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Summary

The emergence of collective motion in non-equilibrium systems is an ubiquitous and fascinating
phenomenon. Prime examples of this complex self-organization process are the flocking motion
of birds and schools of fish as well as collective motion patterns in bacterial colonies – but also
the complex dynamics inside the cytoskeleton of living cells. Although the composition of col-
lectively moving systems is generically simple – they consist of a sufficiently dense ensemble of
(self-)propelled particles – the dynamical properties of this class of materials are very complex.
They range from the spontaneous transition to collective dynamics and swirling motion to persis-
tent density inhomogeneities. To elucidate the physical principles that underly collective motion,
numerous theoretical studies have been devoted to model self-propelled particle systems at high
particle densities. They approach the problem on all levels of description, ranging from agent-
based simulations to mean field models in the hydrodynamic limit. The dynamics of all these
models are strikingly similar to the phenomena observed in experimental systems. Moreover, the
theoretic concepts provide some key predictions for the statistical properties of collectively mov-
ing particles that sharply discriminate them from systems in thermal equilibrium. However, a
detailed one-to-one comparison and thus an experimental verification of the theoretic predictions
is still hampered by the lack of well defined and well controllable experimental systems.

In this thesis, I established and analyzed a set of reconstituted model systems that confirm the
theoretic predictions and allow for a quantitative comparison between theory and experiment.
The experimental systems are based on biological proteins; actin filaments, molecular motor, and
crosslinking proteins. The motor proteins are the active component. They constantly consume
energy and are able to move on the filaments in a directed manner. Thereby they can build up
stresses or generate motion. The molecular nature of these experiments provides truly large sys-
tem sizes in a well controlled environment with system parameters that can be adjusted to a high
precision.

The first part of the thesis focuses on high density motility assay experiments where highly con-
centrated actin filaments are propelled by immobilized motor proteins in a planar geometry.
Above a critical density, the filaments self-organize to form coherently moving structures with
persistent density modulations such as clusters, swirls and interconnected bands – structures that
have been theoretically predicted but were not experimentally verified so far. These polar struc-
tures are long-lived and can span length scales orders of magnitudes larger than their constituents.
The reconstituted experimental approach complemented by agent-based simulations enables a
backtracking of the assembly and disassembly pathways to the underlying local interactions. I
identify weak and local alignment interactions to be essential for the observed dynamic pattern
formation. Furthermore, the ordered state is shown to have remarkable statistical properties: the
fluctuations in the particle density are abnormally large compared to systems in thermal equilib-
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rium, density- and velocity-correlations are anisotropic with respect to the direction of motion,
and the individual filaments perform a superdiffusive motion transversal to the mean direction of
motion. All these findings confirm the theoretical picture – both qualitatively and quantitatively.
It is shown that these generic features of collective motion arise from the coupling between the
particle density and velocity field of the collectively moving filaments. In turn, the collective mo-
tion of millions of filaments drags the surrounding fluid and induces a fluid flow that considerably
extends the size of the collective motion patterns. By analyzing the interaction between colliding
patterns and the dynamics of clusters within confinements, it is shown that both the stability and
the size of the patterns depend on long ranged hydrodynamic interactions that are self induced
by the coherently moving filaments.

The second part of the thesis addresses the question how actin crosslinking proteins modify and
alter the pattern formation in the high density motility assay. By adding the crosslinking protein
fascin, it is shown that the interplay of only three components is sufficient for the emergence of a
“frozen” active steady state, where fluctuations on the single filament level are successively elim-
inated during a coarsening process while keeping the system in an active state. The emergent
structures are highly symmetric and consist of rings and elongated fibers that are actively assem-
bled and propelled by the motor proteins. The symmetry of the frozen steady state structures
reflects the binding properties of fascin that only crosslinks filaments that are aligned in a polar
conformation. By complementing the experimental findings with an agent-based simulation, I
correlate the formation of a frozen steady state with the mechanical properties of the emergent
structures and identify the crosslinker mediated growth processes as driving mechanism for the
emergence of frozen active steady states. While frozen active states were reported for externally
driven systems through macroscopic shear or agitation, this is the first example for a frozen active
state in inherently active systems like cytoskeletal suspensions or active gels.

In a next step, I compare the pattern formation induced by fascin to the behavior of other crosslink-
ing proteins. In general, the pattern formation in the motility assay depends sensitively on the
specific properties of the crosslinking protein. Even if crosslinking proteins behave similarly in
passive systems, they may display a surprisingly different behavior once they are set under stress
in active systems. For instance, α-actinin and filamin, two crosslinking proteins that crosslink actin
filaments with comparable on and off rates and that a priori form similar passive networks, yield a
completely different kind of pattern formation: while the addition of α-actinin leads to an actively
contracting network, filamin promotes a highly resilient network that cannot be deformed by the
motor proteins. These results not only provide insight into the microscopic binding properties of
crosslinking proteins under load, but also show that the high variability in the behavior of differ-
ent crosslinking proteins in active systems adds a new degree of freedom to the physics of active
gels. By varying the specific abundances of crosslinking proteins, not only can active networks
tune their mechanical properties, but can also “shift gears” between different mechanisms and
regimes of self-organization.

In the last part of the thesis, these principles are transferred to the pattern formation of three-
dimensional active gels that consist of actin, the crosslinking protein fascin and oligomeric motor
filaments that induce relative displacements between neighboring filaments. The intricate inter-
play between active force generation and passive crosslinking in active gels leads to a highly dy-
namic structure formation process similar to the cytoskeletal dynamics. Again, the reconstituted
experimental system allows to model the experimentally observed pattern formation with an
agent based simulation. Here, the simulation is based on the competitive interaction of crosslink-
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ers and motor proteins. Despite its minimal nature, it retrieves the main experimental findings:
like the experiment it shows a dynamic coarsening with a characteristic structure size distribu-
tion that is set by the actin, fascin and motor concentrations. In the simulation, as well as in the
experiments, the motility of these structures generically depends on the structure size and the
competition between active transport and passive binding. Moreover, this results in anomalous
transport dynamics, that is similar to those observed in cells. The thesis closes with an investiga-
tion of collective modes in active gels that are characterized by the correlated movement of remote
structures. It is shown that these collective modes rely on the connectivity within the active gel
and a sufficient binding strength of the myosin-II filaments to the actin filaments.

The results of this thesis exemplify the importance of reconstituted systems for advancing our un-
derstanding of active matter. Only with a bottom up approach to the physics of collective motion,
it is possible to compare experimental results to the minimal theoretic models in the field and to
substantiate serveral theroretic key predictions. Moreover, the minimal nature of the experimental
systems allows to systematically accompany the experimental findings with agent-based simula-
tions, mapping the microscopic interactions on the molecular level. Thus, the physical principles
and effects described in this thesis help to establish a microscopic understanding of the structure
formation and collective motion in active systems.
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1 Motivation
and Introduction

How order can emerge spontaneously by means of simple local interactions among constituent
components of a system has always fascinated scientists from numerous disciplines. It is by now
well known that maintaining a system far from thermal equilibrium by external constraints in-
duces a plethora of different spatio-temporal patterns. Generically, upon increasing the strength
of the constraint, patterns change through a succession of instabilities, with the Rayleigh-Benard
instability being a prototype [43]. In chemically active and some biological systems, patterns arise
through the competition between nonlinear catalytic or regulatory processes and transport phe-
nomena. Turing’ s pattern is one of the paradigms for self-organization in this field of reaction-
diffusion processes [214].

Active systems, like flocks of animals, self-propelled microorganisms or the cytoskeleton con-
stitute yet another intriguing class of non-equilibrium systems. Here, locally generated inter-
nal forces together with interactions between the constituents are the cause for remarkable self-
organization processes, which lead to structures as diverse as cohesive flocks of vertebrates [11,
38, 231], swarming microorganisms [31,33, 44, 53, 168, 239], collective motion patterns in confluent
cell layers [1, 2, 86, 210], embryogenesis [141,165], or intracellular dynamics [116,122,131,134,137,
138,160,182,229]. At first glance, these examples may seem very diverse but by taking a closer ex-
amination, all these systems share some mutual similarities, including the inherent polarity of the
constituents that breaks the symmetry in the systems, a density-dependent transition to ordered
phases, collective dynamics, or huge fluctuations in the particle density in the ordered phase.

These similarities suggest universal organizing principles underlying the pattern formation in
these systems; an idea followed by theoretical models on all levels of description. Microscopic
models directly map local forces and interactions via only a few and preferably simple interaction
rules [3, 9, 29, 30, 72, 108, 157, 162, 163, 199, 222, 232, 241], while more macroscopic approaches map
microscopic interactions and coarse-grain them to obtain a mean field description [13, 14, 17, 19,
71,111–113,128,164,240,242]. Finally, theories in the hydrodynamic limit are based on the generic
symmetries of the system [73,78,94–96,114,148,186,207,208,213]. All these approaches contribute
to the general physical framework for this material class of active matter that has emerged in the
past decade.

