols) and the loss modulus
(open symbols) while the same data is depicted in the right column in a loss factor
representation. The full and dashed lines in (A) and (C) represent a global best fit using
equations (4.4) and (4.5) on page 55. Fit parameters are adjusted as they are controlled
experimentally. (A) Distinct amounts of glycerol (0 % (triangles), 25 % (circles) and 50 %
(squares) are added to increase the solvent viscosity. (B) 0.1 % glutaraldehyde is added
to fix the actin/HMM bond. The resulting viscoelastic response (squares) is compared to
a non-fixed network (triangles). The dotted lines are constant fits to guide the eyes. (C)
2 mM AMP·PNP (squares) is added to a standard ATP sample (triangles) to tune the
off-rate of the actin/HMM bond. (A), (B), (C): The vertical lines represent the transition
from the transient cross-link regime to the ”static” cross-link regime.

Ferrer et al. 2008]. However, the transient nature of an actin/ABP bond should
also allow for spontaneous unbinding events in thermal equilibrium. Thus, thermal
unbinding of distinct cross-links could be the molecular reason for the observed
behavior of both viscoelastic moduli in the linear response regime. To verify this
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4.1 Thermal and forced unbinding of transient cross-links

hypothesis a fixation of the ABP/actin bond would be of avail. Glutaraldehyde
is able to create a covalent linkage between neigboring proteins by the formation
of a Schiff base. It is commonly used for fixation purposes of cells and other
biomaterials [Fernandez et al. 2007] and can be employed to create a chemical
bond between HMM and actin. Indeed, as depicted in Fig. 4.4B, the minimum in
the viscous dissipation can be suppressed by the addition of 0.1 % glutaraldehyde.
At the same time, the decrease in the network elasticity at low frequencies, which is
observed in the absence of glutaraldehyde, is almost completely suppressed. This
suggests that the minimum in the viscous dissipation marks the frequency below
which the transient character of the cross-links starts to dictate the viscoelastic
response of the network.

The covalent fixation of an actin/ABP bond using glutaraldehyde has an extreme
effect on the viscous dissipation. A more subtle method to affect the viscous
response of a cross-linked polymer network might be given by only slightly changing
the binding kinetics of the cross-linking molecule. HMM is a formidable choice
for a model cross-linking molecule since it possesses an ATP binding site besides
the actin binding domain (compare section 2.1.4). Binding of AMP·PNP II, a
non-hydrolizable ATP-analogon, can induce a conformational change in the actin
binding site (Fig. 4.5) and therefore increases the off-rate of the actin/HMM bond
from 0.09 s−1 to 1.8 s−1 [Marston 1982].

Figure 4.5: The binding
affinity of HMM towards
actin can be modulated
by the binding of either
(A) ADP or (B) non-
hydrolizable AMP·PNP.
The given off-rates for
the actin binding domain
of HMM are taken from
[Marston 1982].

To quantitatively analyze how altered binding kinetics of the cross-linking
molecule influence the viscoelastic response, a network with 2 mM AMP·PNP is
compared to a network which contains only ADP-HMM. First, the addition of
AMP·PNP to a cross-linked actin/HMM network changes the position of both the
minimum and the maximum of the viscous dissipation (Fig. 4.4C). However, for
frequencies f > fmin the viscoelastic response seems almost unaffected. Second,
the frequency at which the network elasticity starts to drop is also shifted with

IIadenosine 5’-(β, γ-imido)triphosphate
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the increase in koff . This strongly suggests that these two features have the same
molecular origin.

4.1.2 Modelling the frequency response of isotropically
cross-linked networks

The results presented so far imply that thermal unbinding of distinct cross-links
triggers a relaxation mechanism which influences the elastic and the viscous proper-
ties of the network simultaneously. This calls for a simple semi-phenomenological
description to quantify the observed effects. The static network elasticity G0 of
an isotropically cross-linked semi-flexible polymer network can be described by an
affine stretching model [MacKintosh et al. 1995] as

G0 ∼ κ2
0

kBTξ2l3c
(4.1)

where κ0 denotes the bending modulus of a single actin filament, ξ is the mesh-
size of the network and lc describes the average distance between two cross-links.
Hence, the term 1

l3c
describes the density of cross-links which is proportional to the

number of cross-link points, N . Thus, equation (4.1) can be rewritten to

G0 ∼ κ2
0 · N

kBTξ2
(4.2)

which reduces to the simple scaling argument G0 ∼ N , which is valid for con-
stant bending modulus and mesh size. These conditions are fulfilled as for the
actin/HMM system bundling of filaments does not occur. As a consequence, the
mesh size of actin/HMM networks is also independent of the cross-link density as
long as the filament density is kept constant III. This linear dependence of the
network elasticity on the cross-link density allows for

• a simple linear description of the contribution of unbinding events to the
network elasticity

• a direct comparison of the experimental scaling relation G0 ∼ R1.2 [Thar-

mann et al. 2007, Luan et al. 2008] with the scaling relation N ∼ Rx

obtained from modelling – which should give x = 1.2 to be consistent

In thermal equilibrium, an ensemble of N cross-links exhibits statistical unbin-
ding events whose probability is determined by the cross-linker off-rate, koff . This
spontaneous unbinding can be described in analogy to a unimolecular reaction:

AB
koff−→ A + B (4.3)

IIIIn this thesis only data sets with a constant filament density are discussed.
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4.1 Thermal and forced unbinding of transient cross-links

where AB describes the bound configuration between the actin filaments (A) and
the cross-linker (B) that can dissociate with a rate koff . Herein, the rebinding
process is assumed to be fast enough to provide a constant equilibrium number of
cross-links: the unbinding process is only limited by the lifetime of the actin/ABP
bond and not by the reformation of new bonds IV. This results in an exponential
decay of intact cross-links over time, t ≥ 0: N(t) ∼ N · e−koff ·t which can be
translated into the frequency domain using a Fourier transformation yielding the
complex function N̂(f). Since the linear relation G0 ∼ N holds for actin/HMM
networks, the real part 	(N̂(f)) represents the loss of elasticity due to cross-link
unbinding:

G′(f) = G0 − a · Nkoff

k2
off

4π2 + f 2
+ b ·

(
f

f0

)3/4

(4.4)

where the last term represents the fluctuation of single filaments in semi-flexible
polymer networks [Morse 1998, Gisler and Weitz 1999]. The time scale of this
relaxation mode is set by the factor f0 which is a function of the solvent viscosity
η [Rubinstein and Colby 2003]. The imaginary part of N̂(f) contributes to the
viscous part of the frequency spectrum where it competes with the single filament
relaxation:

G′′(f) = c · Nf
k2
off

4π2 + f 2
+ d ·

(
f

f0

)3/4

(4.5)

The key parameters are the cross-linker off-rate which is known from independent
experiments [Marston 1982] and the number of cross-links; the prefactors a and
c include the amount of energy that is released and dissipated by unbinding of
a single cross-link V, b and d depend on the density of filaments in the network
which is kept constant during a set of measurements.

The best fit for the cross-linker concentration series shown in Fig. 4.2A is ob-
tained for koff ≈ 0.3 s−1 (Fig. 4.6), which is in excellent agreement with values
determined by biochemical means [Marston 1982] considering that the unbin-
ding rate of a cross-link point should be twice as high as the off-rate of a single
actin/HMM bond VI. Not only the maximal amount of dissipated energy, G′′(fmax),
is quantitatively reproduced by this simple model but also the position of minimal
viscous dissipation as well as the dependencies of both quantities on koff and N .

IVFor simplicity, an explicite description of the rebinding process is neglected.
VNote, that the absolute values of a and N (and thus also c) are ambiguous; only the product

a · N is directly set by the fit result. However, a is globally fixed for all data sets shown and
the scaling relations discussed here as well as all conclusions drawn remain unaffected by the
ambiguity in the absolute values of these fitting parameters.

VIA cross-link point is considered to be ”open” as soon as one of the two actin/HMM bonds
unbinds.
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Figure 4.6: Elastic (full symbols) and viscous (open symbols) response for actin/rigor-
HMM networks as a function of frequency (ca = 19 µM, R = 0.0076 (upright triangles)
up to R = 0.143 (diamonds)). The full and dashed lines represent a global best fit using
equations (4.4) and (4.5). The fitting parameters a, b, c and d are kept constant, only the
cross-link density N is varied in order to reproduce the R-series. Here, koff ≈ 0.3 s−1

and N ∼ R1.1 is obtained from the fit in excellent agreement with the experimental
finding G0 ∼ R1.2 [Tharmann et al. 2007].

In all experiments, at very high frequencies f � koff

2π
the viscous response is

unaffected by the stress release mediated by unbinding events. Vice versa, a varia-
tion of the solvent viscosity results only in a shift of the single filament relaxation
regime without affecting the off-rate of the cross-linking molecules. Consistently,
only the known solvent viscosity needs to be considered to reproduce the vis-
coelastic network response in the presence of glycerol (Fig. 4.4A): By the addition
of glycerol the viscosity of the solvent η is increased up to 6-fold for 50 % glyce-
rol [Dorsey 1940]. Due to this change in the viscosity, the time scale of the single
filament relaxation regime, 1/f0, is shifted. From the resulting apparent increase
of b and d with the solvent viscosity a scaling f0 ∼ 1/η can be obtained as ex-
pected [Rubinstein and Colby 2003] – which is also quantitatively consistent
with the experimental changes in the solvent viscosity.

In conclusion, the minimum in the viscous dissipation can be identified as a direct
result of the competition between local stress release triggered by thermal cross-
link unbinding and friction which is induced by the fluctuations of single filaments.
Importantly, the decay in the elastic response is also correctly reflected by the
global fit. The mechanism of local stress release becomes increasingly important
when approaching f ≈ koff

2π
where the contribution of thermal unbinding events,

N̂(f), is most pronounced and the viscous dissipation becomes maximal. If the
off-rate of the cross-linking molecule is altered (Fig. 4.4C), the maximum in the
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viscous dissipation is shifted, accordingly VII.
The position of minimal dissipation therefore provides an excellent definition

for the plateau elasticity in transiently cross-linked networks. At the time scale of
f ≈ fmin a transiently cross-linked network can best be regarded to be a mostly
elastic material. These observations imply a well-defined transition between two
generic frequency regimes: If the system is deformed with a frequency much faster
than fmin, cross-linker unbinding is too slow to significantly modify the viscoelastic
response of the network, the cross-links themselves appear to be ”static” and un-
binding kinetics are more or less irrelevant (Fig. 4.4). However, if the deformation
is imposed slow enough, the transient nature of the cross-links will dictate both
the elastic and the viscous response of the network. The amount of energy which
is dissipated in molecular unbinding and the ensuing stress release is determined
by the density and the lifetime of the cross-links as indicated by the color scheme
in Fig. 4.7.

Figure 4.7: Schematic representation of the state diagram of transiently cross-linked
actin/HMM networks. The transition frequency fmin from which on the network response
is dictated by the transient nature of the cross-linker molecule is shown as a function
of either the cross-linker off-rate, koff , or the cross-linker density, N . As argued in the
main text, this frequency marks the transition from the transient regime to the ”static”
cross-link regime. The maximum dissipation in the transient regime that results from
cross-linker unbinding is encoded in the color scheme.

A moderate variation of the off-rate hardly affects the transition frequency fmin;
however, the maximal energy dissipation can be tuned over two orders of magni-
tude. A change in cross-linker density N affects both, the transition frequency from
the transient to the ”static” regime and the amount of maximal dissipation. At
VIIThe fits were obtained using literature values for koff at 2 mM AMP·PNP [Marston 1982]
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high cross-linker off-rates or low cross-link densities (indicated by the blue panel)
the network behaves ”apparently non-cross-linked”. In this regime, a minimum
in the viscous dissipation does not occur any more and a plateau regime in the
network elasticity is lacking.