However, all these models characteristically have a broad, partially empirically chosen parameter
space and show a manifold of possible patterns comprising the coexistence of ordered and disor-
dered phases, spiraling movements and propagating wave-like structures – most of which are not
experimentally verified so far. Moreover, experimental systems studied to date either exhibit static
steady states or are likely to rely on higher ordering principles like chemical signaling cascades or
even cognitive processes. It is thus indeed justified to say that in the field of active soft matter, the
theory currently is ahead of the experiments [49, 208]. This hampers any further progress in our
physical understanding of the self-organization processes in active matter, as the detailed compar-
ison of theoretical predictions to experimental observations is indispensable to narrow down the
parameter space and to decide which of the manifold of conceivable theoretic terms are the most
important contributions.
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Figure 1.1: Schematic representation of the reconstituted setups used in this thesis. In the motility assay displayed
in A, the molecular motor HMM is immobilized on a cover slip. In the presence of ATP, they propel the filaments in a
directed manner. The structure formation takes place in a quasi two-dimensional geometry. In contrast, the structure
formation in the active gel displayed in B takes place in three dimensions. Here, the structure formation arises from the
interplay between passive crosslinking and active transport induced by oligomeric myosin-II filaments.

To overcome these limitations, well-controlled and quantifiable experimental systems are urgently
needed. Generically, such reconstituted systems consist of a minimal set of purified components
with precisely adjustable interactions. One class of these reconstituted systems uses ensembles of
macroscopic granular particles that are actively agitated by vibrating the arena they are embedded
in [6,49,50,115,154,158,211,216]. So far, these systems have successfully verified the theoretically
predicted transition to collective behavior above a certain critical particle density [49,158,211]. Us-
ing macroscopic particles, these systems allow for a precise quantification of the particle-particle
interactions in dense granular monolayers and thus provide a very complete picture of the emer-
gence of order in these systems [50, 154]. Moreover, these systems could provide the first qual-
itative evidence for several theoretic key predictions such as the existence of abnormally large
particle fluctuations in the ordered phase [50,154] or the existence of anisotropic correlations with
respect to the broken symmetry mode [154]. The main disadvantage of these granular systems is
their limited system size. Characteristically consisting of up to several ten thousands of particles
with an arena only two orders of magnitude larger than the particle diameter, they defy a rigorous
quantitative comparison with theoretical predictions which are based on infinitely large systems
in the mean field limit.

Another class of reconstituted systems consists of purified cytoskeletal components [15], filamen-
tous proteins, crosslinking proteins, and associated motor proteins that, under constant energy
consumption, can exert forces by “walking” on the filaments. Such model systems have estab-
lished a physical understanding for the self-organization of quasi-static patterns, such as aster-
like structures [156, 199] or local accumulations of material [10, 185, 188]. Furthermore, it was
possible to relate the inherent activity stemming from the molecular motors to the bulk proper-
ties of the active network or gel [18, 89, 102, 121, 150] and to induce the large scale contraction
of the active gel at high material concentrations [93, 97]. The molecular nature of these systems
permits truly large system sizes with millions of individual proteins. This, together with the de-
tailed parameter control and the wealth of knowledge about passive crosslinked filament net-
works [123–125, 175, 176, 192, 228] makes these systems ideally suited to accompany theoretic ef-
forts in the field. Yet, the statistical properties and the emergence of collective behavior so far
remain to be systematically addressed – despite that the investigation of these aspects is crucial
for a more thorough understanding of this material class.
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To this end, in this thesis I introduce and analyze a set of reconstituted systems that are based
on cytoskeletal actin filaments and associated myosin-II motor proteins. Thereby two setups are
used: the motility assay setup and the reconstituted active gel (Figure 1.1). The motility assay
displayed in Figure 1.1 A, consists of actin filaments that are propelled by a myosin-II fragment
(HMM) in a planar geometry [55, 110, 183]. The reconstituted active gel (Figure 1.1 B) consists
of actin filaments, crosslinking proteins, and oligomeric myosin-II filaments that induce relative
displacements between actin filaments and crosslinked structures. Apart from the excellent ac-
cessibility of all relevant system parameters, the minimal nature of the systems introduced here
is another major advantage. This made it possible to systematically complement the experimen-
tal results by simple agent based simulations. The experimental procedures and the subsequent
analysis follow certain key aspects and guidelines that most concisely can be summed up in the
following main questions of the thesis:

1. Is it possible to induce a transition to collective motion by increasing the filament density in motility
assay experiments? If so: what are the statistical properties of this ordered state and how do they
compare to theoretic predictions? Is it possible to map the transition to collective motion by a simple
simulation that is solely based on short range interactions?

2. What happens if the active transport in the motility assay is complemented by a defined growth process
induced by crosslinking proteins? How do the mechanical properties of the emergent structures affect
the pattern formation?

3. How do different crosslinking proteins behave in active systems? Can the motility assay be used as a
tool to investigate and pinpoint the non-equlibrium properties of crosslinking proteins?

4. What are the dynamic properties of an active actin network that is set under stress by molecular
motors? Can these properties be retrieved in a simple simulation that models the interplay between
passive crosslinking and active driving based on interaction rates? Do active gels also display collec-
tive modes?

The first set of questions is addressed in chapter 2. Here it is shown that above a critical filament
density the high density motility assay indeed undergoes a transition to collective motion. Sub-
sequently, the statistical properties of the collectively moving phase are quantified. By means of
such quantification, it is possible to confirm several theoretic predictions and to relate them to the
coupling between the density and velocity fields of the moving particles. Introducing a minimal
agent-based simulation, it is shown that the emergence of collective motion can indeed be traced
back to local interactions – although the collective behavior on large length and time scales is
modulated by long-range hydrodynamic interactions.

Chapter 3 is devoted to the second set of questions. By adding the crosslinker protein fascin, I
show that the pattern formation is substantially altered if the active transport is complemented by
a growth process. In the case of fascin, this leads to the emergence of highly symmetric structures
that gradually absorb all individual filaments – until all fluctuations on the single filament level
have literally frozen.

By comparing various crosslinking proteins, in chapter 4, it is shown that the pattern formation
in the motility assay indeed depends sensitively on the specific crosslinking protein – thereby
adressing the third set of questions. The observed patterns turn out to be highly diverse. They
range from the self-organization of the driven filaments to form actively compacting structures to
the formation of highly stable networks.
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This lays the basis for the last part (chapter 5) of this thesis that is devoted to the analysis of three-
dimensional active gels. The chapter starts with a detailed analysis of the pattern formation in
active gels crosslinked by fascin. On this basis, I develop a simple agent-based simulation for
the dynamics inside the active gel. Although it is solely based on the interplay of binding and
unbinding rates of crosslinkers and motor proteins, the simulation is able to retrieve the main ex-
perimental findings, such as the dynamic structure size distribution, the superdiffusive transport
properties inside the gel, and the phase behavior. Finally, answering the last and final question
of the thesis, it is shown that active gels can indeed exhibit collective modes, provided that the
connectivity and the crossbridge strength of the acto-myosin interaction are sufficiently high.



2 Polar Patterns
of Driven Filaments

The emergence of collective motion such as exhibited by systems ranging from flocks of animals, self-propelled micro-
organisms or the cytoskeleton is an ubiquitous and fascinating self-organization phenomenon. Similarities between
these systems suggest universal organizing principles underlying pattern formation. This idea is followed by theoret-
ical models that provide a general framework for the understanding of this material class of active fluids. However,
further progress in the field is hampered by the lack of adequate model systems that allow for a precise quantification
of the statistics of collective motion and that help to pin down the relevant parameter regime.
In this chapter I demonstrate the emergence of collective motion in a high density motility assay, which consists of
highly concentrated actin filaments propelled by immobilized molecular motors in a planar geometry. After the setup
and the basic properties of the filament motion have been introduced (section 2.1), the basic phenomenology of the
system is examined in section 2.2. There I show that above a critical density, the filaments self-organize to form
coherently moving structures with persistent density modulations such as clusters, swirls and interconnected bands.
As illustrated in section 2.3, these polar structures are long-lived and can span length scales orders of magnitudes
larger than their constituents.
The detailed parameter control and the excellent accessibility of all relevant observables enables a detailed quantifica-
tion of the statistical properties of collective motion in section 2.4. There it is shown that the collectively moving phase
is characterized by unique statistical properties, comprising the occurrence of (i) anomalously large fluctuation in the
filament density, (ii) velocity and density correlations that are anisotropic with respect to the direction of motion, and
(iii) a superdiffusive particle movement perpendicular to the mean direction of motion, properties that were predicted
to be key signatures of collective motion. With the results obtained in section 2.4 these predictions cannot only be
confirmed, but their emergence can be traced back to the complex interplay between the density and velocity fields of
the collectively moving particles.
Further, the reconstituted approach enables a backtracking of the assembly and disassembly pathways to the under-
lying local interactions. With an agent based simulation that is introduced in section 2.5, weak and local alignment
interactions are identified to be essential for the observed emergence of the patterns. While these local interactions
are sufficient to explain the emergence of collective motion, the dynamic properties of the system are modulated by
long-range hydrodynamic interactions. This is shown in section 2.6 by analyzing the interactions between colliding
patterns and the dynamics of clusters within confinement. 1

2.1 The disordered phase: persistent random walk of driven filaments

The molecular system investigated here, consists of only a few components: actin filaments and
fluorescently labelled reporter filaments that are propelled by heavy mero myosin (HMM) motor
proteins in the planar geometry of a standard motility assay [110, 198, 209, 217] (Figure 2.1 A). In
eukaryotic cells, the globular 42 kDa protein actin is highly abundant and fulfills numerous tasks
and is one of the three main scaffold polymers of the cytoskeleton. In this study actin is used in
its polymerized form with contour lengths ranging from 1 to 10μm, with a persistence length of
17μm [121].
The molecular motor HMM is a myosin-II fragment with a molecular weight of 350 kDa [132].
It is obtained by enzymatically cleaving myosin-II with chymotrypsine and retains the two actin
binding domains of myosin II and the ATP binding site. However, it has lost its tail with which
myosin-II can either attach to cargo or polymerize to form oligomeric motor filaments. This makes
HMM ideally suited for motility assay experiments, as it still readily attaches to the coverslip, but

1The main results of this chapter are published in References [171] and [172].
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Figure 2.1: Schematic representation of the high density motility assay and systems behaviour at low filament
densities. (A): the molecular motor HMM is immobilized on a cover slip. The filament motion is visualized by the use
of fluorescently labelled reporter filaments with a ratio of labelled to unlabelled filaments adjusted to ≈ 1:50 - 1:320.
The motor proteins propel the filaments in a succession of conformational changes in a mechanochemical cycle that
is depicted in (B). In step (1), displayed at the top, a nucleotide-free motor head is bound to actin. This attachment
is released upon binding of ATP (2). Hydrolyisis of ATP leads to a conformational change (3) and rebinding to actin
(4). The release of the ionic phosphate between step (4) and (1) results in a strained conformation which is relaxed
by the power stroke that propels the filament. For low filament densities, the action of the motor proteins leads to
a disordered phase (C). The individual filaments perform a persistent random walk without any specific directional
preference. Encounters between filaments lead to crossing events with only slight reorientations. The scale bar is
30μm.

in a more controlled manner than myosin-II and without extended tail regions that interfere with
the active transport.

Myosin-II is an actin-based non-processive motor protein that by hydrolyzing ATP induces a slid-
ing movement of the actin filament and the myosin-II motor protein against each other [87, 88].
The chemomechanical cycle of the acto-myosin crossbridge involves a succession of conforma-
tional changes of the motor protein that are illustrated in Figure 2.1 B). In its nucleotide-free state
the myosin-II head is bound to actin. Upon binding of ATP, the motor head detaches and ATP
is hydrolyzed. This triggers a conformational change and myosin in its ADP · Pi state rebinds
to actin at a position 5 nm closer to the plus end of the filament. The phosphate release leads
to a conformational strain which is released through a conformational change back to the initial
configuration. This switch back is called power stroke and leads to a sliding motion of the actin
filaments in the motility assay.

The duty ratio, i.e. the fraction of time myosin-II is bound to actin during the mechanochemical
cycle, is of the order of 1/100, making myosin-II a highly non-processive motor protein [87, 166].
This opens up the possibility for many motor proteins to simultaneously move a single filament
in the motility assay. Although the frequency of the power stroke is limited to up to 100 /sec,
the concerted action of multiple motor proteins thus can lead to maximal actin gliding speeds
in the order of 5μm/sec. In general, the gliding speed depends on both, the filament lengths
and the motor density at the surface. With decreasing motor concentration the maximal gliding
speed is declining. Further, this saturation level in velocity requires increasingly higher filament
lengths [217]. To avoid these effects, the experiments presented here were performed at high
motor densities at the surface in the order of 5000μm−2, close to the saturation density [198,209].2

At low actin concentrations, the filaments, with a length of about 10μm, perform persistent ran-
dom walks without any specific directional preference and a dynamic persistence length of ap-
proximately 5μm (Figures 2.1 C and 2.2 A). On long time and length scales, the filament motion

2For details please see the materials and methods section.
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Figure 2.2: Origin of noise in motility assay experiments. (A) shows a typical trajectory of an approximately 10μm
long filament. The filament performs a persistent random walk with frequent alternations of its curvature. The in-
set shows a micrograph of the filament together with the detected contour points. The detected contour is used to
calculate the curvature distribution p(κ) of the persistent random walk of driven filaments (B). For small curvatures,
p(κ) can be described by a gaussian distribution: p(κ) ∝ exp(−κ2/0.14). In contrast to freely fluctuating semiflexible
polymers, the distributions shows an exponential tail decaying according to p(κ) ∝ exp(−κ/1.71). The inset shows the
cummulative distribution P (κ) that also follows an exponential decay. The random curvatures of the persistent ran-
dom walk are not the only source of noise in the motility assay: besides, the velocities, though sharply peaked around
4.54μm/sec, are broadly distributed. Compared to a gaussian distribution (grey curve), the distribution of velocities
shows a pronounced skewness of the order of 1.4. The scale bar is 5μm.

is diffusive with an effective diffusion coefficient in the order of 50μm2/sec [225]. The observed
directional randomness is thermal in nature, but also reflects the motor distribution on the sur-
face and the stochasticity of the acto-myosin interaction. The resulting curvature distribution p(κ)
shown in Figure 2.2 B deviates from the gaussian distribution one would expect for a freely fluc-
tuating semi-flexible polymer according to the worm-like chain model [83]. While p(κ) for small
curvatures κ indeed can be described by a gaussian distribution, it shows an exponential decay
for large curvatures.

The velocities of the filaments is set by the motor proteins at the surface and ATP concentration
(cATP = 2mM). The velocities are broadly distributed with a pronounced peak at 4.5μm/sec
with variance of 0.9μm/sec. The distribution itself is asymmetric (skewness ≈ 1.4) with an ap-
proximately gaussian decay towards small velocities and a faster decay towards large velocities
(Figure 2.2 C).

The random curvature changes during the persistent random walk and the broad velocity distri-
bution are themain origins of noise in themovement of single filaments. Theoretically, the random
curvature changes can readily be modeled by an angular noise [30,222], whereas the broad veloc-
ity distribution can be accounted for by a vectorial noise [30]. The random perturbations oppose
the emergence of order in the system at low filament densities. Even if encounters between fila-
ments lead to the alignment of two filaments, they are quickly transported away from one another
again. Increasing the filament density, however, it can be expected that the steric constraints be-
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Figure 2.3: Systems behaviour dependent on the filament density ρ. For low densities a disordered phase is found.
Above a certain critical density ρc, in an intermediate concentration regime, the disordered phase is unstable and small
polar-nematic clusters of coherently moving filaments start to form (A). At higher densities these clusters become larger
but remain homogeneous (B). Above a threshold density ρ∗, in the high density regime, persistent density fluctuations
lead to the formation of wave like structures (C). In addition, an enhanced directional persistence is observed with
increasing filament density. The trajectory of the clusters is shown by a colour coded time overlay of their movements
in time (white line) (A and B). The movement of the small cluster in (A) has a low persistence length LP ≈ 65μm. The
cluster in (B) is larger, less prone to reorientations and exhibits a considerably higher persistence length LP ≈ 65μm.
In the inset of (C) a zoom in and a local analysis of the average flow direction is shown. The density waves show only
minor reorientations in the time period of several minutes. All scale bars are 50μm.

tween the elongated filaments limit the noise in the system. In principle this should induce a tran-
sition to an ordered state – just like it is the case in passive systems in thermal equilibrium [68,159].
This transition and the properties of the ordered state are examined in the subsequent chapters.

2.2 Transition to collective motion

To investigate the stability and dynamics of an active ordered phase, the filament density ρ is
chosen as control parameter and is systematically varied. Dependent on the density ρ two phases
are discernable: a disordered phase below a critical density ρc of ≈ 5 filaments per μm2 and
an ordered phase above ρc. Increasing the filament density above ρc, results in a transition to
an ordered phase which is characterized by a polymorphism of different polar-nematic patterns,
coherently moving with the speed v0 (Figure 2.3 A – C).

These patterns can be further classified according to their size, orientational persistence, overall
life time and assembly/disassembly mechanisms: in an intermediate density regime above ρc
moving clusters (swarms) of filaments appear; in the high density regime starting at a threshold
density of ρ∗ (≈ 20 filaments per μm2) propagating waves start to form. As common feature both
patterns are characterized by persistent density modulations.

The clusters encountered in the intermediate state move independently and exhibit cluster sizes
ranging from about 20μm to more than 500μm in diameter (Figure 2.3 A and B). In general, clus-
ters exhibit an erratic motionwith frequent reorientations of low directional persistence (Figure 2.3
A and B). This low directional persistence affects the clusters’ shape but barely influences its tem-
poral stability. The cluster integrity is only affected, if collisions with boundaries or other clusters
are encountered. Increasing the filament density in this intermediate regime not only yields larger
clusters, but also a more persistent cluster movement. Individual clusters spontaneously emerge
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Figure 2.4: Emergence of ordered structures. Images (A) – (C) illustrate the gradual formation of ordered structures
starting from an apolar and homogeneous basic state. After the addition of ATP, the filaments move in an oscillatory
manner on circular trajectories with a growing radius as can be seen in (D), where the trajectory of an individual
filament is shown. The orientational instability results in the gradual emergence of ordered zones that successively
coarsen. The further the ordering has progressed, the more space is cleared for further binding of filaments to the motor
proteins at the surface and initially only partly bound filaments can bind fully. Consequently, the apparent filament
length at the surface increases concomitantly with increasing order. The filament density amounts to ρ = 21μm2 and
the scale bar is 20μm.

from the dilute and disordered background and continuously loose and recruit filaments. As long
as single clusters move embedded in this homogeneous disordered background, this uptake and
loss dynamics is balanced and leads to cluster sizes stable for several minutes.

A further increase of filament concentration above ρ∗ results in density waves characterized by
correlated movement of high density regions. In this high density regime, the filaments move
predominantly in bands which are stable throughout the observation time (up to 30min). They
exceed the size of their constituent filaments by up to three orders of magnitude, almost spanning
the entire system and comprising a crescent-shaped substructure. The appearance of the bands is
a generic feature of the high-density motility assay. While filaments in the high density regions
move collectively with a high orientational persistence, filaments lying outside the bands perform
persistent random walks.