Local stress release triggered by thermal cross-link unbinding fully accounts for
the dissipation behavior in a frequency range of koff

2π
up to at least 10Hz. However,

at frequencies f < koff

2π
the macroscopic network elasticity is systematically over-

estimated and the viscous dissipation is underestimated in Fig. 4.4 and Fig. 4.6.
Interestingly, the viscous dissipation reaches a maximum at f ≈ koff

2π
in both the

microscopic and the macroscopic response; yet, the macrorheological spectrum is
still dominated by the elastic properties of the remaining cross-links while the lo-
cally obtained frequency spectra exhibit a low frequency regime resembling that
of entangled actin solutions (Fig. 4.8). This result is independent of the type of
microrheological technique: Magnetic tweezer microrheology (Fig. 4.8A) and dy-
namic light scattering (Fig. 4.8B, DLS spectrum measured by Wolfgang Michel VIII)
report the same qualitative behavior, i.e. a crossing-over to a regime dominated
by viscous properties at low frequencies f < koff

2π
.

Figure 4.8: Direct comparison of a macroscopic (red circles) and microscopic (blue
squares) frequency spectrum for transiently cross-linked actin/HMM networks. Full sym-
bols denote G′(f), open symbols denote G′′(f). A macrorheological spectrum (red circles)
is compared to a local spectrum (blue squares) obtained by (A) with magnetic tweezer
microrheology (R = 0.015) or (B) dynamic light scattering (R = 0.1).

This finding suggests, that a third local mechanism of relaxation has to be con-
sidered for the network response at very low frequencies. With increasing probabil-
ity of unbinding events a considerable amount of filaments is ”set free”. For flexible
polymer networks the local mechanism of ”sticky reptation” has been described ac-
counting for slow relaxations in physically cross-linked networks [Leibler et al.
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1991, Rubinstein and Semenov 2001]. Therefore, for frequencies f < koff

2π
local

filament reorientation or even diffusion/reptation might also occur in transiently
cross-linked semi-flexible polymer networks. Although this local relaxation mech-
anism is partially masked on the macroscopic scale, it could account for the ob-
served deviation of the experimental data from our simplified model which does
not include local filament diffusion/reptation events.

It is important to note, that the observed transient unbinding effects described
here do not permanently change the material properties – underlining the thermal
nature of the process. Transient cross-links provide maximal energy dissipation
without permanently altering the microstructure of the network. The tunability of
the viscous dissipation in an elasticity dominated frequency regime allows for local
reorganization processes and creates an adaptive material which is able to absorbe
mechanical shocks on the microscopic scale without causing structural failure.
In fact, this extraordinary material property might be an important advantage
for living cells employing transiently cross-linked biopolymer networks instead of
covalently cross-linked structures which would be much too brittle.

4.1.3 Influence of the actin/ABP interaction potential

Transient cross-links guarantee structural and mechanical adaptability at long time
scales while ensuring an elastic network response at time scales that are short
compared to the cross-linker off-rate. Nature offers a huge variety of actin binding
proteins (ABPs) to cross-link and tailor the microstructure and the mechanical
properties of the cytoskeleton. In order to achieve high versatility, cells make use
of the inherent biochemical differences of diverse ABPs. These differences manifest
themselves in distinct interaction potentials, which can be manipulated by forces
acting on the actin/ABP bond - a strategy cells can pursue by creating internal
stresses [Wang et al. 2002]. The dynamic interplay between actin filaments and
ABPs is set by biochemical parameters such as the binding energy EB, the cross-
linker on- and off-rate kon and koff , and the position of the transition state ∆x,
which represents the characteristic bond length (Fig. 4.9).

Typically, these parameters are determined by a combination of biochemical
and single molecule studies [Evans 1998, Schlierf and Rief 2006]. For further
progress in a microscopic understanding of cellular mechanics, it needs to be shown
whether these biochemical properties of the cross-linking molecules are closely
linked to their mechanical function.

As networks formed by rigor-HMM are homogeneous and isotropically cross-
linked, the network elasticity depends solely on one length scale, which is the
cross-linker distance lc [Tharmann et al. 2007, Luan et al. 2008]. Further-
more, the biochemical interaction of actin and HMM has been characterized in
great detail [Marston 1982]. This makes actin/HMM networks ideal for a quan-
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Figure 4.9: A transient
bond can unbind due to ther-
mal activation or upon force
application. The transient
actin/ABP cross-link can be
characterized by an interac-
tion potential. The key para-
meters are the cross-linker
off-rate koff , the binding ener-
gy EB and the position of the
transition state ∆x.

titative analysis of the viscoelastic network response. In a cross-linker concentra-
tion series as depicted in Fig. 4.10A the cross-linker off-rate is constant – which
makes this set of measurements ideal to determine koff . The total number of
cross-links N is set by experimental conditions. As discussed in section 4.1.2,
the scaling relation G0 ∼ N ∼ R1.2 describes the static network elasticity G0

and correlates the number of cross-links N with the experimental control parame-
ter R. With this constraint, the best reproduction of the data set is obtained for
koff ≈ (0.30 ± 0.05) s−1 (compare section 4.1.2). The same result is obtained if the
actin concentration is varied at a fixed cross-linker concentration (e. g.R = 0.1)
as depicted in Fig. 4.10B. Here, koff ≈ (0.23 ± 0.05) s−1 is obtained which agrees
well with the result obtained from the R-series. Note, that in the actin concen-
tration series the impact of single filament fluctuations becomes more pronounced
with increasing actin concentrations – representing the increasing density of actin
filaments. At higher filament densities the entanglement length decreases which
facilitates the formation of cross-links at a given cross-linker concentration. Thus,
in the actin concentration series the effective cross-linker density is increased, too.
This makes this experiment qualitatively very similar to the R-series discussed be-
fore. In both cases, the variation of the cross-link density allows for the extraction
of the cross-linker off-rate of individual actin/HMM bonds. This finding confirms
that the time scale at which the energy dissipation in the cross-linked network is
minimal is set not only by the static density of the cross-links but also by the
dynamic off-rate of the actin/ABP bond.

In addition, since cross-linker unbinding determines the frequency response of
transiently cross-linked networks, the characteristic binding energy of the cross-
link should be obtainable from the temperature dependence of frequency sweeps.
The results discussed in section 4.1.1 demonstrate that thermal energy is sufficient
to drive the actin/HMM bond across the potential barrier. The binding energy EB

is lost every time an unbinding event occurs between the cross-linking molecule and
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Figure 4.10: Either a cross-linker concentration series (A, fixed ca = 19µM) or an
actin concentration series (B, fixed R = 0.1) can be employed to extract the cross-linker
off-rate from the viscoelastic spectrum of transiently cross-linked actin/HMM networks.
Closed symbels denote G′(f), open symbols denote G′′(f). The full and dashed lines
represent a global best fit using equations (4.4) and (4.5).

the actin filament. EB characterizes the cross-link and sets the total ratio of bound
to unbound molecules. This gives rise to an inherent temperature dependence of
the binding constant K ∼ exp(−EB/kBT ). Thus, investigating the frequency
spectrum of a cross-linked actin network at different temperatures should be an
appropriate approach to determine the binding energy of a single cross-link.

A series of linear response measurements in a temperature range of 10 − 30 ◦C
is analyzed as depicted in Fig. 4.11A. Starting at 21 ◦C, where the network was
polymerized, the sample temperature is modified using a protocol of oscillating
temperature steps (T = 21 → 15 → 25 → 10 → 30 ◦C) providing adequate time
for thermal equilibration (Fig. 4.11C). This protocol guarantees that a putative
change in the observed network response is purely due to thermal effects and not
superimposed by time dependent changes like sample ”ageing” (compare section
4.3). As depicted in Fig. 4.11A, a continuous decrease in both viscoelastic moduli
is observed with increasing temperature T . A reproduction of the data set by the
model described in section 4.1.2 results in a constant off-rate, koff ≈ 0.3 s−1, a
decrease of the static elasticity G0 with increasing T (Fig. 4.11B) and a shift of
the time scale of the single filament relaxation regime, t0 = 1/f0 (compare section
4.1.2). This time can be normalized by the solvent viscosity η yielding t0

η
. This

parameter is almost independent of T (Fig. 4.11B), indicating that the observed
shift in this time scale with respect to T is simply given by the temperature
dependence of the solvent viscosity.

As the static plateau modulus G0 of isotropically cross-linked actin networks
depends solely on the total number of cross-links, the following relation holds:
G0 ∼ N ∼ K · R. The temperature dependence of the binding constant K is
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Figure 4.11: (A) Frequency response of actin/HMM networks (ca = 9.5 µM , R = 0.1)
at distinct temperatures (10 ◦C (diamonds) up to 30 ◦C (upright triangles)). Closed
symbols denote G′(f), open symbols denote G′′(f). The full and dashed lines represent
the model used to evaluate the macromechanical response as described in section 4.1.2.
(B) Plateau modulus G0 (squares) and the normalized time t0/η (crosses) as a function
of temperature. η denotes the viscosity of water. (C) Temperature-oscillation protocol as
described in the main text. Frequency sweeps (bars) are taken at 21, 15, 25, 10 and 30 ◦C.
Before the next temperature jump, the network is brought back to its initial temperature
of 21 ◦C in order to assure reversibility (dots).

given by an Arrhenius law, thus G0 ∼ exp(−EB/kBT ). Therefore, the binding
energy of the actin/HMM bond can be directly extracted from G0(T ) by fitting an
exponential decay to the data as shown in Fig. 4.11B. EB ≈ (−13 ± 2) kJ·mol−1

is obtained in good agreement with literature values [Highsmith 1977, Marston

1982]. A similar temperature dependence was reported for actin networks cross-
linked by α-actinin [Tempel et al. 1996]. There, the complicated and hetero-
geneous microstructure of α-actinin networks (compare section 3.1.1) had defied
a quantitative comparison of the macroscopic network elasticity with the cross-
linker affinity. However, the results on actin/HMM networks presented here clearly
demonstrate that the binding energy of a single cross-link determines the tempera-
ture dependence of the network response of transiently cross-linked actin networks.

While cells can only passively react to changes in the temperature of their en-
vironment, adjusting the local density or composition of cross-linking molecules
gives them the possibility to actively tune their mechanical properties. Another
strategy to actively control cytoskeletal mechanics is given by creating internal
forces. It was shown, that living cells exploit molecular motors to create and
maintain a certain level of internal stress to increase the elastic response of the
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4.1 Thermal and forced unbinding of transient cross-links

Figure 4.12: Frequency response of actin/HMM networks (ca = 9.5 µM) at distinct
levels of prestress σ0. Closed symbols denote G′(f), open symbols denote G′′(f). The full
and dashed lines represent the model used to evaluate the macromechanical response as
described in section 4.1.2. (A) R = 0.1: σ0 = 0 Pa (upright triangles) up to σ0 = 20 Pa
(butterflies)), (B) R = 0.2: σ0 = 0 Pa (upright triangles) up to σ0 = 15 Pa (diamonds).

cytoskeleton [Wang et al. 2002]. However, it remains to be analyzed how exter-
nal or internal forces acting on cytoskeletal networks affect the binding kinetics of
cross-linking molecules and therefore the dynamic viscoelastic network response.

A microscopic parameter which dictates the sensitivity of a transient actin/ABP
bond towards forces is the characteristic bond length, ∆x. This parame-
ter marks the position of the transition state of the binding/unbinding pro-
cess. Having demonstrated that the viscoelastic response of a transiently cross-
linked actin/HMM network is set by the off-rate and the binding energy of the
HMM/actin bond, it is now addressed if the bond length ∆x influences the net-
work mechanics. If this is case, the bond length should be obtainable from the
macroscopic network response by employing the force dependence of the binding
kinetics of the cross-linker.