2.3 Properties of the ordered state

2.3.1 Emergence of collective motion

One key aspect in understanding the structure formation in the system lies in the observation of
their emergence. In order to visualize the emergence of the density waves, samples were prepared
in the absence of ATP at filament densities above ρc. On that condition, the filaments bind to the
motors in the rigor state in an isotropic and homogenous manner, where no orientational prefer-
ence of the filaments is observable. Upon addition of ATP, molecular motors are activated and
filaments start to move in an uncoordinated fashion. Local interactions result in the emergence
of small polar zones that span the width of a few filaments only and exhibit small wavelength
oscillations (Figure 2.4). This is similar to theoretical model systems where the constituents inter-
act through inelastic collisions [72]. The successive coordination and synchronization of extended
coherently moving areas results in the formation of domains which grow larger and move with
increasingly greater persistence (Figure 2.4).
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Figure 2.5: Large scale density inhomogeneities and cluster size distributions in high density motility assay ex-
periments. Characteristically, the filament density close to the margin of the active region is much higher than in the
center (A). Despite the individual filament is only several μm long, the collective motion leads to phase separation on
macroscopic length scales. This also becomes manifest in the line-averaged fluorescence intensity shown in B that is
three times higher close to the margin of the flow chamber than in the center. The filament density was adjusted to
ρ = 7 ± 2μm−2. In C, the cumulative cluster size distribution P (a) is plotted as a function of the area of the cluster
for three different filament densities (dark blue: ρ ≈ 17μm−2; light blue ρ ≈ 9μm−2; cyan ρ ≈ 6μm−2). For low
densities (cyan), the cluster sizes are approximately exponentially distributed. For higher filament densities (dark and
light blue), the probability to find large clusters increases compared to the exponential distribution. In C, the area a
of the identified cluster is chosen as measure for the cluster size. The fluorescence intensity I of an identified cluster
provides an equivalent measure for the cluster size, as exemplified in D, where the area is plotted as function of the
fluorescence intensity. The scale bar is 200μm.

2.3.2 Large scale density inhomgeneities and clusters of collectively moving filaments

Motility assay experiments at high filament densities are characterized by huge density inho-
mogeneities. They do not only become manifest in the self-organized formation of coherently
moving structures such as density waves and clusters, but also in large scale density inhomo-
geneities throughout the entire flow chamber. This becomes most evident for small filament den-
sities, where the systems self-organizes into clusters of collectively moving filaments (Figure 2.5).
The better part of the clusters is located close to the margin of the chamber, whereas the density
in the middle of the flow chamber is depleted (Figure 2.5 A). This is retrieved in the line-averaged
fluorescence intensity throughout the flow chamber (Figure 2.5 B) which is three times higher
close to the margin than in the center of the flow chamber.

It is this local filament density that sets the size of the collectively moving structures. This is
demonstrated in Figure 2.5 C, where the area of the identified clusters is shown for different fil-
ament densities. For small filament densities close to the onset of collective motion, the cluster
sizes are exponentially distributed. For higher filament densities, the probability of finding larger
clusters is considerably higher, visible in a pronounced peak for large clusters (Figure 2.5 C, dark
blue curve).

Importantly, the filament packing inside the clusters is independent of the cluster size or the fila-
ment density. Consequently, plotting the area a as function of the fluorescence intensity I yields a
linear relationship (Figure 2.5 D). This is equivalent to a maximal packing fraction that apparently
is independent of the structure size and the filament density.
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Figure 2.6: Characteristics and emergence of density waves. Within the bands, filaments move in straight trajectories
parallel to the mean direction of the traveling density wave (red arrow). This can be seen from the time overlay in
A, where 10 consecutive images in a time period of T = 11.7 sec were projected on the underlying image. To extract
the fluorescence intensity profiles and the associated power spectra, images were subdivided into five equally spaced
reference frames, each with a length of ≈ 300μm and a width of ≈ 30μm that co-rotate with the mean direction
of motion (A and B). To obtain an averaged power spectrum this procedure was carried out for three time points
in three independent samples respectively. This spectrum that is shown in C, is peaked at a wavenumber of k = 6
corresponding to a band spacing of ≈ 50μm. Image D shows the gradual emergence of density waves, which occurs
at sufficiently high densities. Well defined density waves only develop after a transient in the order of several minutes.
The scale bars are 50μm.

2.3.3 Density waves

The formation of density waves relies on the amplification of density fluctuations on the single
filament level. Individual filaments do not always perfectly follow the mean direction of motion
inside a collectively moving cluster, but deviate from it. As a consequence, they get run over by
the other filaments – and get relocated to a different position inside the cluster, when they realign
their direction of motion. This realignment is due to collisions with other filaments. Consequently,
realignment-events are more likely to occur in zones where the density is already enhanced, am-
plifying density inhomogeneities even more. Inside small clusters these density inhomogeneities
get annihilated by large scale directional rearrangements that homogenize the particle density
again. For large structures above ρ∗, however, the directional persistence is so high that the den-
sity inhomogeneities are not smoothed out anymore. Gradually this leads to the formation of
dense bands of collectively moving filaments above for filament densities ρ∗.
This can be demonstrated, by observing the temporal evolution of the underlying density insta-
bility (Figure 2.6). An isotropic and homogenous state, prepared in the absence of ATP, is rapidly
evolving into a homogeneously moving polar state upon addition of ATP. The subsequent emer-
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Figure 2.7: Density and polarity profiles along a traveling wave band. Filament density and polarity are calculated in
a reference frame (yellow box), co-rotating with the average direction of motion (red arrow) (A). The filament density
along the direction of motion is proportional to the fluorescence intensity shown in blue (B). The polarity shown in
red, is calculated by evaluating the velocity profile obtained by particle image velocimetry (B, upper picture; every 4th

vector displayed). While the filament density is clearly peaked, exhibiting a symmetric profile across the high density
band, the polarity is asymmetric with a decaying tail. This tail is due to a lateral memory effect stemming from the
persistence of the single filament motion. Since individual filaments cannot immediately adopt the direction imposed
by the high density band, they perform straight trajectories in the dense band and curved shaped paths after leaving
the band. This can be seen in the time overlay of 10 consecutive images depicted in (C, white arrows). The scale bar is
50μm.

gence of density waves requires a minimal orientational persistence which is only provided by the
high densities above ρ∗. In this regime, local de-correlation mechanism are not effective enough to
result in the immediate destruction or reorientation of the polarity of the entire transient homoge-
nous state. Yet, they induce persistent density fluctuations which grow gradually in time to form
the characteristic density waves (Figure 2.6 D). This can be seen in a dynamic Fourier analysis of
the density profile in a reference frame along the mean direction of motion. Initially, there is a
wide band of wavelengths, but after several minutes the power spectrum is peaked at about three
times the persistence length of individual filaments at approximately 50μm (Figure 2.6 C).

Along the direction of movement, the density waves are characterized by an abrupt change of
the filament density (Figure 2.7 A). While the density profile is symmetric, the orientational order
exhibits a rather asymmetric shape with a sharp front edge and a decaying tail (Figure 2.7 B).
This is due to the fact that the randomly moving filaments are oriented by the moving bands, but
cannot immediately adopt to this imposed reorientation. As a consequence they follow a circular-
shaped trajectory and eventually get run over by a high density band (Figure 2.7 C). In the low
density zone, they gradually loose this directional bias due to the randomized movement at low
filament densities.

This lateral memory effect is intimately related to the persistence of the single filament motion,
as well as to microscopic interactions between individual filaments which are short-ranged in
nature. It is best seen in low density motility assays, where encounters between filaments most
frequently lead to crossing events with only slight reorientations. Rarely, a steric repulsion with
an instantaneous and significant directional change of the filaments is observed.
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Figure 2.8: Swirling Pattern of coherently moving filaments. In (A) the swirling motion is visualized by a time over-
lay of 1.17 sec (10 consecutive images) starting from the image depicted in the inset. Since all filaments move with the
same velocity v0, swirls are characterized by huge angular velocity gradients leading to an inherent destabilization of
the pattern. The resulting unsteady movement can be studied by evaluating the velocity fields and the corresponding
vorticity profile as shown in (B). The maximum of the vorticity profile, marking the center of the counter clockwise
rotating swirls, performs a counter clockwise trajectory, as can be seen in (C). In the course of this movement, a defor-
mation of the initially well defined swirl develops (T = 290 sec) eventually leading to disintegration of the swirling
pattern. The limited stability of swirling motions is visible in the vicinity of the center region, where crushing events of
the filament currents are likely to develop (D). All scale bars are 50μm.

2.3.4 Swirling motion

In all states above ρc also swirls or spirals of actin filaments can be observed, reminiscent of spiral-
ing patterns predicted by active gel theory [96]. They form spontaneously either from the random
movement of bands or individual clusters or upon the collision of different actin bands or clusters
(Figure 2.8 A, B and D). These rotating structures are visible for up to ten minutes, before they
dissolve or merge with adjacent and interfering structures. Since all filaments move at the same
speed v0, huge gradients of angular velocity are generated throughout a swirl, leading to an in-
herently metastable structure most often with an unsteady and even moving centre (Figure 2.8 C).

2.4 Statistical properties of collective motion

To elucidate the physical principles that underly collective motion, numerous theoretical studies
have been devoted to model self-propelled particle systems at high particle densities. They ap-
proach the problem on all levels of description ranging from agent-based simulations [29, 30, 38,
71, 213] and mesoscopic models coarse-graining microscopic interaction rules [3, 5, 13, 14, 17] to
mean field models in the hydrodynamic limit [114, 186, 207]. The dynamic properties of all these
models are strikingly similar to the phenomena observed in experimental systems. Yet, all these
models naturally rely on different, partly empirically chosen parameters, hampering a one-to-one
quantitative comparison between different models and related experiments.

Instead, it proved favourable to identify and compare key properties that characterize collective
motion independent of the exact parameter values. These hallmarks of collective motility include
the occurrence of abnormally large fluctuations in the particle density, the so called giant number
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fluctuations [30, 49, 50, 154, 186, 207, 239] and correlations that are anisotropic with respect to the
direction of collective motion [148,207,213].

Despite the utmost importance of these unifying observables for the comparison between theoretic
approaches and experiments, most experimental systems studied to date defy their unambiguous
measurement. Neither it was possible to pinpoint the underlying microscopic mechanisms, nor to
elucidate how the coupling between order and particle density can give rise to these phenomena.
On the one hand, this can be attributed to the limited system size of most experimental setups,
whereas theoretic predictions are based on infinitely large system sizes in the mean field limit. On
the other hand, many experimental systems are prone to rely on higher ordering principles such
as the exchange of signals or even cognitive processes.

In this context, the motility assay is ideally suited to bridge between theory and experiments. The
molecular nature of the system allows us to access and control the mean field properties of collec-
tively moving driven filaments with only a few and easily adjustable key parameters and at the
same time permits large system sizes and high particle densities. In the subsequent section it is
shown that the dynamical, statistical, and morphological properties of collectively moving pro-
pelled particle suspensions result from a close coupling between the density and the velocity field
of the propelled particles. The emergence of collective motion is always accompanied by anoma-
lously large and long-lived fluctuations in the filament density that emanate from directional fluc-
tuations in the velocity field. These directional fluctuations are anisotropic and decorrelate faster
longitudinal to the direction of motion than perpendicular to it. As the density field is coupled to
the velocity field, this results in anisotropic density fluctuations that also become manifest in the
morphology of the collectively moving structures.

2.4.1 Giant density fluctuations

Above a critical filament density of ρc ≈ 5μm−2, the driven filaments form an ordered phase of
polar aligned and collectively moving filaments. The ordered phase is characterized by persistent
density inhomogeneities as the filaments self-organize to form coherently moving structures such
as homogenous clusters and density waves [24, 171]. However, already in a regime where the
overall filament density is still homogeneous (Figure 2.9 A and B) and where large-scale density
currents are absent, the filament density shows anomalously large fluctuations. These temporal
fluctuations of the filament density can be quantified by evaluating the fluorescence intensity I of
the filaments (Figure 2.9 C) that is directly proportional to the number of particles 3. Instead of
growing proportional to 〈I〉0.5, as one would expect from systems in thermal equilibrium obeying
the central limit theorem, the fluctuations of the fluorescence intensity ΔI grow far more rapidly
proportional to 〈I〉0.81±0.03. 〈I〉 denotes the mean intensity. Importantly, these giant number fluc-
tuations only occur when the filaments have self-organized in collective motion patterns: below
the onset of collective motion, where the filament density is not sufficient for collective motion to
evolve, the filament density shows only normal random fluctuations, withΔI scaling according to
〈I〉0.5 (Figure 2.9 C). The occurrence of these anomalously large fluctuations in the ordered phase
is intimately related to the lifetime of local density fluctuations δI that can be quantified by their
autocorrelation function4

GδI(t) ∝ 〈δI(T + t) · δI(T )〉 . (2.1)

3For details see materials and methods section (A.2.2).
4Details of the calculation can be found in the materials and methods section (A.2.6)



2.4. STATISTICAL PROPERTIES OF COLLECTIVE MOTION 15

105 106 107 108
10

102

103

104

<I> [a.u.]

[a
.u

.]
Δ

I  √<
I>

CA

C

10-2

10-1

1

10-3

0 20 40 60 80

D

T [sec]

<
δI

(t)
δI

(t+
T)

>
B

C

B

B

Figure 2.9: Collectively moving filaments show anomalously huge fluctuations in the particle density. At high F-
actin concentrations the driven filaments form a polar phase of collectively moving particles (A and B). Besides the
emergence of coherent particle currents, this phase is characterized by anomalously high fluctuations in the particle
density. These fluctuations can be quantified by recording the temporal fluctuations of the fluorescence intensity ΔI
for various subsystems of different sizes. (C) shows ΔI normalized by I0.5 as a function of the mean intensity 〈I〉.
For systems obeying the central limit theorem, these fluctuations should scale according to ΔI ∝ 〈I〉0.5 – and in
the absence of collective motion this is exactly the case (C, red data points). Above the critical density, where the
individual filaments move collectively, these fluctuations become anomalously large and scale according to ΔI ∝
〈I〉0.81±0.03 (C, blue data points). These fluctuations are not only anomalously large in magnitude, but also very long
lived, as can be seen from the auto-correlation C(t) = 〈δI(T ) · δI(T + t)〉 of the local density fluctuations δI that denote
local deviations from the overall mean density (D). While in the absence of collective motion density fluctuations
decorrelate diffusively according to C(t) ∝ t−1 (D, red data points), fluctuations in the collectively moving phase show
a pronounced exponential contribution for long time scales (D, blue data points). The filament density was adjusted to
ρ = 12± 2μm−2 and the average filament length was 6.8μm. All scale bars are 50μm.

In the ordered phase, GδI(t) decays according to GδI(t) ∝ t−1 on short time scales. For longer
time scales, however,GδI(t) shows a pronounced exponential contribution (Figure 2.9 D). It is this
exponential contribution that discriminates the ordered state from the disordered state, where
GδI(t) decays according to GδI(t) ≈ t−1 for all times. Thus, the fluctuations in the ordered phase
are not only anomalously large in magnitude, they are also very persistent.

But what exactly is responsible for these intriguing statistical properties that sharply discriminate
the ordered from the disordered phase? Plainly, the main difference between the two phases is the
emergence of coherent currents of collectivelymoving filaments (Figure 2.10 A). To investigate this
coupling, we calculate the coarse grained velocity field v(r, t) of the collectively moving particles
with a particle image velocimetry scheme [53,171]. Indeed, the dynamic properties of the velocity
field and the density field are closely related: qualitatively, at points where the velocity field con-
verges and has a sink, material is accumulated and the density increases, while at points where the
velocity field has a source, material is transported away and the density locally decreases (Figure
2.10 B and C). The change in density as a response to local defects (div(v �= 0)) is only one part
of the coupling between the density and the velocity field. The sinks and sources in the velocity
field are not stationary either. They constantly dissolve and emerge, but are also advected within
the velocity field. This dynamics of the distorsions is closely related to the local filament density:
defects emerge predominately at spots with a low filament density and are advected from high to
low filament densities. Physically, this happens because the filaments are less ordered and thus
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Figure 2.10: Fluctuations in the particle density arise from the coupling between density and velocity field. (A)
shows a typical velocity profile of collectively moving filaments. The phase of collectively moving filaments is always
characterized by local density fluctuations that can be quantified by the local deviation δI from the mean fluorescence
intensity, as shown in (B). These density fluctuations naturally coincide with local defects in the velocity field. At spots
where material moves away from, i.e. where the velocity field has a source (div(v) < 0), the local density is reduced;
at sinks in the velocity field (div(v) > 0), the local density is increased (C). Both, the local density fluctuations and the
defects in the velocity field are highly dynamic: they constantly form and dissolve and are advected with the fluid.
This is exemplified in (D), where the temporal evolution of δI and div(v) for a local spot is shown. Starting at T = 0 sec
a sink in the velocity field develops and the local density rises until the packing of the filaments is maximal and no
more material can accumulate (T ≈ 12 sec). Consequently, the sink has to either dissolve or move to a different spot.
A source develops that reduces the material density again (T ≈ 12 sec – 24 sec). Low densities are not stable either:
due to the sparse packing, individual filaments fluctuate more, thereby generating new defects. A sink emerges and
the cycle starts over. The coupling between the morphology of the velocity field, quantified by div(v) and the density
fluctuations δI is a general signature of the dynamics in the system. This can be seen from the temporal correlations
between div(v) and δI depicted in (E). Light gray curves denote sample correlation functions for different local spots;
the black curve illustrates the correlation for the spot shown in (D) and the blue curve is the ensemble average over 768
independent spots. The correlation function is maximal for a finite correlation time τ , illustrating the delayed coupling
between div(v) and δI . The filament density was adjusted to ρ = 12 ± 2μm−2 and the average filament length was
6.8μm. All scale bars are 50μm and the local spot size for the data shown in D and E was set to 10μm x 10μm.

exhibit stronger directional fluctuations at spots with low filament densities. Moreover, local sinks
in the velocity field are not stable either: they only persist as long as the further accumulation of
material is not limited by a too high local material density due to excluded volume effects.