Single molecule studies have demonstrated that the rupture force of a single
molecular bond depends on the force loading rate in a logarithmic manner [Evans

and Ritchie 1997]. There, a variation of the force loading rate allows for shift-
ing the rupture force distribution and thus determining ∆x. A similar principle
should also be applicable for actin/ABP bonds in cross-linked networks – how-
ever, instead of studying the loading rate dependence of the rupture force, the
application of a constant ”prestress” [Gardel et al. 2006] should already be suffi-
cient to characterize the cross-linker unbinding process in the presence of external
force. Therefore, the frequency dependence of the viscoelastic network response of
densely cross-linked actin/HMM networks (R = 0.1 and R = 0.2) in the presence
of varying external prestress σ0 is analyzed (Fig. 4.12A and B).

As depicted in (Fig. 4.13A), the static network elasticity increases linearly with
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the prestress, G0 ∼ σ0. Furthermore, the global fit of the prestress series requires
an increase of the stress relaxation parameters a(σ0 = 0) = 3 · 10−16 Pa · s−1 and
c(σ0 = 0) = 2 · 10−15 Pa · s−1 in proportion with the prestress σ0 (Fig. 4.13B);
however, a

c
= const. This shows, that the amount of dissipated energy upon cross-

link unbinding as well as the loss in the network elasticity are both enhanced in
the presence of prestress - with the same dependence on σ0

IX.

Figure 4.13: Fitting parameters for prestressed actin/HMM networks as obtained for
the data sets depicted in Fig. 4.12A and B. (A) Enhancement of the network elasticity
G0/G0(σ0 = 0) as a function of prestress σ0. A linear relation is observed for both
cross-linker densities (R = 0.1 (squares) and R = 0.2 (crosses)). (B) Stress relaxation
parameter c and single filament relaxation parameter d increase linear with the prestress
σ0. (C) Cross-linker off-rate koff as a function of prestress for two different actin/HMM
networks (R = 0.1 (×) and R = 0.2 (+)).

Concomitant with the enhanced network elasticity an exponential decrease of
the apparent cross-linker off-rate is observed (Fig. 4.13C) for both cross-linker den-
sities studied here. In an isotropically cross-linked actin network the macroscopic
stress will be transduced to single actin/ABP bonds following the geometry of the
network. Depending on the orientation of the cross-link relative to the direction of
the applied force, a distribution of force vectors will be present. Partially, they will
stabilize or destabilize the bonds. With the simplified assumption that stabiliz-
ing and destabilizing forces of identic magnitude are equally probable, a decrease
in the apparent cross-linker off-rate of the network with increasing force can be
rationalized (see appendix). With that an Arrhenius law

kF
off = k0

off · exp (−σ0/σ
∗) (4.6)

can be fitted to the observed decay of koff in Fig. 4.13C. Here, kF
off and k0

off denote
the cross-linker off-rate in the presence and absence of external force and σ∗ is the
characteristic decay stress. The magnitude of force that is transduced to a single
bond is given by the level of prestress as F ∼ σ0. In a Bell model [Bell 1978], the
characteristic bond length is described by the position of the transition state ∆x.
IXThe same scaling behavior is observed for the parameter d(σ0 = 0) = 0.08 Pa·s3/4 which

describes the high frequency regime that is dominated by the fluctuations of single filaments.
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As a consequence, the experimentally determined decay stress σ∗ can be related
with the Bell prediction and the following relation can be assumed to hold

σ0

σ∗ =
F · ∆x

kBT
. (4.7)

In order to extract the bond length ∆x from this relation, the ratio F/σ0 has
to be determined for any level of prestress. It is assumed, that F/σ0 depends
only on the network geometry and not on the magnitude of the applied force.
Therefore, the point of bond rupturing is chosen to determine this ratio since the
rupture stress σ0,r and the rupture force Fr are experimentally accessible: For
actin/HMM networks the rupture force of a single bond was determined to be
Fr ≈ 8 pN, the corresponding rupture stress is σ0,r ≈ 30 − 40Pa [Tharmann

et al. 2007] for R = 0.14. Hence, the bond length ∆x can directly be calculated
from the decay stress σ∗ = (10.6 ± 1.3)Pa to be ∆x ≈ (1.9 ± 0.7)nm. This is in
excellent agreement with literature values obtained from microscopic studies of the
actin/HMM bond. There, a bond length ∆x⊥ = 0.5 nm [Nishizaka et al. 2000]
and ∆x‖ = 2 nm [Guo and Guilford 2006] was reported – depending on whether
the force was applied orthogonally to the binding direction [Nishizaka et al.
2000] or in a parallel manner [Guo and Guilford 2006]. Indeed, these simple
considerations give a reasonable value ∆x⊥ < ∆x < ∆x‖. This might reflect the
fact, that in an isotropically cross-linked network a distribution of various force
directions is present. However, simulations might be necessary to determine this
force distribution in detail.

4.1.4 Non-linear response: force-induced unbinding

In section 4.1.3 it was demonstrated that the interaction potential of an actin/ABP
bond determines the viscoelastic reponse of transiently cross-linked actin networks.
While thermal energy is sufficient to drive the unbinding reaction of the cross-link
across the potential barrier, the application of prestress was shown to shift the ef-
fective cross-linker off-rate of the network by partially stabilizing and destabilizing
actin/ABP bonds. As a consequence, sufficiently large external forces should also
allow for cross-linker unbinding events.

The viscoelastic response of cross-linked or bundled actin networks and
even entangled actin solutions retains a highly non-linear character at large
stresses [Gardel et al. 2004a, Gardel et al. 2006] and thus strains. The degree
and type of non-linearity – hardening or weakening X – crucially depends on the
measurement protocol [Semmrich et al. 2008] and the network microstructure.
The molecular origin of this non-linear behavior is still elusive and vehemently
Xi.e. with respect to strain or stress
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discussed; a generic description (if possible at all) would have to account for the
microscopic differences in the network structures as well as for the subtle interplay
of cross-linker unbinding events and the persistence length of actin filaments and
bundles, respectively.

The simplest approach to correctly probe the non-linear elasticity of actin net-
works is given by applying a constant shear rate dγ/dt. This method largely
avoids artifacts induced by viscous creep, which in principle is not neglectable
in transiently cross-linked actin networks. The resulting stress σ is reported and
from the smoothed σ(γ) relation the differential modulus K = ∂σ/∂γ is calcu-
lated [Semmrich et al. 2008] and analyzed as a function of strain. At low strains
linear response is observed for all kinds of actin networks, i.e. K ≈ const (regime I,
dashed lines in Fig. 4.14A and B). However, beyond a critical deformation γc non-
linear deformations start to set in (regime II, compare section 3.3.2) XI. For many
network configurations strain-hardening is observed and the differential modulus
increases roughly with a power law, K ∼ γx (blue line in Fig. 4.14); the exponent
x can be used to describe the degree of hardening. Finally, at high deformations
γ > γmax the network is irreversible damaged and plastic deformations occur
(regime III).

Figure 4.14: Typical non-linear strain-hardening response of actin networks. From the
stress-strain relation σ(γ) shown in (A) the differential modulus K is calculated and
depicted as a function of strain in (B). Three different regimes emerge as described in
the text.

Isotropically cross-linked actin/HMM networks [Tharmann et al. 2007] and
bundled actin/PEG networks [Tharmann et al. 2006] both exhibit a strain-
hardening response in the non-linear deformation regime. The degree of hardening
XIFor a quantitative analysis the following definition of γc is used: γc marks the critical de-

formation at which the differential modulus K deviates by 5 % from its value in the linear
regime.
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decreases with increasing concentrations of the additive in both cases, i.e. with
increasing cross-link density in the case of actin/HMM networks [Tharmann

et al. 2007] and with increasing actin bundle thickness/stiffness in the case of
actin/PEG networks [Tharmann et al. 2006] XII, respectively. In order to ana-
lyze the interplay of increasing cross-link density and bundle thickness/stiffness on
the non-linear response, actin/fascin bundle networks are investigated where both
parameters can be simultaneously increased as a function of R (compare section
3.3.1 and 3.3.2). The same qualitative trend as described above is also observed
for actin/fascin bundle networks; however, here the variability in the degree of
hardening is much more pronounced: With increasing fascin concentration R the
non-linear response of actin/fascin bundle networks exhibits a full transition from
strain-hardening to strain-weakening as depicted in Fig. 3.17 on page 44. The
same data set is shown again in a renormalized version in Fig. 4.15A to enhance
the visibility of the effect. In actin/fascin networks the bundles are transiently
cross-linked with fascin molecules, the degree of cross-linking among individual
bundles depends on the fascin concentration (see section 3.3.2). With increasing
R the bundle stiffness as well as the connectivity of individual bundles is enhanced.
Thus, at high fascin concentrations a macroscopic deformation will lead to forced
unbinding of interconnecting fascin molecules even before non-linear deformations
of the stiff bundles can be evoked.

The same effect on the non-linear response can be achieved by applying different
strain rates to a bundle network with fixed microstructure (R = 0.1) as shown in
Fig. 4.15B. Varying the strain rate by two orders of magnitude leads to a continuous
change in the degree of strain-hardening. When the bundle network is sheared with
very low strain rates, detaching of fascin molecules is very likely on the timescale of
the experiment (e. g. ≈ 100 s in the case of dγ/dt = 0.125 %s−1). Therefore, the
remaining number of connection points between fascin bundles might become too
low to evoke strain hardening as in the case of higher shear rates. This underlines
the non-universal behavior of the non-linear response of semi-flexible polymer net-
works, qualitative similar observations are even reported for purely entangled actin
solutions where cross-links are lacking and a putative stickiness of actin filaments
is hypothesized to account for the non-linear response of the solution [Semmrich

et al. 2007]. Even if the molecular mechanism responsible for the strain harden-
ing remains yet to be understood, the non-linear response of semi-flexible polymer
networks can be tuned both geometrical parameters of the network and experimen-
tal conditions including the polymer bending rigidity, cross-link density, binding
kinetics and compliance of the cross-linker as well as the strain rate and sample
XIIThe bundle network formed by the depletion agent PEG only exhibits ”virtual” cross-links

between the bundles, i.e. attractive forces that are due to the entropic depletion effect. These
virtual cross-links should be mechanically weak compared to physical cross-links as they are
created by ABPs.
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Figure 4.15: The differential modulus K of actin/fascin bundle networks is normalized
by its value in the linear regime and shown as a function of strain. The non-linear response
can be tuned from hardening to weakening at a fixed strain rate dγ/dt = 6.25%s−1 by
varying the fascin concentration (R = 0.02 up to R = 0.5) as shown in (A) as well as for
fixed R = 0.1 tuning the strain rate (dγ/dt = 0.125, 1.25, 6.25, 12.5 %s−1) as depicted
in (B). ca = 9.5 µM for all curves shown.

temperature.
In the experiments on actin/fascin bundle networks discussed so far, the shear

rate measurements were conducted in such a way, that the non-linear reponse was
completely tuned from strain-hardening to weakening by either tuning the cross-
linker density or the shear rate. With varying shear rates the net force loading
rate that is sensed by a single actin/ABP cross-link during the shear experiment is
changed, too. This should manifest itself in a shifted rupture force distribution in
the transiently cross-linked network. For a single molecular bond a linear increase
of the rupture force with the logarithm of the loading rate, Fmax ∼ ln(dF/dt),
would be expected from the Bell prediction [Bell 1978, Evans and Ritchie 1997].
To further investigate the dependence of Fmax on the loading rate in transiently
cross-linked networks, a weakly bundled network is chosen where the density of
bundle interconnection points is low (R = 0.05). For this network type strain-
hardening is observed for all strain rates applied (Fig. 4.16).

The maximum strain the bundle network can endure without being irreversibly
damaged is independent from the strain rate, γmax ≈ (22 ± 1) %. The maximum
stress σmax = σ(γmax) the bundle network can withstand depends logarithmically
on the strain rate dγ/dt as depicted in the inset of Fig. 4.16. The maximum force a
single fascin molecule connecting two bundles can hold is given by Fmax ∼ σmaxl

2
c

whereas lc denotes the average distance of two neighboring bundle interconnection
points being fixed for a given R. For the data presented here the proportionality
dF/dt ∼ dγ/dt holds at the point of rupture γmax (see appendix). Therefore, the
Bell-prediction is reproduced well – indicating that forced unbinding of actin/fascin
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Figure 4.16: Differential modulus
K normalized by its value in the lin-
ear regime as a function of strain.
A weakly bundled actin/fascin net-
work (R = 0.05, ca = 9.5 µM)
is examined at different strain rates
(dγ/dt = 0.125, 0.625, 1.25, 6.25,
12.5 %s−1). The inset shows the
maximum stress σmax as a function
of the strain rate.

bonds gives rise to the observed strain rate dependence. As the macroscopic de-
formation is transmitted in a non-affine way to the bundle cross-linking points
(compare section 3.3.2), not all interconnecting fascin molecules will be loaded
with the same force during a strain rate experiment. Surprisingly, the Bell predic-
tion is still fulfilled.

These results show that force-induced rupturing of single actin/ABP bonds li-
mits the stability of transiently cross-linked actin networks under mechanical load.
Moreover, the rate dependent cross-linker unbinding behavior observed in complex
networks is also reported from single molecule studies – indicating that collective
phenomena can be largely neglected. The complete tunability of the non-linear
response by either the cross-linker concentration or the shear rate suggests that the
viscoelastic response of purely bundled actin networks might be equally determined
by the cross-linker concentration – as also observed for the simpler actin/HMM
system – and the chosen time scale of the experiment. The transient nature of
actin/fascin bonds introduces the cross-linker off-rate as an important time scale
(compare section 4.1.1). For actin/fascin bonds in filopodia this off-rate was de-
termined to be koff ≈ 0.12 s−1 [Aratyn et al. 2007]; however experimental uncer-
tainties in in vivo assays may cause this value to be slightly different in an in vitro
experiment. The off-rates of several actin/ABP bonds are compared in table 4.1.
As it turns out, these off-rates span less than one decade. This suggests, that
unbinding of cross-linking molecules is an ubiquitous mechanism, which dictates
the dynamic properties of isotropically cross-linked actin networks at biological
relevant time scales of several seconds.

In conclusion, the transient character of actin/ABP bonds gives rise to a delicate
sensitivity of cytoskeletal mechanics towards external or internal forces. This might
provide a central mechanism living cells can exploit for mechanosensing tasks. As
distinct ABPs differ in their biochemical properties such as the off-rate, binding
energy or bond length, the corresponding actin/ABP interaction potentials provide
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ABP unbinding rate reference

HMM 0.09 s−1 [Marston 1982]

fascin 0.12 s−1 [Aratyn et al. 2007]

α-actinin 0.44 s−1 [Goldmann and Isenberg 1993]

filamin 0.61 s−1 [Goldmann and Isenberg 1993]

Table 4.1: The off-rates for different actin/ABP bonds all lie within a relatively narrow
frequency window of less than one decade.

a formidable basis to tailor the dynamic viscoelastic response of the cytoskeleton,
not only in thermal equilibrium but also under mechanical load.
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4.2 Master curve descriptions

In an actin solution the semi-flexible nature of the actin filaments causes a se-
paration of length scales and therefore time scales [Hinner et al. 1998, Morse

1998]. The addition of ABPs alters the structure of entangled actin solutions.
Depending on the molecular structure of the cross-linking molecule, isotropically
cross-linked networks [Tharmann et al. 2007], purely bundled networks (see sec-
tion 3.1.2.2 or [Purdy et al. 2007]) or heterogeneous composite phases are created
(compare section 3.1.1 or [Shin et al. 2004a]). Concomitant with the structural
change new length and time scales are introduced. While the microstructure of
such complex reconstituted actin networks mainly determines the elastic response
(compare section 3.3), the length dependence of the persistence length of individual
bundles [Claessens et al. 2006, Tharmann et al. 2006] has to be considered as
well (compare section 3.3.2).

In section 4.1.4 an equivalence of cross-linker concentration and time was demon-
strated for the non-linear response of actin/fascin bundle networks. Moreover, in
section 4.1.1 it was shown that the frequency response of transiently cross-linked
networks is dictated by the density and lifetime of cross-links. In both cases the
impact of cross-link unbinding becomes more pronounced with increasing cross-
link density. These findings suggest that a generalized description of the frequency
response of transiently cross-linked networks by a master curve might be possible.
Such a master curve construction, i.e. the creation of an extended frequency spec-
trum spanning several orders of magnitude in frequency, relies on the superposition
of distinct frequency spectra which are obtained under different experimental con-
ditions. A prominent example known from flexible polymers is the superposition
of frequency spectra which are acquired at different sample temperatures. For
cross-linked networks of semi-flexible polymers such a superposition principle has
not been validated yet.

The following considerations are first applied to bundled actin/fascin networks.
Then, the applicability of a similar master curve construction is discussed for
isotropically cross-linked actin/HMM networks and composite actin/α-actinin net-
works. In all cases, an impartial criterion is needed to obtain appropriate parame-
ters for a putative generalization process of the frequency response. In section 4.1.2
it was demonstrated that the local minimum in the viscous dissipation marks the
time scale at which the viscoelastic response of a transiently cross-linked network
is equally dominated by thermal cross-linker unbinding events and single polymer
fluctuations. Therefore, this minimum position in the loss modulus is an ideal
candidate representing both the cross-link density and the cross-linker off-rate as
well as single polymer properties.
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The miminum position (fmin|G′′∗) XIII together with the corresponding value of
the storage modulus G′∗ XIV is determined for actin/fascin networks in the bundle
phase. For samples below the bundling transition such a minimum in the viscous
dissipation is not observable – thermal cross-linker unbinding is negligible at such
low fascin concentrations XV. Therefore, fmin is obtained by creating a ”best match”
overlay of the frequency spectra. Normalizing the frequency spectra by these
values results in a master curve which shows two different regimes corresponding to
distinct network types. At low rescaled frequencies the master curve corresponds
to networks in the purely bundled phase (Fig. 4.17A, rescaled G′(f) shifted up
for clarity). This regime contains a pronounced plateau region in the storage
modulus G′(f) accompanied by a clear minimum in the loss modulus G′′(f). A
maximum in the viscous dissipation as observed for actin/HMM networks cannot
be identified in this master curve since this feature is also lacking in the unshifted
frequency spectra. It can only be speculated whether the master curve construction
shown here would also be valid towards lower frequencies where local reptation
effects start to set in. However, the increasing bundle thickness at higher R-values
suggests that bundle reptation should get more and more slowed down with respect
to R – which would be consistent with the superposition principle of cross-linker
concentration and time employed here.

Networks before the bundling threshold also show a common frequency depen-
dence similar to a purely entangled actin solution (Fig. 4.17B). For an actin con-
centration of ca = 9.5 µM this bundling threshold R∗ is located at R∗ ≈ 0.01
(section 3.1.2.2). Indeed, the scaling parameters obtained for the master curve
construction follow a conjoint power law G′∗ ∼ (fmin)

x, G′′∗ ∼ (fmin)
x in the

bundle phase, while dropping off this relation for values R < R∗ (see Fig. 4.17C).
For the bundle phase a linear relation between the scaling parameters, x = 1,
is obtained. This is an indication of self-similarity as also observed in other soft
matter systems [Trappe and Weitz 2000]. Fascin networks with R < R∗ can
also be rescaled with a common power law between the scaling parameters, how-
ever x ≈ 1/2. As in this regime the tube model can be applied to describe the
mechanical response (compare section 3.1.2.2), the addition of few fascin molecules
seems to only slightly modify the network properties which does not give a self-
similar structure. The corresponding part of the master curve, f/fmin > 103,
shows a regime ∼ f 0.5 in both viscoelastic moduli right before the crossing-over,
fcross ∼ 1/τe, where τe denotes the entanglement time. While the molecular origin
of this behavior is still unclear, it is expected for cross-linked semi-flexible poly-
mer networks in an intermediate frequency regime resulting from tensions in the

XIIIG′′∗ = G′′(fmin)
XIVG′∗ = G′(fmin)
XVThis is fully consistent with the generic occurrence of a weakly cross-linked regime at low ABP

concentrations, which is still dominated by the entanglement length le (compare section 3.1).
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network [Morse 1998]. It is also reported for entangled actin networks from two-
point microrheological experiments [Liu et al. 2006] and interpreted to be due to
the diffusive dissipation of long-wavelength longitudinal fluctuations. Only at very
short time scales t � τe, and therefore very high frequencies beyond the crossing-
over of G′(f) and G′′(f), i.e. around 1 kHz, a scaling ∼ f 0.75 due to undisturbed
relaxations along single filaments would be expected [Morse 1998, MacKintosh

et al. 1995, LeGoff et al. 2002b] and is also detected experimentally [Gisler

and Weitz 1999].
From a single macrorheological experiment it is difficult to extract the crossing-

over time τe with a decent accuracy. The master curve presented in this work would
in principle offer enough reliable data points – albeit normalizing both moduli to
the same absolute value cancels out the desired information. In fact, re-shifting
the rescaled storage modulus might give the wrong impression that both moduli
do not cross over at all in the frequency range probed. Therefore, it is helpful
to calculate the loss factor tan(δ) = G′′(f)/G′(f). The shape of the loss factor
curves drastically changes at R∗ = 0.01 (large symbols in the inset of Fig. 4.18).
This again is in agreement with the bundling transition reported before. Moreover,

Figure 4.17: Master curve for actin/fascin net-
works (A) in the bundle phase (R = 0.5 (black)
down to R = 0.01 (purple)) and (B) before the
bundling transition (R = 0.01 (purple) down
to R = 0 (yellow)) as described in the text.
Closed symbols denote G′(f), open symbols de-
note G′′(f). (C) The rescaling parameters G′∗

(black) and G′′∗ (red) follow different power laws
with respect to fmin in the two regimes (full line:
∼ fmin, dotted line: ∼ f

1/2
min).
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these curves can also be generalized (Fig. 4.18) requiring only one single rescaling
parameter, namely the same fmin as used for the master curves shown in Fig. 4.17.

Figure 4.18: Generalized loss
factor curve for actin/fascin
networks. The unshifted
curves are depicted in the in-
set, the symbols and colors
used correspond to those in
Fig. 4.17A and B.

For a rescaled frequency range of 103 − 104 the loss factor master curve exhibits
a plateau. In this regime the viscoelastic moduli show the same frequency depen-
dence and have comparable absolute values. For even higher rescaled frequencies
the loss factor finally reaches values larger than 1, indicating that a crossing-over to
a viscous dominated regime, f > 1/τe, does exist but is not sufficiently accessible
with macrorheological methods – not even by the application of the cross-linker
concentration/time superposition. Yet, the rescaled loss factor curves unambigu-
ously show that the f 0.5 regime observed for actin/fascin networks is indeed an
analytical power law as the Kramers-Kronig relations are fulfilled implying an in-
termediate asymptotic regime. Possibly, the frequency behavior at intermediate
times might be strongly dependent on the network architecture as a regime ∼ f 0.75

has been described for actin networks in a composite phase, as obtained by the
cross-linker scruin [Gardel et al. 2004b].