Thus, the density not only follows the flow field, but the dynamic transport of defects within
the flow field is also tightly coupled to the filament density. This bidirectional coupling between
density and velocity can even lead to persistent local oscillations of the filament density and the
velocity field (Figure 2.10 D): conceptually, a sink (div(v) > 0) in the velocity field locally causes
a rise in density until the local density is so high that no more filaments can be accumulated. At
this point, the sink either has to dissolve or move to lower densities. This in turn causes a density
outflux in the respective region and a source develops (div(v) < 0). The decreased density leads



2.4. STATISTICAL PROPERTIES OF COLLECTIVE MOTION 17

10 1021

10

102

<N>

Δ
N

ΔN α N
0.5

ΔN α
 N

0.8

ΔN α N
0.67

A

B

0 20 40 60 80
-0.4
-0.2

0
0.2
0.4

t [sec]

<
d

iv
(v

)>

(1) (2)

(1)

(2)

Figure 2.11: Steady currents without defects lead to normal fluctuations. (A) shows the overall divergence of the
velocity profile of a filament current. Within the first 40 sec (stage 1), the current is extremely steady and lacks any
defects like splay and especially sinks and sources. The fluctuations that are visible are due to uncertainities stemming
from the particle image velocimetry analysis. After 40 sec (stage 2), the filament current performs a slight and gradual
turn, visible in a non-vanishing contribution in the divergence of the velocity field (A). In the first 40 sec, where the
current is perfectly steady the particle fluctuations are normal and scale according to ΔN ∝ N0.5 (B, red data points).
Although the turning event that sets in after 40 sec is only slight and evolves very gradually, it still leads to transient
local density inhomogeneities. These inhomogeneities directly become visible in the fluctuations in the particle density:
compared to the first time period, the fluctuations are considerably higher and scale according toΔN ∝ N0.67 (B, blue
data points). The filament density was adjusted to ρ = 12± 2μm−2 and the average filament length was 1.1μm.

to stronger fluctuations in the velocity, until the density rises again. A sink emerges and the cycle
starts over. The region of these local oscillations can extend up to 200μm in diameter with a
corresponding oscillation period of up to 30 sec (Figure 2.10 D).

The bidirectional coupling between local defects in the velocity field and the density can further
be quantified by introducing the averaged local temporal correlation function

Γ(t) = 〈δI(T ) · div(v)(T + t)〉 (2.2)

between the density fluctuations δI and the divergence of the velocity field div(v) measuring the
strength of the sinks and sources in the velocity field (Figure 2.10 E). Remarkably, the correlation
between density fluctuations and the divergence of the velocity field is maximal for a finite time
t = τ = 2.4 sec, before it decays. The maximum at τ indicates that the coupling between density
and velocity is characterized by a delay-time of the order of τ . This implies that the density follows
distortions in the flow field only with a certain retardation and that density changes result from
local defects in the velocity field and vice versa. By contrast, in the absence of local defects, for a
perfectly homogenous and steady current with div(v) = 0 no anomalously large fluctuations do
emerge (Figure 2.11).
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2.4.2 Anisotropic spatial correlations

The directional fluctuations that underlie the formation of distortions in the velocity field are
strongly anisotropic with respect to the direction of motion, as can be seen from the angle de-
pendent two-point velocity correlation function5

Pv(r, α) ∝ 〈v(R + r, α) · v(R)〉 , (2.3)

with α being the angle between v(R) and r (Figure 2.12). While the velocity field is highly cor-
related transversal to the direction of movement (α = 90◦, 270◦), P (r, α) decays faster along the
direction of motion (α = 0◦) (Figure 2.12 A). Both, longitudinal and transversal to the direction of
motion, velocity correlations can be described by stretched exponential according to

Pv(r, α) ∝ exp(−Γ/x)−β (2.4)

with a stretching exponent of β = 1.2 and a correlation length of Γ = 197.4μm transversal (av-
eraged over α = 90◦ and α = 270◦) and Γ = 149.7μm longitudinal (α = 0◦) to the direction
of motion, respectively (Figure 2.12 B). Apart from the pronounced anisotropy, the correlation
function shows a pronounced asymmetry along the direction of motion (Figure 2.12 B). While the
correlation length ahead of the direction of motion (α = 0◦) averages to Γ = 149.7μm, it is consid-
erably enhanced behind the direction of motion (α = 180◦) where Γ = 168.6μm. This asymmetry
can be attributed to a lateral memory effect within the collectively moving flock: succeeding fila-
ments that lie in an angular sector of around α = 180◦ cannot immediately loose the orientational
bias of the leading filaments, naturally enhancing the correlation in this direction.

Microscopically, the anisotropy that characterizes the collective motion of driven filaments stems
from the extreme aspect ratio of the individual filaments. With a length in the order of 10μm
and a thickness of 7.5 nm the filaments have an aspect ratio of around 1, 000. It is this extreme
aspect ratio that allows for an efficient alignment and a swift information transfer transversal to
the direction of motion. Conceptually, any change in this aspect ratio should become manifest
in both, the overall correlation length and the anisotropy of the velocity field. This is indeed the
case: While the shortening of the filaments6 only barely affects the phase behavior of the system,
the correlation length of the velocity field drastically decreases (Figure 2.12 C). With a correlation
length in the order of 100μm, velocity correlations decay two fold faster for short, on average
0.8μm long filaments, than for filaments with an average length of 6.8μm. The decrease in the
overall correlation is accompanied by a concomitant decrease in the anisotropy of the velocity
field (Figure 2.12 C), illustrating that shorter filaments provide a less effective information transfer
transversal to the direction of motion.

According to the identified coupling between density and velocity, this anisotropy should also
become manifest in the dynamical properties of the density field. As can be inferred from the
correlation map of the density fluctuations

PδI(r, α) = 〈δI(R + r, α) · δI(R)〉 , (2.5)

this is indeed the case (Figure 2.13 A). Just like the velocity, the density fluctuations are anisotropic
and decay faster along the direction of motion than perpendicular to it (Figure 2.13 B). The ob-
served anisotropy in both, the density fluctuations and the velocity field, has severe consequences

5Details of the calculation can be found in section A.2.5 in the materials and methods chapter.
6A detailed description of the procedure including the corresponding filament length distributions can be found in

the materials and methods section A.1.1.
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Figure 2.12: The correlation of the flow profile is anisotropic. (A) shows the correlation map of the velocity field of
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of the velocity field is anisotropic with respect to the direction of motion and shows a pronounced asymmetry in the
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tion lengths with a concomitantly decreasing anisotropy. The filament concentration was adjusted to a monomeric
concentration of 18μM.

for the dynamic structure formation of the driven filaments. Practically, the enhanced correlation
transversal to the direction of motion means that density accumulations transversal to the direc-
tion of motion are more stable than along the direction of motion and by consequence they get
amplified. This explains the formation of traveling bands of propagating filaments at high fila-
ment densities above 20 filaments per μm2 [171]. Besides, the anisotropy in both the velocity and
density correlations also becomes manifest in the cluster phase at lower filament concentrations.
While the cluster sizes are a function of the filament density, the morphology of the clusters is
determined by the collective dynamics of the coherently moving filaments: on average clusters
are predominately oblate with their long axis pointing perpendicular to the direction of motion –
independent of the cluster sizes (Figure 2.13 C) 7.

2.4.3 Temporal correlations of the particle velocity

A key characteristic of pattern forming systems is their dynamics and stability far away from
thermal equilibrium. While some systems result in stationary patterns, which do not change their
form and structure in time, others may show highly dynamic spatio-temporal patterns. The latter
rely on a constant reorganization governed by distinct assembly and disassembly pathways visi-
ble in the behavior of the order parameter. In the high density motility assay described here, these
reassembly processes result in a characteristic orientational persistence, which increases with in-

7The data analysis tool that is used to extract the cluster sizes and the cluster morphologies is introduced in the
materials and methods section A.2.1.
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Figure 2.13: The anisotropy in the correlation of the density fluctuations affects the morphology of clusters of col-
lectively moving filaments. Like in the case of the velocity (Figure 2.12), correlations PδI(r, α) among intensity fluc-
tuations δI are anisotropic (A). Compared to correlations of the velocity field, the correlation length is approximately
a factor of two smaller and the anisotropy is less pronounced (B). The dashed lines denote the corresponding velocity
correlation functions (c.f. Figure 2.12 B). The anisotropy of the density correlations with respect to the direction of
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creasing filament density. Introducing the velocity autocorrelation function8

G(τ) =
〈v(t + τ) · v(t)〉 − 〈v(t)〉2

〈v(t)2〉 − 〈v(t)〉2 , (2.6)

the orientational persistence can directly be related to the underlying disassembly mechanisms.
The velocity is calculated using a particle image velocimetry scheme (PIV). For each grid point
of a PIV sampling grid G(τ) reflects local de-correlations assigned to local orientational fluctua-
tions. Averaging over PIV grid points for a large sample area results in a spatially averaged auto-
correlation function 〈G(τ)〉, which characterizes global de-correlations resulting from correlated
reorientations of larger areas or destructions of entire clusters or patterns.

All decorrelation mechanisms are governed by the persistence of the underlying random walk of
the individual filaments and filament-filament interactions. Both processes prevent any instan-
taneous destruction of patterns. Right above ρc, in the intermediate concentration regime, the
averaged autocorrelation function 〈G(τ)〉 decays within seconds (Figure 2.14 A). The gradual in-
crease of ρwithin this regime results in higher decorrelation times. Small clusters loose their global
correlation either due to their limited overall orientational persistence or through large scale di-
rectional changes, such as bending. Bigger clusters frequently show an internal loss of polar order
due to gradually developing splay patterns (Figure 2.14). While such internal cluster dynamics
lead to a characteristic gradual change ofG(τ), spontaneous bending predominantly observed for
small clusters, shows rapid and large decorrelations (Figure 2.14 A).