Thus the mesoscopic network structure does not only determine the plateau
modulus but also the frequency behavior of semi-flexible polymer networks. De-
spite the fact that for composite networks a master curve description was re-
ported [Gardel et al. 2004b], this is not a generic feature for cross-linked actin
networks. Isotropically cross-linked actin/HMM networks do not allow a mas-
ter curve construction based on a concentration/time superposition. There, the
network elasticity is enhanced by simply decreasing the cross-linker distance lc –
without any overall change in the network structure [Tharmann et al. 2007].
Thus, structural self-similarity does not apply for isotropically cross-linked net-
works.

Matters are complicated for heterogeneous actin/α-actinin networks. The bun-
dle clusters formed by α-actinin exhibit a fractal dimension (compare section 3.1.1);
the fractal nature of these clusters is retrievable in the whole network on length
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scales up to 150 µm. Therefore, structural self-similarity should be applicable
for actin/α-actinin networks – at least in the clustered bundle phase. A clear
minimum in the viscous dissipation G′′(f) cannot be observed in the distinct fre-
quency spectra of actin/α-actinin networks. Thus, a best-match overlay of these
frequency spectra is used to decide whether or not the actin/α-actinin system can
be described with a master curve. Accordingly, shifting parameters a, b and c are
determined from this best-match overlay which indeed gives a reasonable master
curve a ·G′(c ·f), b ·G′′(c ·f) (Fig. 4.19). The virtually same shifting procedure can
be applied to data sets at high and low temperature (see inset of Fig. 4.19) result-
ing in two distinct master curves that appear to be effectively shifted against each
other. This can be rationalized by the fact that a change in temperature alters
the effective cross-linker concentration (see section 3.1.1) which again underlines
the principle of cross-linker-concentration/time superposition.

Figure 4.19: Master curves for actin/α-actinin networks at two distinct temperatures
(18 ◦C: red color scheme, 12 ◦C: blue color scheme). Inset: the shifting parameters a
(closed symbols) and b (open symbols) follow different scaling relations below and above
R = 0.02 which roughly corresponds to the onset of bundle formation.

The mathematical relation between the shifting parameters is not linear as ob-
served for the self-similar actin/fascin system. Moreover, in the composite and
clustered bundle phase the loss moduli of actin/α-actinin networks can be di-
rectly shifted on top of each other without adjusting the absolute values at all (i.e.
b ≈ const. in these regimes). Although a reasonable overlay of the actin/α-actinin
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frequency spectra can be created, a mathematical consistent master curve con-
struction XVI is only possible if one intrinsic parameter determines structure and
mechanical behavior at the same time. This is the case for actin/fascin networks
in the bundle phase: Increasing the fascin concentration R ”magnifies” all system
properties including the mechanical parameters of its constituting bundles. This
creates a self-similar network that can be described by the principle of cross-linker
concentration/time superposition introduced here. The resulting master curve de-
scription broadens the measurable frequency window over 8 orders of magnitude
simply by altering the typical network length scales tuning R – fully equivalent to
the principle of temperature/time superposition that is known for classical flexible
polymer networks [Rubinstein and Colby 2003].

XVIi.e. a rescaling process with a linear relation between the scaling parameters
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4.3 Retarded equilibration in bundle networks

In the previous sections of this thesis it was shown that unbinding of transiently
cross-linking molecules dictates the non-linear network response as well as the li-
near frequency behavior at intermediate time scales. In the following section it
is demonstrated that on very long time scales, i.e. in the course of several hours,
the non-static nature of actin/ABP bonds can also lead to spatial cross-linker re-
organizations throughout the whole network. In section 4.3.1 this is discussed for
actin/fascin bundle networks where the influence of cross-link unbinding events
can also be identified in the autocorrelation function obtained from dynamic light
scattering. The temporal evolution of actin/fascin bundle networks indicate that
meta-stable but well-defined initial states exist which have not reached full equi-
librium. A similar retarded equilibration of a bundle network is described in sec-
tion 4.3.2. There, it is demonstrated that kinetic arrest in localized aggregates of
bundles can lead to a meta-stable network configuration which slowly equilibrates
over time. These findings demonstrate, that the commonly accepted belief of fully
equilibrated in vitro network formations has to be questioned. Finally, the complex
dynamics observed for bundled actin networks is compared to phenomenological
descriptions in the conceptional framework of soft glassy materials.

4.3.1 Actin/fascin networks: Aging and cross-linker
unbinding

When the linear response of an actin/fascin bundle network (R = 0.1) is recorded
over several hours, a slight but significant and continuous drop of both viscoelastic
moduli is observed (Fig. 4.20A). Concomitant with the change in the absolute
values of the moduli, the shape of the loss modulus is altered, too. While at age
t = 0 h a clear minimum in the viscous dissipation can be observed this feature
shifts to lower frequencies and becomes less pronounced with increasing sample age.
The time evolution of the plateau elasticity G0 = G′(0.01) Hz is depicted in the
inset of Fig. 4.20B and exhibits a roughly inverse sigmoidal shape. This suggests
that after an initial meta-stable state reorganizations in the network configuration
start to set in after ≈ 2 hours XVII but seem to fade out after ≈ 8 hours.

G′′(f) is significantly flattening with increasing sample age and the shape of
the loss factor curve changes in a non-conformal way (see Fig. 4.20B): The uprise
in the loss factor at low frequencies vanishes over time. Therefore, rescaling of
neither the frequency spectra nor of the loss factor curves is possible with respect
to sample age. In comparison to the master curve discussed in section 4.2, this
suggests that the observed change in the viscoelastic response cannot be attributed

XVIIThis and all following times are given with respect to the time point of full polymerization.
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Figure 4.20: Temporal evolution of the frequency response of an actin/fascin bundle
network (ca = 9.5 µM, R = 0.1). (A) Closed symbols denote G′(f), open symbols
denote G′′(f). The color scheme encodes the sample age ranging from 0 h (purple) to
9.1 h (blue) after polymerization has been terminated. (B) Loss factor representation of
the frequency spectra depicted in (A): The uprise at low frequencies vanishes over time.
The inset shows the plateau elasticity G0 as a function of sample age, the dashed line
represents a sigmoidal fit to the data.

to a significant overall change in the network structure. This is confirmed by phase
contrast microscopy images (see appendix) and SAXS experiments [Semmrich]
which both demonstrate that the meshsize of the network and the bundle thick-
nesses remain unaffected even though the viscoelastic network response evolves
with time.

Recall, that actin/fascin bundle networks exhibit point-to-point cross-links be-
tween distinct bundles, which are also formed by fascin. Therefore, in analogy to
transiently cross-linked HMM-networks the observed flattening of G′′(f) (which is
accompanied by a shift in the minimum to smaller frequencies) can be a signature
of either

1. decreasing cross-linking degree or

2. decreasing amount of released energy per cross-linker unbinding event

with increasing sample age. On large time scales the complete dissociation of cross-
linking fascin molecules XVIII from the bundle cross-link points becomes feasible.
Recent single bundle experiments reveal that fascin bundles are not saturated with
fascin molecules for fascin concentrations R ≤ 0.2 [Claessens et al. 2008]. This
suggests that an uptake of unbound fascin molecules into unsaturated bundles

XVIIIi.e. simultaneous detachment of both binding sites from the two cross-linked bundles
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might in principle be possible. This uptake process will be opposed by an energy
barrier much larger than kBT requiring long times – which would be consistent
with the observed meta-stable configuration of actin/fascin networks. As soon as
all cross-link points have been depleted, this reorganization process should indeed
come to an end. However, actin/fascin networks with saturated bundles (R = 0.5)
also show a temporal evolution of the network elasticity towards smaller G0 values
similar to the R = 0.1 network depicted in Fig. 4.20 which seems to contradict
the hypothesis of decreasing cross-link density.

Interestingly, the temporal evolution of actin/fascin bundle networks from a
meta-stable initial state to a configuration with lower network elasticity can be
accelerated if the bundle network is exposed to high deformations as depicted
in Fig. 4.21: The decrease in the viscoelastic moduli in Fig. 4.20A is significantly
enhanced. This indicates that the proposed reorganization is facilitated by external
forces and demonstrates that cross-link unbinding plays a central role in the context
of this retarded equilibration process.

Figure 4.21: The passive retarded equilibration of an actin/fascin bundle network
(ca = 9.5 µM, R = 0.1) can be accelerated by mechanical load: After the meta-stable
state is reached, the network is sheared beyond the critical point (i.e. γc < γ < γmax) and
the subsequent temporal evolution is recorded. Closed symbols denote G′(f), open sym-
bols denote G′′(f). The color scheme encodes the sample age ranging from 0 h (purple)
to 9.1 h (blue) after polymerization has been terminated.

To further analyze the complex ”ageing” behavior of actin/fascin bundle net-
works, the network dynamics should be investigated more in detail. Dynamic
light scattering (DLS) is an ideal tool to determine the dynamics of a colloidal
sample within a broad frequency range. DLS reports a qualitative similar age-
ing behavior of actin/fascin bundle networks as observed in macrorheology. For
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a scattering vector of 90 ◦ DLS probes the correlation of local sample fluctuations
on a length scale of ≈ 50nm. As depicted in Fig. 4.22, the correlation function
for actin/fascin networks in the bundle phase, cI(t, τ) XIX, exhibits a pronounced
plateau at intermediate times (τ = 1 − 10 s) XX. This plateau extends to higher
times with increasing sample age t and is followed by a steep decrease to zero.

Figure 4.22: Temporal evolution of the network dynamics for an actin/fascin bundle
network (ca = 9.5 µM, R = 0.1). The correlation function cI(t, τ) is depicted as a
function of correlation time τ . The color scheme encodes the sample age t. The inset
shows the increase in the decay time τ∗ with respect to sample age which roughly follows
a linear relation.

To quantify the time scale τ ∗ of the underlying decorrelation process a stretched
exponential

cI(t, τ) ∼ exp (−τ/τ ∗)α (4.8)

is fitted to the correlation function. The data set depicted in Fig. 4.22 can be
globally fitted with a fixed stretch exponent α = 0.63; only the characteristic
decay time τ ∗ is shifted to higher values with increasing sample age, the time
dependence of τ ∗ roughly follows a linear relation: τ ∗(t) = τ ∗

0 + a · t. Despite
this well-defined behavior, the molecular origin of the observed slow-down in the
network dynamics remains elusive as the time scale of the decorrelation process,
τ ∗ ≈ 103 − 104 s is considerably larger than the lifetime of a single actin/fascin
bond (τfascin = 1/kfascin

off ≈ 8 s; compare section 4.1.4).
XIXsee section 2.3.4 for details
XXcorresponding to the frequency regime of the elastic plateau in the viscoelastic frequency

spectrum
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Yet, the rheological results discussed before imply that unbinding of cross-
linking fascin molecules has to play an important role for the observed ”ageing”
of actin/fascin bundle networks. Thermal unbinding events of cross-linking fascin
molecules should in principle also be detectable in the correlation function ob-
tained from DLS. In the following, the correlation function is analyzed at a given
correlation time τ = const as a function of sample age t. XXI Due to thermal fluc-
tuations of actin/fascin bundles, the correlation function is subjugated to thermal
noise as depicted in Fig. 4.23A. While purely thermal noise follows a Gaussian
distribution, unbinding events should systematically lead to lower levels of corre-
lation. Indeed, exactly such a behavior is observed if distinct time intervals of the
correlation function are statistically analyzed (Fig. 4.23B-D). The asymmetry in
the fluctuation spectrum becomes less pronounced with sample age which would
be consistent with both, a decreasing frequency or impact of unbinding events.

Figure 4.23: (A) Corrected correlation function for an actin/fascin network in the bun-
dle phase (ca = 9.5 µM, R = 0.1) as a function of sample age. The thermal fluctuations
are statistically analyzed for three different time intervals (B - D). Gaussian functions
(red lines) are fitted to the distributions to determine their asymmetry.

In conclusion, thermal cross-linker unbinding can also be detected in the corre-
lation function obtained from DLS, their occurrence – or at least their impact –
is fading over time. This correlates well with the macrorheological behavior: the
flattening in the loss modulus as well as the decrease in the plateau elasticity is

XXITo correct for the ”blurriness” of the speckle pattern, the data is normalized by the autocorre-
lation function cI(τ = 0).
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consistent with a decreasing impact of cross-linker unbinding events. This decreas-
ing impact may result from a decreasing cross-link density with increasing sample
age. However, the macrorheologial observations would also be consistent with the
DLS data if the inital network configuration of actin/fascin bundle networks would
bear low levels of internal stress as e. g. observed for bundled actin/filamin net-
works [Schmoller et al. 2008a]. Then, thermal cross-linker unbinding events
can locally release this stress and drive the network towards a fully equilibrated
state. As soon as such thermal cross-linker unbinding events have released all in-
ternal stress between the bundles, the observed ageing process should fade out as
observed. A final decision whether an overall decrease in the cross-linker density
or a local release of internal stress is responsible for the complex retarded equili-
bration of actin/fascin bundle networks is not possible on the basis of the current
experimental information. Yet, the results presented so far clearly demonstrate
that in vitro reconstituted actin networks do not necessarily have to have reached
their final equilibrium configuration right after the polymerization process.

4.3.2 Actin/α-actinin networks: Kinetic trapping and
thermal curing

In the previous section it was demonstrated that the viscoelastic response of
actin/fascin networks in the bundle phase exhibits a temporal evolution from a
meta-stable initial state to a significantly different final state. This ageing process
is a good indication that the initial network configuration is not fully equilibrated
– although the network structure of actin/fascin bundle networks is very homo-
geneous and does not undergo major rearrangements in the bundle distribution
over time. For actin/α-actinin networks drastic inhomogeneities in the network
microstructure occur at high R (section 3.1.1) where a pure bundle phase is ob-
served. Pronounced mesoscopic heterogeneities such as bundle clustering are nei-
ther reported nor expected for fully equilibrated actin networks which suggests
that also actin/α-actinin networks in the bundle phase may not have reached full
equilibrium right after polymerization.

Interestingly, the structural patterns formed, i.e. the occurrence of clusters and
their shape, and the concomitant mechanical properties are highly reproducible
even in this strongly heterogeneous phase of actin/α-actinin networks at high R.
Yet, the viscoelastic response of a bundle cluster network critically depends on the
initial conditions at which the network is formed (Fig. 4.24A and B): If an α-actinin
network (R = 0.5) is polymerized at low temperature only a moderately larger
elasticity (Ginitial

0 (12 ◦C) ≈ 35 Pa XXII) is observed compared to polymerization at
high temperature (Ginitial

0 (21 ◦C) ≈ 20 Pa). However, if the same 12 ◦C network

XXIIFor actin/α-actinin networks G0 = G′(0.01 Hz) is used.
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is treated by an intermediate heating step to 21 ◦C a significantly higher plateau
modulus, Gfinal

0 (12 ◦C) ≈ 200 Pa, is obtained when the network is brought back to
its initial temperature. The same final network elasticity Gfinal

0 (12 ◦C) is reached
if the sample is polymerized at the high temperature and subsequently cooled
to 12 ◦C. This indicates that the polymerization at 12 ◦C results in a kinetically
trapped structure, which can be cured by temporarily lowering the binding affinity
of the cross-linking molecules. This is achieved by the transient heating step and
allows for a faster spatial equilibration of the cross-linking molecules.

Figure 4.24: An actin/α-actinin bundle cluster network (ca = 9.5 µM, R = 0.5) is
investigated: (A) Plateau modulus G0 at different temperatures: After polymerization at
12 ◦C (blue) a heating step up to 21 ◦C (red) followed by re-cooling to 12 ◦C (purple) was
applied. (B) The frequency spectra corresponding to the plateau moduli shown in (A)
are compared directly after polymerization at 12 ◦C (blue circles), after heating to 21 ◦C
(red diamonds) and after re-cooling to 12 ◦C (purple squares). Closed symbols denote
G′, open symbols denote G′′. (C) Retarded temporal equilibration at 12 ◦C: The plateau
modulus G0 is shown as a function of the sample age.

Consistently, a very slow increase over ≈ 15h to approximately the same high
elastic modulus Gfinal

0 (12 ◦C) ≈ 250 Pa is observed for samples that have been
polymerized at 12 ◦C (Fig. 4.24C). This phenomenon is not limited to an initial
temperature of 12 ◦C – the network exhibits an identical behavior at higher tem-
peratures (see appendix). The presented data show that a well-defined final state
of the system exists. This final state is determined by the effective cross-linker con-
centration – which in turn is set by the temperature-dependent binding affinity of
the cross-linking molecule. In all cases, the starting conditions and the subsequent
sample treatment dictate how fast this final state is reached.

In section 3.1.1 it was shown that the bundle clusters formed exhibit fractal
character. Their fractal dimension of d ≈ 1.8 indicates that the meta-stable bun-
dle cluster phase is the result of kinetic aggregation and growth effects [Meakin

1983, Weitz and Oliveria 1984]. Still, a quantitative modelling of the complex
kinetics driving the formation of the network will be necessary: The polymeriza-
tion and treadmilling of the filaments and the formation of cross-links and bundles
occur simultaneously. In addition, the binding of the cross-linking molecules is
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dynamic with a well-defined off-rate, which – to a certain extent – should also
allow for disassembly. Yet, the clusters themselves are stable and unaffected by
the temperature sweeps as confirmed by confocal microscopy (see appendix). This
either indicates that the bundle clusters represent an equilibrium structure - which
seems unlikely - or that their kinetic arrest is too strong to be overcome by the
temperature circle.

For the following discussion it is crucial to recall that two aspects of the net-
work microstructure dictate the mechanical response of actin bundle networks:
the degree of bundling and the degree of cross-linking (compare section 3.3). The
typical single filament behavior ∼ f 0.75 observed for actin solutions or actin/HMM
networks at high frequencies cannot be observed in the frequency spectrum of
actin/α-actinin networks in the bundle cluster phase XXIII – underlining that in
these cluster networks all actin filaments are organized into bundles.
Interestingly, the thermal curing as well as the retarded temporal equilibration of
the system both result in a pronounced change in the viscoelastic spectrum. The
frequency spectra of the two 12 ◦C networks in Fig. 4.24B both exhibit a max-
imum in the loss modulus at low frequencies. Increasing viscous dissipation at
low frequencies is a signature for a transiently cross-linked network, the position
of this ”unbinding peak” is given by the cross-linker off-rate while its height is
set by the cross-link density (compare section 4.1.2). Unlike the data obtained at
12 ◦C, the spectrum taken at 21 ◦C does not show such a low-frequency peak in the
viscous dissipation. It rather resembles the featureless shape of frequency spectra
obtained for bundled filamin networks [Schmoller et al. 2008b], which do not
possess point-like cross-links between the bundles. This suggests that at 21 ◦C the
network is not effectively cross-linked XXIV while at 12 ◦C cross-links between the
bundles are formed.
Moreover, after heating and subsequent cooling both components of the viscoelas-
tic frequency spectrum are shifted to higher absolute values while retaining their
overall shape. In other words, the degree of cross-linking is significantly enhanced
by the transient heating step. This increase of the cross-link degree accounts for
both the mere shift of the frequency spectra and the increased plateau elastic-
ity XXV: The applied temperature cycle (12 ◦C → 21 ◦C → 12 ◦C) leads to an
increased interconnectivity between the bundles. When their affinity is transiently
lowered during the temperature sweep, α-actinin molecules that have been trapped
in the clustered bundles during the polymerization at 12 ◦C might be able to es-
cape and can now form mechanically more effective cross-links outside the clusters.

XXIIIAt lower α-actinin concentrations this single filament regime can clearly be identified (compare
Fig. 4.19)

XXIVThe shape of the frequency spectrum is indeed similar to those of composite networks that are
formed at intermediate R, where a low local elasticity was observed (compare section 3.2.1).

XXVcompare isotropically cross-linked actin/HMM networks as discussed in section 4.1.2
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Simulations (compare section 3.2.2) show that the mechanical properties of cluster
networks are highly sensitive on the interconnnectivity, i.e. the cross-link density
between single bundles and bundle clusters (Fig. 4.25A). This demonstrates that
the number of ”equillibrated” α-actinin molecules does not have to be very large to
account for the observed effect – is consistent with the observation that the large
bundle clusters are preserved after the temperature cycle.

Figure 4.25: (A) Finite element simulations of cross-linked bundle networks with de-
creasing cross-link density: Circles denote networks with a high degree of heterogeneity
(30 % of the material is redistributed into one central cluster), diamonds denote homo-
geneous networks. (B) Plateau modulus G0 of a composite α-actinin bundle network
(ca = 9.5 µM, R = 0.02) at different temperatures. After polymerization at 12 ◦C
(blue) a heating to 21 ◦C (red) followed by re-cooling to 12 ◦C (purple) was applied. (C)
Frequency spectra of the R = 0.02 network shown in (B) directly after polymerization
at 12 ◦C (blue circles), after heating to 21 ◦C (red diamonds) and after re-cooling to 12 ◦C
(purple squares). Closed symbols denote G′, open symbols denote G′′.

In contrast to this third cross-linker concentration regime of cross-linked
actin/α-actinin networks (R > R#, compare section 3.1.1) where kinetic effects
play an important role, networks without clusters R < R# are virtually unaffected
by the starting conditions (Fig. 4.25B and C) which indicates their thermally well-
equilibrated nature. This agrees well with the observation that actin/α-actinin
networks in the composite phase are – if at all – only very sparsely cross-linked
as also indicated by the low local network elasticity (compare section 3.2.1). Inte-
restingly, isotropically cross-linked actin/HMM networks do not exhibit ageing or
temperature hysteresis phenomena, either. In comparison to the retared equilibra-
tion of actin/fascin networks in the bundle phase these findings suggest that the
formation of bundles, i.e. an alternative configuration for the cross-linking ABPs
besides the cross-link points, is responsible for the observed complex kinetic trap-
ping and ageing processes. The mechanical behavior of such networks sensitively
depends on the transient nature and in particular on the binding affinity of the
cross-linking molecule. In combination with kinetic trapping effects, this gives rise
to a delicate temperature memory of the network elasticity and retarded temporal
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equilibration.

4.3.3 Complex dynamics in actin networks vs soft glassy
rheology

Not only reconstituted actin bundle networks exhibit complex dynamics at vari-
ous time scales. Living cells are an outstanding example of biological and physical
complexity; therefore, it is even more astonishing that the frequency response of
whole cells is rather simple – at least at a first glimpse. Due to the featureless
shape of both viscoelastic moduli [Fabry et al. 2001, Fabry et al. 2003] the vis-
coelastic response of living cells is often described by a simple power law behavior
representing a broad distribution of relaxation times. In a recent review [Lenor-

mand and Fredberg 2006] it is stated that ”no distinct internal time scale can
typify protein–protein interactions within the living cytoskeleton, and the response
is scale-free.”

As a consequence, a phenomenological model called ”soft glassy rheology” (SGR)
has been introduced [Sollich 1998] and was proposed to rationalize the featureless
viscoelastic spectrum of living cells [Fabry and Fredberg 2003, Bursac et al.
2005]. The basic idea is that the viscoelastic response of the living cytoskeleton is
determined by an energy landscape that is extremely rough and exhibits plenty of
local minima. Fast and frequent hopping processes between these distinct minima
are thought to give rise to a frequency response that follows a power-law G′(f) ∼
G′′(f) ∼ fx over a broad range of frequencies. The power law exponent x is
correlated with a so-called ”noise temperature” Θ via Θ = 1 + x. Typical values
for Θ lie within a quite narrow range between 1.1 and 1.4 – depending on the cell
type and/or stiffness; exponents x ≈ 1 are supposed to indicate that the glass
transition is approached.