8A detailed description of the calculation of G(τ) can be found in the materials and methods section A.2.5.
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Figure 2.14: Temporal correlations of the velocity field. In (A) spatially averaged autocorrelation functions 〈G(τ)〉
for three different densities ρ1 = 10μm−2, ρ2 = 18μm−2, ρ3 = 21μm−2 are depicted. For the intermediate densities
ρ1 and ρ2, homogenous structures are observed; ρ3 is in the high density regime right above the transition to density
waves ρ∗ (see inset 1). With increasing filament density, the directional persistence of the polar current increases, visible
in an enhanced correlation time from ρ1 to ρ2. The anticorrelation in the curve for ρ1 reflects the systematic 180◦ turns
observed at small densities. Above ρ∗, the correlation time is of the order of several minutes. Since the emergence of
density waves requires a transient in the order of minutes and since reorientations annihilate density fluctuations, the
high directional steadiness found in the high density regime is the precondition for the emergence of density waves.
The local autocorrelation functionsG(τ) depict the underlying decorrelationmechanisms (B and C). The anticorrelation
as observed in the red curve, reflects a large scale reorientation of the entire structure. A splay like pattern (B) results in
a local decorrleation shown in the blue curve, while oscillatory bending movement (C) results in a local decorrelation
shown in green.

Since these directional instabilities are prone to develop at the margin of moving clusters, the
enhanced stability of larger clusters, exhibiting a better area-to-boundary ratio is intuitive. Conse-
quently, clusters below a diameter of 50μm are rather unstable, as they tend to disintegrate from
their margins, while the larger the clusters the longer lived they are. At the same time, larger
cluster do show a less erratic motion with less frequent reorientations.

In the high density regime above ρ∗, the decorrelation time averages up to several minutes, which
implies ordered structures spanning length scales of the order of several millimeters. These den-
sity waves are only destroyed by global decorrelation mechanism, such as large scale reorienta-
tions. Provided that structures are more likely to disintegrate from their margins, and due to the
closer packing within the highly ordered and interconnected bands, density waves are inherently
more stable and less prone to bend and splay instabilities or the formation of swirls. Thus, the
system self-stabilizes the coherently moving state and in turn, the slow decorrelation time is a
prerequisite for the emergence of the density wave.

2.4.4 Transverse superdiffusion

The collective motion of driven filaments is highly correlated both in space and time. Despite this
highly correlated collective motion, individual filaments still have remarkable degrees of freedom:
generically, individual filaments considerably deviate from the mean direction of motion of the
flock. This is illustrated in Figures 2.15 A and B, where an ensemble of filaments is tracked and
followed over time. At T = 0 sec, a compact filament package is located in the center of the field
of view. After 32 sec, the filaments have considerably dispersed transversal to the mean direction
of motion. This can also be seen from the trajectories of individual filaments that considerably
deviate from the mean direction of motion (Figure 2.15 C).
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Figure 2.15: Superdiffusive particle transport transversal to the mean direction of motion. Image (A) shows a repre-
sentative ensemble of filaments that are compactly located in the center of the field of view. The filaments collectively
move to the left, in the direction of the white arrow. After 32 sec the filaments that initially were located close to each
other have considerably dispersed (B). This is due to the fact that individual filaments can deviate considerably form
the mean direction of motion, as can be seen in (C), where the trajectory of the mean direction of motion is compared
to the trajectory of an individual filament. The distanceΔd between the mean direction of motion and the trajectory of
individual filaments grows in time (inset) and individual filaments can even move in opposition of the mean direction
of motion for short periods of time (red arrow). The mean squared displacement of the distance msd(Δd) shown in
(D), can be described by a power law ∝ tα with an appropriate diffusion exponent α. Characteristically, for finite
observation times, one finds two population, a superdiffusive population with α > 1where the filaments considerably
deviate from the mean direction of motion, and a subdiffusive population with α < 1where the filaments more closely
follow the mean direction of motion (E). Both populations can be described by a gaussian distribution (red and grey
lines). The filament density was adjusted to ρ = 12± 2μm−2 and the average filament length was 1.1μm.

The dispersion of the filaments can be quantified by calculating the mean squared displacement
of the relative motion x⊥ perpendicular to the mean direction of motion:

Δx⊥ = 〈x⊥(t)x⊥(0)〉t, (2.7)

whereby 〈.〉t denotes the time average that is limited by the maximal observation time until the
filaments have either left the field of view or the tracking algorithm has lost them. For normal
diffusion, the mean squared displacement, Δx ∝ τα, is expected to increase with time τ with a
power law exponent α = 1, while 0 ≤ α < 1 or 1 < α ≤ 2 are indicative of sub- or superdiffu-
sion, respectively [22, 146, 147]. Figure 2.15 D shows a sample mean squared displacement that is
superdiffusive with an exponent of α = 1.6. For finite observation times, generically two popu-
lations of mean squared displacement exponents are found (Figure 2.15 D). While one part of the
filaments shows a clear superdiffusive behavior with a pronounced maximum in the occurrence
probability at α = 1.45, the other part of the filaments is trapped in a subdiffusive state with an
occurrence probability peaked at α = 0.62. Both subpopulations can be described by gaussian
distributions according to ∝ exp[(α/σ)2]. For the superdiffusive population, the variance is in the
order of σ = 0.5 and for the subdiffusive population σ = 0.3.

While the occurrence of relatively broad distributions in the diffusive exponent α reflects the in-
trinsic degree of heterogeneity in the system, the existence of the two populations directly relates
to the transport dynamics of the individual filaments. Generically, there are two states: inside a
coherently moving flock a filament can either more or less strictly follow the mean direction of
motion or it can deviate considerably from it. The former becomes manifest in subdiffusive expo-
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nents and the latter leads to superdiffusive exponents. Moreover, the filaments can readily switch
between these state: within fractions of seconds the filaments can change their motion pattern
form superdiffusive to subdiffusive and vice versa.

The fact that the filaments can get reversibly trapped in a subdiffusive state can possibly be ex-
plained by the molecular conformation of the actin filaments. Actin filaments are semi-flexible;
they can readily get entangled with each other all while being transported by the motor proteins.
However, if the filaments are entangled with each other, the diffusion perpendicular to the mean
direction of motion is restricted, leading to the occurence of the subdiffusive population. By con-
trast filaments that are not entangled have more degrees of freedom, which leads to the superdif-
fusive population. As the entanglement is reversible, the hypothesis of entangled filaments not
only could provide an explanation for the occurrence of two populations, but also for the observed
switching between the subdiffusive and the superdiffusive state.

2.4.5 Comparison to theoretic results

The ordered phase of collectively moving filaments shows some remarkable statistical properties:
the fluctuations in the particle density are abnormally large (i), density and velocity correlations
are anisotropic with respect to the direction of motion (ii), and the individual filaments perform
a superdiffusive motion transversal to the mean direction of motion (iii). All these properties
were predicted by generic theories in the mean field limit [206, 207, 213]. Meanwhile, they could
be substantiated by agent based simulations [30, 71] and qualitatively verified in experiments on
swarming bacteria colonies [239] and vibrated granular media [154], indicating that the statistical
properties of collective motion are largely independent of the microscopic details of the system.
The results obtained in this chapter now allow for an even more thorough and quantitative com-
parison to the theoretic predictions:

(i) Particle fluctuations: The scaling exponent of roughly 0.8 that characterizes the particle
fluctuations in the motility assay is in excellent quantitative agreement with the theoretic
predictions and provides the first quantitative proof of this key signature of collective mo-
tion. It was first predicted by applying a dynamic renormalization group analysis to the
coarse grained equations of motion of a flock of active polar particles [206, 207]9. Moreover,
the exponent of 0.8 could be verified in agent based simulations [30]. The emergence of
abnormally large fluctuations is intimately related to the occurrence of long lived density
fluctuations. In the experiment, this can be seen in a pronounced exponential tail in the au-
tocorrelation function of the density fluctuations defined in Equation 2.1. While the exact
functional dependence is different from the theoretical prediction that foresees a logarithmic
decay, the occurrence of long-time tails is in agreement with the theoretic predictions [207].

(ii) Anisotropic correlations: Even in the homogeneous regime, the correlations of the particle
velocities and the density fluctuations are predicted to be highly anisotropic with respect
to the direction of motion [207]. Recently, these results that are obtained form a dynamic
renormalization group analysis, could be retrieved in agent based simulations [30] and by
numerically solving the underlying equations of motion in the nonlinear regime [148]. Thus
the theoretic predictions are in qualitative accordance with the results presented here. Yet,

9Initially, Toner and Tu calculated a value of 0.58 for the scaling exponent of the particle fluctuations. The authors
meanwhile recognize that they made a mistake and that the correct value is 0.8. For further details I would like to refer
to Reference [49] and there in particular to Reference [19].
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the exact shape of the decaying correlation functions is still the matter of ongoing discus-
sions: While the analytical results suggest a power law decay with different power law
exponents characterizing the decay along and orthogonal to the direction of motion [207],
the numerically obtained correlation functions [148] and the correlation functions observed
in the motility assay suggest that the decay can rather be described by an exponential or
stretched exponential.