As depicted in Fig. 4.26A, the frequency dependent elastic response of
actin/fascin networks can roughly be approximated by a power law. The resulting
noise temperatures Θ are depicted in Fig. 4.26B as a function of the relative fascin
concentration, R. At high R, i.e. in the bundle phase, the low value of Θ ≈ 1.1
would – in the context of SGR – indicate proximity to the glass transition (”frozen”
state). In contrast, at low R corresponding to the weakly cross-liked single filament
phase the system would be considered to be in the ”molten” state and Θ ≈ 1.4.
Note, that the full range of Θ-values that is reported for cells can be reproduced
with only one cross-linking molecule in vitro.

Although the simplicity of such a description is appealing, it is questionable
what (if anything) can be learned from such a purely phenomenlogical approach.
If the right presentation is chosen many similarities to colloidal and glassy materi-
als can be constructed. In Fig. 4.26 such a questionable presentation is chosen on
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4.3 Retarded equilibration in bundle networks

Figure 4.26: (A) The elastic frequency response of an actin/fascin bundle network can
be approximated by a power law. The resulting noise temperature values Θ are depicted
in (B) and exhibit a transition from a ”molten” regime at low R to a ”frozen” regime close
to the glass transition at high R. The transition point depends on the exact frequency
position that is used for the evaluation as indicated by the green (0.1 Hz) and red (1 Hz)
lines and symbols. The horizontal lines indicate the asymptotic regimes, the vertical line
represents the bundling transition in actin/fascin networks.

purpose to illustrate the ambiguity of the SGR description. As explained in detail
in this thesis, the mechanical properties of actin/fascin networks can be under-
stood in terms of a microscopic single filament picture; a qualitative description
by the relatively vague SGR is dispensible. A detailed molecular description of the
frequency response of cross-linked and bundled actin networks might be difficult
to develop, yet it this is the sole promising approach for understanding the com-
plex viscoelastic behavior of cytoskeletal networks. A recently suggested extension
of the classical worm-like chain description of semi-flexible polymers [Kroy and
Glaser 2007] might indeed be helpful for a qualitative understanding of entang-
led actin solutions [Semmrich et al. 2007] where well-defined characteristic time
scales of the system are elusive. For transiently cross-linked actin networks, how-
ever, the cross-linker off-rate is a well-defined intrinsic time scale which largely
dictates the viscoelastic network response and therefore has to be thorougly con-
sidered in modelling approaches.

In the living cell many cross-linking molecules with slightly different biochemical
properties are used simultaneously. As a consequence, the broad distribution of
relaxation times observed in cells can already result from small differences in the
off-rates of different cross-linking proteins. A featureless frequency spectrum in
both viscoelastic moduli can e. g. be generated by simply mixing the two bundling
ABPs fascin and filamin in equal concentrations [Schmoller et al. 2008b]. This
way, even the power law exponent x and with this the noise temperature Θ can
be adjusted (Fig. 4.27).
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4 Dynamic network properties

Figure 4.27: Frequency
response of composite
actin/fascin/filamin net-
works. Closed symbols denote
G′(f), open symbols denote
G′′(f). Each frequency spec-
trum is fitted with a power
law which results in Θ = 1.21
for Rfascin = Rfilamin = 0.05
(red symbols and lines) and
Θ = 1.14 for Rfascin = 0.05,
Rfilamin = 0.2 (blue symbols
and lines).

In addition, aggregation phenomena can result in kinetic arrest of metastable
structures and local stress release gives rise to slow retarded equilibration pro-
cesses as described in section 4.3.2 and 4.3.1, respectively. Living cells achieve a
rearrangement of the cytoskeleton with the help of actin depolymerization agents
and molecular motors, which complicates the picture. In this context – from a
more philosophical point of view – the SGR model definitely has a valid point: the
energy landscape of a living cell is highly complicated. Yet, exactly this biologi-
cal complexity calls for increasingly complex in vitro model systems in order to
correlate the macroscopic response of living cells with microscopic events.
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5 Outlook
Cells show remarkable polymorphism in the structural organization of their cy-
toskeleton. This polymorphism is directly related to the different specialized tasks
of cytoskeletal elements and often attributed to the local activation of different
actin cross-linking and/or bundling proteins (ABPs). As demonstrated in this
thesis, structural polymorphism of actin networks can already be induced by a
single ABP. By adjusting the relative concentration of this ABP different struc-
tural phases can be generated which in turn set the macromechanical response of
the reconstituted actin network. It remains to be shown how mixtures of differ-
ent ABPs affect the structural organization of actin networks. It is an interesting
question if a combination of different ABPs would give rise to new structural el-
ements that are not observed in reconstituted systems which contain only one
type of ABP. In particular, the interplay of different ABPs could be synergistic,
competitive or independent. For example, composite fascin/α-actinin networks
are suggested to show synergistic/cooperative behavior [Tseng et al. 2005] while
in fascin/filamin networks the cross-linkers contribute independently to both the
network structure and mechanics [Schmoller et al. 2008b]. To this date it re-
mains elusive whether these qualitatively different results are a consequence of the
particular combination of ABPs and what could be the molecular origin of this
difference. The precise type of the ABP-interplay might well depend on both the
respective subclasses of the mixed ABPs and their relative concentration. It seems
reasonable to assume that a combination of two (mainly) bundling ABPs exhibits
a different behavior than a combination of a pure cross-linker with a bundling
protein. The well-characterized actin/HMM and actin/fascin system discussed in
this thesis are an excellent starting point for a detailed analysis of complex actin
networks with multiple cross-linking proteins.

Besides networks with multiple cross-linkers, composite networks containing
other biopolymers in addition to actin are yet to be characterized. The steric
interaction of actin filaments with other biopolymers such as neurofilaments or
microtubules might lead to different network formations compared to the struc-
tures that are observed if actin is polymerized alone. Reconstituted actin/MT
networks have recently drawn attention in cytoskeletal research [Brangwynne

et al. 2008]. However, a clean systematic investigation of the structural patterns
formed in such composite networks is missing. It would definitely lift the structural
characterization of reconstituted cytoskeletal networks to the next higher level of

89



5 Outlook

complexity.

Despite the rich polymorphism of actin networks that can be created in vitro,
the physical origin of the transitions between the different structural and mechani-
cal phases is still poorly understood. In this thesis the first parameterization of the
cross-link transition from a generic weakly cross-linked phase at low cross-linker
concentrations to an isotropically cross-linked phase is presented and related to
microscopic network parameters. It turns out, the cross-link transition occurs at
a well-defined point, i.e. when the average distance between cross-linking points
matches the persistence length of actin filaments. As a consequence, the local
deformation mode of the network changes. While at low cross-link densities the
network response is still dominated by the entropic suppression of filament fluctu-
ations, at high cross-link densities the network elasticity is set by the mechanical
stretching of single filaments. In the framework of this thesis, the bundling transi-
tion in actin/fascin networks could also be parameterized; however, a microscopic
understanding of the obtained relation has still to be developed. The simultane-
ous variation of both important length scales, i.e. the cross-linker distance and
the persistence length, calls for a detailed theoretical analysis of the experimental
data presented in this study. Only by accounting for the subtle interplay between
entropic and enthalpic contributions, the bundling transition and the concomitant
change in the local deformation mode might be properly understood.

This change in the local deformation mode has been demonstrated in this the-
sis for the bundling transition of actin/fascin networks. Here, the high stiffness
of actin/fascin bundles implicates that bending modes become energetically pre-
ferrable in comparison to stretching deformations. Concomitantly, the long and
straight shape of the stiff bundles suggests that the local deformation field should
acquire a strongly non-affine character. Such non-affine deformations were indeed
assumed in section 3.3.2 for the theoretical modeling of the bundle network elas-
ticity. However, a direct demonstration of such non-affine deformations in bundle
networks is still missing. A shear cell experiment in combination with confocal
microscopy might allow for the 3-dimensional characterization of the deformation
field in bundle networks by optically following the microscopic displacement of
labeled actin bundles under shear. This could help settle the ongoing discussions
on the microscopic origin of the elasticity in actin networks.

Similar insights into the tunability of the local deformation field could also be
gained by the systematic creation of composite networks whose constituents exhibit
significantly different but well-defined persistence lengths. Such tailored composite
networks with well-defined properties could be obtained by mixing two different
biopolymer systems, e.g. isotropically cross-linked actin/HMM networks with dif-
ferent amounts of stiff microtubules (MTs). Since MTs exhibit persistence lengths
that are comparable to or even larger than those of actin/fascin bundles, the dom-
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inating microscopic deformation mode in a composite actin/HMM/MT network
should sensitively depend on the MT content and can possibly be completely tuned
from affine stretching to non-affine bending. In combination with the structural
investigation of composite actin/MT networks suggested before, this might provide
an even more realistic (and of course much more complex) model system for the
cytoskeleton. Such a refined model system would be a valuable tool to verify or im-
prove the conclusions drawn from reconstituted actin networks – the cytoskeleton
surely is one of the most complex composite biomaterials.

The formation of composite phases might be a central strategy in cell mechanics.
In this thesis it was described that embedding stiff actin bundles into soft networks
of actin filaments can provide the needed mesoscopic toughness while the local
network elasticity remains low. This might facilitate the intracellular transport of
vesicles or organelles which is achieved by molecular motors that have to drag their
cargo through the cytoskeletal meshwork. This hypothesis could be directly tested
in vitro: Processive myosin V motors could be employed to transport ”artificial
cargo” such as engineered complexes of quantum dots or labelled proteins through
actin networks of comparable macroscopic stiffness but different microstructure.
By following the fluorescence signal of the quantum dots the transport efficiency
of the myosin motors could be correlated with the local network elasticity and
network mesh size giving insight into the relevance of the cellular microstructure
for transport processes.

A dense meshwork of actin filaments might impede cellular trafficking. However,
it is important to note that cytoskeletal networks are transiently cross-linked.
Thus, local unbinding of cross-linked filaments in response to the force exerted by
forward pressing motor proteins might give way to obstructed cargo. This hypothe-
sis could be tested by comparing traficking assays as suggested above using different
cross-linker molecules but similar network geometries. Then, the cross-linker off-
rate will be the pivotal parameter in this experiment. Engineered mutants of
actin cross-linking proteins, i.e. slight modifications in the actin binding domain
of α-actinin, will extend the available toolbox and allow for an advanced modeling
of cytoskeletal processes in vitro.

In this thesis it is shown that external load can indeed trigger forced unbinding
events of transient cross-links. The transient character of cytoskeletal cross-links
limits the mechanical stability of the cytoskeleton under force. There is growing
evidence that forced and thermal cross-linker unbinding are the dominating pro-
cesses in cytoskeletal networks both under mechanical load and in thermal equilib-
rium. For actin/fascin bundle networks typical Bell behavior of the rupture force
is demonstrated in this thesis, similar results can be obtained using actin/HMM
networks [Tharmann]. The typical rupture forces of single actin/ABP bonds are
in the range of several pN. Such forces could also give rise to (partial) unfolding
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of cross-linking proteins. It is still under debate whether or not (partial) unfold-
ing of cross-linker molecules adds additional compliances to the viscoelasticity of
the cytoskeleton. Although this seems more and more unlikely, it is difficult to
completely rule out cross-linker unfolding in cytoskeletal networks at this point of
experimental research. Stimulated by the findings on actin/fascin networks pre-
sented here, other groups have started to investigate the rupture behavior of actin
networks cross-linked by other ABPs. Indeed, recent experiments on cross-linked
actin/filamin networks before the bundling transition [Kasza] reproduce the Bell
scaling observed in the actin/fascin system. Since filamin is a highly compliant
cross-linking molecule this indicates that even for this flexible cross-linker unbind-
ing dominates over unfolding in vitro and suggests that unbinding might also be
the dominant process used for mechanosensing tasks in vivo.

Realistic 3-dimensional simulations of transiently cross-linked networks of semi-
flexible polymer networks might help to answer these questions, i.e. determining
the local deformation field in cross-linked networks considering thermal cross-
linker unbinding events and filaments of different stiffness. So far, such detailed
3-dimensional simulations of actin networks are not available. The implementation
of thermal energy is a major complication but is crucial for the correct consider-
ation of thermally activated cross-linker unbinding events. A recently started col-
laboration with the group of Prof. A. WallI has already indicated highly promising
possibilities: the experimentally determined fluctuation spectrum of a single actin
filament (discretized by several Timoshenko beams using finite element methods)
can be reproduced with astonishing accuracy. Based on the experimental insights
into the dynamics of transiently cross-linked networks presented in this thesis a
realistic representation of thermally undulating actin networks might indeed be
possible in the near future. This will allow for a detailed analysis of the stretch-
ing/unfolding behavior of cross-linkers in comparison to cross-linker unbinding
dynamics and the visualization of the deformation field. Such simulations will be
a great complementary tool to the experimental in vitro approach presented here
and will give quantitative insight into the physical principles in cell mechanics.

In conclusion, there are still many unsolved puzzles regarding the equilibrium
properties of reconstituted cytoskeletal networks. Systematic investigations of
(equilibrium) cytoskeletal networks under well-controlled conditions is mandatory
to elucidate so far unconsidered physical principles that govern the structural orga-
nization and the viscoelastic response of living cells. Several other groups working
on reconstituted cytoskeletal systems – and especially theorists – proclaim that
equilibrium actin networks are already sufficiently understood. They suggest that
experimental research should go beyond equilibrium networks and move on to in-
vestigate the viscoelastic properties of networks where molecular motors actively
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rearrange the network microstructure. However, the results presented in this thesis
clearly demonstrate that the properties of equilibrated actin networks are all but
completely understood. A further complication arises from the recent observation
that in many cases in vitro reconstitutions of cytoskeletal networks do not neces-
sarily result in fully equilibrated structures. This underlines the importance of the
bottom up approach described here since only in well-defined model systems the
observed effects can be reliably traced back to their molecular origin.
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Appendix

@section 3.1.2.2: Cosedimentation assay for actin/fascin
bundle networks

Co-sedimentation assays are performed to confirm the organization of actin/fascin
mixtures into bundles at high fascin concentrations as observed using fluorescence
microscopy. Actin/fascin samples are mixed at a distinct molar ratio of fascin
to actin before initiating polymerization. G-actin polymerization is induced by
adding 10-fold F-buffer followed by gentle mixing. The samples (200 µl) are poly-
merized for 1 h at room temperature and centrifuged with a table-top centrifuge
(Beckman Coulter Microfuge 18) at 12,000 g for 15min.

Figure 5.1: Co-sedimentation assay of actin/fascin bundle networks. The picture shows
a scanned image of a SDS/polyacrylamide gel. The sample numbers, 1, 2 and 3, corre-
spond to R = 0, R = 0.1 and R = 0.5 respectively at fixed ca = 9.5 µM. S, supernatant
after centrifugation; P, pellet after centrifugation. M, marker.

After centrifugation the supernatant is separated from the pellet, the pellets are
resuspended in F-buffer. Supernatants (S) and pellets (P) of all samples are ana-
lyzed by electrophoresis using a 12% SDS/polyacrylamide gel. The gel is stained
with Coomassie brilliant blue for protein band visualization. As the gel depicted in
Fig. 5.1 shows, the supernatant of both bundled networks investigated (R = 0.1
and R = 0.5) does not exhibit an actin band which demonstrates that only bun-
dles are formed at high fascin concentrations.
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@section 3.3.2: Exemplaric derivation of the scaling relation
for the plateau modulus of actin/fascin bundle networks

As described in section 3.3.2, by assuming non-affine deformations the linear elastic
modulus is given by

G0 ∼ νk⊥δ2
na (5.1)

Substituting the polymer density ν ∼ 1/ξ2 lc, the bending rigidity of a bundle of
N intermediately coupled filaments k⊥ ∼ κ

l3c
∼ Nκf l

2
c

l3c

II and non-affine deformation
δna ∼ γLB in equation (5.1) one obtains

G0 ∼ N

ξ2l2c
(5.2)

The cross-linker distance is given as lc ∼ R−yle. As a result of the intermediate
coupling of the filaments in the bundle, the entanglement length is given as le ∼
(Nκfξ

4)
1/3. Accordingly, equation (5.2) is modified to

G0 ∼ N

ξ2R−2yN2/3ξ8/3
(5.3)

which can be simplified to

G0 ∼ N1/3R2y

ξ14/3
(5.4)

Using ξ ∼ c−1/2
a Rx for the mesh size and D ∼ N1/2 ∼ Rx for the bundle diameter

equation (5.4) can be rewritten to

G0 ∼ R2x/3R2yc7/3
a R−14x/3 (5.5)

which can be simplified to
G0 ∼ R2y−4xc7/3

a (5.6)

which corresponds to the final relation given in equation (3.5) on page 43 where
z = 2y − 4x and w = 7/3.

IINote, that the deformation mode length λ is set equal to lc and the spacing of fascin molecules
within the bundles is assumed to be constant.
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@section 4.1.3: Apparent off-rate in a cross-linked network
under prestress

In prestressed actin/HMM networks a decrease in the off-rate with respect to
external prestress is observed (see Fig 4.12E in section 4.1.3). In single molecule
experiments with rigor HMM, such an decrease of the cross-link off-rate in the
presence of mechanical load has already been reported [Guo and Guilford 2006]
– consistent with a catch-slip mechanism of the actin/HMM bond. However, a
simple approximation shows that in a network of cross-linked actin filaments the
network geometry gives rise to a decrease in the apparent cross-linker off-rate in
the presence of mechanical load. Moreover, this decrease in the apparent cross-
linker off-rate is independent of the particular binding mechanism and therefore a
geometrical effect. In the following, the effective off-rate is calculated for a model
system where the cross-links experience forces of constant magnitude but with
random algebraic sign: F± = ±F0 ∼ ±σ0. This extremely simplified model is
able to rationalize the counterintuitive dependence of the off-rate on external force
– at least in a qualitative manner. The actual force distribution will be much more
complex.

If the forces F± = ±F0 ∼ ±σ0 load an ensemble of NΣ bonds, two different
off-rates k+

off = koff · exp(+F ·∆x/kBT ) and k−
off = koff · exp(−F ·∆x/kBT ) emerge:

NΣ = N+ + N−. Here N+ denotes the number of cross-links with enhanced off-
rate (destabilized fraction) and N− denotes the number of cross-links with lowered
off-rate (stabilized fraction).

This defines an effective off-rate keff
off for the whole ensemble of NΣ cross-links:

keff
off · NΣ = k+

off · N+ + k−
off · N− (5.7)

For constant on-rates III, k+
on = k−

on, the two populations N+ and N− equilibrate
according to the difference in their off-rates

N+

N− =
k−

off

k+
off

(5.8)

Eliminating N− in equation (5.8) results in

N+ = NΣ · k−
off

k+
off + k−

off

(5.9)

Together with equation (5.7) and (5.8) one obtains

keff
off = 2 · k+

off · k−
off

k+
off + k−

off

(5.10)

IIIThis assumption is reasonable since during the binding process a cross-linking protein does
not feel any external force acting on the actin filaments.
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which results in the apparent off-rate

keff
off = 2 · k0

off

exp(+F · ∆x/kBT ) + exp(−F · ∆x/kBT )
(5.11)

which can be rewritten to keff
off = k0

off/ cosh(F · ∆x/kBT ) < k0
off .

@section 4.1.4: Loading rate dependence of fmax

In the shear rate experiment discussed in section 4.1.4, the force loading rate
df/dt is proportional to dσ/dt as force is proportional to stress, f ∼ σ. Since the
experiments were conducted using a constant shear rate dγ/dt = const, the linear
relation γ ∼ t holds. Thus, dσ/dt ∼ dσ/dγ = K. At the point of rupture the
data shows that Kmax

IV ∼ dγ/dt. A linear relation Kmax ∼ dγ/dt fits the data
reasonably well; only the lowest loading rate does not follow the linear relation
(see Fig. 5.2). This can be physically understood as for the very low loading rate
(dγ/dt = 0.125 %s−1) viscous flow occurs in networks where the cross-linking
degree is low (R = 0.05). As a consequence the apparent increase in the sample
stress is decreased by the viscous flow resulting in an underestimation of Kmax.
Because of that, the second slowest loading rate dγ/dt = 0.625 %s−1 has to be
seen as a lower limit that can be used to investigate a sample with R = 0.05.

Figure 5.2: Differential modulus at the
point of rupture Kmax = K(γmax) as a func-
tion of loading rate dγ/dt. A linear relation
holds reasonably well.

IVKmax = K(γmax)
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@section 4.3.1: Structure of actin/fascin bundle networks

Actin/fascin bundle networks do not undergo detectable alterations in the overall
network structure with respect to sample age as depicted in Fig. 5.3.

Figure 5.3: Phase contrast micrograph of an actin/fascin bundle network (ca = 9.5 µM,
R = 0.1) (A) in the meta-stable state (4 h after polymerization) and (B) in the fully
equilibrated state (16 h after polymerization). Scale bars represents 50 µm.

@section 4.3.2: Thermal hysteresis and thermal curing of
actin/α-actinin bundle cluster networks

The hysteresis behavior and thermal curing demonstrated in section 4.3.2 for an
actin/α-actinin network in the bundle cluster phase is independent from the ini-
tial temperature. The effects observed for an initial temperature of 12 ◦C can be
reproduced for a higher initial temperature (Fig. 5.4A-D).

In order to investigate the stability of actin/α-actinin clusters towards temper-
ature, an actin/α-actinin bundle cluster network (ca = 4.25 µM and R = 0.5)
is polymerized at 10 ◦C and observed with confocal microscopy. A typical cluster
occuring in such networks is shown in Fig. 5.5A. After 60 min of polymerization,
the network is heated up to 30 ◦C and equilibrated for 30 minutes. To compensate
for drift, a comparable confocal layer in the bundle cluster is chosen after this
heating procedure. As shown in Fig. 5.5B the heterogeneous network structure is
stable despite the drastic temperature change, only minimal changes in the net-
work configuration occur. Note, that bleaching effects might have changed the
absolute fluorescence intensities.
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Figure 5.4: (A) Plateau modulus G0 at different temperatures: After polymerization at
21 ◦C (blue) a heating step up to 30 ◦C (red) followed by re-cooling to 21 ◦C (purple) was
applied. (B) The frequency spectra corresponding to the plateau moduli shown in (A)
are compared directly after polymerization at 21 ◦C (blue circles), after heating to 30 ◦C
(red diamonds) and after re-cooling to 21 ◦C (purple squares). Closed symbols denote G′,
open symbols denote G′′. (C) Temporal equilibration at 21 ◦C. (D) The plateau modulus
G0 as determined from the spectra in (C) is shown as a function of the sample age.

Figure 5.5: Confocal images (projections of 30 µm height) of an actin/α-actinin network
bundle cluster network (ca = 4.25 µM and R = 0.5) at 10 ◦C (A) and 30 ◦C (B). Scale
bars represent 50 µm.
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