(iii) Transversal superdiffusion: According to the predictions of Toner and Tu [206, 207, 213],
the dynamics of the ordered phase of polar active particles should be characterized by a
superdiffusive mean squared displacement transversal to the direction of motion. In partic-
ular, in two dimensions one has Δx⊥ ∝ tα with α = 4/3. While this analytical result has
successfully been tested by agent based simulations with [71, 213] and without cohesive in-
teractions [30], the experimental verification of so far proved difficult. The results presented
here provide the first experimental test for the theoretic predictions. However, the exact
value of α = 1.45 ± 0.5 for the superdiffusive exponent slightly deviates from the theoretic
predictions.

The experimental system studied here allowed to test three key predictions based on theoretic
models for collectively moving particles: the occurrence of giant fluctuations, anisotropic correla-
tions, and superdiffusive particle trajectories. In all cases, we found at least a qualitative agree-
ment with the theoretic predictions. The slight discrepancies that were found concerning the exact
scaling exponent for the superdiffusive particle currents and decay of the correlation function, are
mainly attributed to two factors. First, most theoretic predictions are based on a one loop dynamic
renormalization group analysis for a homogeneous and fully polarized basic state [206, 207, 213].
The analysis neither applies for intermittent, finite patterns like waves or clusters, nor for the
emergence of topological defects like the sinks and sources that were identified to be crucial for
the occurrence of large particle fluctuations. Second, the discrepancy may be attributed to the fact
that the particle-particle interactions in the experiment are far more complex than in the simula-
tions and the generic theories. In contrast to the model systems investigated so far, the filaments
in the experiment are semi-flexible polymers. They interact by a weak excluded volume poten-
tial that is likely to be modified by entanglement effects between adjacent filaments, while the
interactions rules in microscopic and mesoscopic theories are based on collisions of hard particles.

2.5 Agent based simulations

Despite the fact that the collectively moving structures are highly stable and very persistent, they
still consist of millions of individual filaments. By consequence, the properties of the collective
phase reflect the properties of the motion of individual filaments. This becomes evident from
the erratic motion of small clusters that is determined by the probabilistic motion of individual
filaments (Figure 2.3) and the superdiffusive particle transport transversal to the mean direction
of motion (Figure 2.15). Moreover, the motion of individual filaments is responsible for a lateral
memory effect that has been observed in the motion of density waves (Figure 2.7) and the asym-
metry in the spatial correlations of the velocity (Figure 2.12). By consequence, an agent based
simulation is desired that is based on the dynamics of individual filaments.

To investigate how the persistent random walk of individual filaments can lead to highly ordered
collective motion, we developed a minimal agent based simulation that is motivated by the dy-
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Figure 2.16: Schematic representation of the cellular automaton simulations. On the hexagonal lattice, the filament’s
head at x0 has 5 degrees of freedom. The probability to move from x0 to x depends on whether or not a designated
lattice site is occupied. The probability to advance to occupied lattice sites (yellow) is reduced by the the steric repulsion
parameter ζ. Moving filaments are influenced by an alignment interaction which is calculated as follows: Each filament
carries a vector field. The projection of the normalized distance x−x0 onto the local alignment field is taken as exponent
of a power law to the basis of α. The resulting factor reflects the change of the probability induced by the alignment
interaction.

namics of single filaments. The agents are finite length filaments (length L) moving with a velocity
v, each performing a persistent random walk and interacting with other filaments through steric
repulsion, parameterized by ζ, and weak local alignment interactions, parameterized by a param-
eter α (Figure 2.16). The simulation is implemented on a hexagonal lattice structure with reflective
boundary conditions; all length are measured in units of the lattice constant. The velocity and thus
the time scale is fixed by allowing each filament’s head to move one lattice unit per time step. The
particles’ dynamics is assumed to be fully determined by its head, while the tail strictly follows
the head’s trail.

2.5.1 Details of the simulation

Persistent random walk

The persistent randomwalk is implemented by a stochastic process, where each filament’s head at
x0 moves to one of its five neighboring sites x according to a fixed set of conditional probabilities
P. The set of probabilities is given by a noise vector:

P = (Ps; Pr; Pl; Pbr; Pbl), (2.8)

where the indices s,r,l,br and bl mark the respective probabilities to move straight, right, left,
back-right or back-left, respectively. For a fixed filament length L = 10 we choose the conditional
probabilities such that each filament performs a persistent random walk with constant unit speed
and a kinetic persistence length lkp = 8.7 lattice sites. The model includes an effective excluded
volume interaction and a local alignment field. Both enter the model as multiplictative factors for
the directional probabilities P.
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Excluded volume

For a lattice site that is already k-times occupied, the probability for further occupation is reduced
by a Boltzmann factor exp(−kζ), where ζ characterizes the penalty for multiple occupations. For-
mally, for ζ → ∞, the limit of strict excluded volume is obtained [13, 148]. Analyzing weak
penalties for multiple occupations (low ζ) is appropriate for propelled particles that move in a
quasi two dimensional thin-films, where crossings in the two dimensional plane of projection fre-
quently occur [171,172].

Alignment interaction

Motility assay experiments show that there is a local alignment interaction between filaments
[171,197]. Physically, such alignment can be explained by the asymmetric micro-structure of actin
filaments that can work as a barb for filaments roughly moving in the same direction [120]. To
model such an interaction, each particle is assigned an alignment field u(x, t) at its occupied and
neighboring lattice sites (Figure 2.16); overlapping alignment fields of different filaments are av-
eraged. In a collision event with another filament, the alignment field modifies the transition
probability to move from x0 to x by the factor αcosφ, where φ is the relative angle between the
alignment field and the direction of motion of the respective collision partner: φ = �(u, x − x0).
The parameter α characterizes the strength of the polar alignment; higher values of α correspond
to an increasingly strong alignment.

In summary, assuming that the different contributions are statistically independent, we arrive at
the updating rule

P′ = P · αcosφ · exp(−kζ), (2.9)

with random sequential updating.

2.5.2 Results of the simulation

Like in the experiment, the pattern formation is determined by the density. For low filament den-
sities no collective motion develops. The filaments move randomly; the overall filament density
stays homogeneous and the directions of motion are isotropically distributed. For densities above
a threshold, an ordered phase develops. It is characterized by small coherently moving clusters
that spread perpendicular to their direction of motion and form bands (Figure 2.17 A and B).
In accordance with the experiment, the clusters move embedded in an isotropic background of
randomly moving filaments. These observations resemble similar simulation results found previ-
ously in Vicsek-like models [30] and other agent-based lattice gas models [23, 163].

The pattern formation process can further be quantified by introducing the time-dependent mean
polarity P , i.e. the magnitude of the polarization, averaged over the directions of movement of
all filaments in a region of interest in the middle of the simulation box (ROI) or the entire simula-
tion box (SIM), respectively. These two measures of polarity provide complementary information
about the pattern forming process. PROI illustrates the formation of small polarized clusters that
develop into bands: the sequence of spikes in the time traces indicate clusters passing through the
ROI in the center of the simulation box (Figure 2.17 D). In contrast, PSIM characterizes the evolu-
tion of global order in the system: the mean value slowly grows in time and fluctuations are much
less pronounced (Figure 2.17 C).
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Figure 2.17: Polar order and collective motion in the agent based simulations. Images (A) and (B) show typical snap-
shots of the agent based simulation. Above a critical density the driven filaments self-organize to form collectively
moving structures. They are either wave-like (A) or aggregated (B). Like in the experiment, the structures are char-
acterized by huge density inhomgeneities as the ordered structures coexist with a dilute and disordered background.
(C) shows the temporal evolution of the polarization in the ROI (grey line) in comparison to the polarization in entire
simulation box (blue curve). Distinct peaks reflects the passage of collectively moving particles. As the blue curve
shows, the overall polarization saturates. In (D) the temporal evolution of the mean polarization in the ROI for differ-
ent densities (r = 33%, r = 50%, r = 66%, measured in percentage of occupied lattice sites) is shown. As can be seen,
a minimal density is required for the emergence of large-scale coherent motion. The total system has typical length L
of 1000 lattice sites. Filament length is set to 10 lattice sites. Parameters were set to ζ = 10, α = 10 and r = 83%, if not
indicated otherwise.

For the emergence of collective motion, the symmetry breaking nature of the local alignment in-
teractions is crucial: without it, filaments interact only sterically and do not show collective mo-
tion at all (Figure 2.18 A). At a fixed parameter set, a small increase of the alignment parameter
(α > 3.5) drastically changes the outcome and polar-nematic structures developing to wave-like
patterns are observed (Figure 2.18 A). In contrast, increasing the strength of the steric repulsion
ζ suppresses the formation of collectively moving polar patterns (Figure 2.18 B). Thus, it is the
cooperative effect of many interacting filaments together with the weak alignment interactions,
which leads to the collective order phenomena based on the balanced uptake and loss dynamics
of the individual constituents. Purely steric repulsion together with high densities suffice not to
induce any order in this system entirely driven by the input of mechanical energy at the smallest
scales.

Importantly, the cellular automaton barely finds spontaneous swirling motion. This can be at-
tributed to the lack of weak long-range interactions, such as hydrodynamics, which may be self-
induced by the moving clusters. This contribution may turn out to be an important ingredient
for the enormous stability observed in the high density wave regime. Theoretical approaches best
suited for a description of such phenomena seem to be generic hydrodynamic approaches taking
into account the coupling of density fluctuations with solvent dynamics [14, 114, 208].
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Figure 2.18: Collective motion relies on weak excluded volume and weak alignment effects. In (A) the mean polarity
in a region of observation (ROI) is shown for different weightings of the alignment interaction α. For small α, no
polar structures evolve (lowermost curve). Starting from α = 3.5 polar ordered structures start to evolve, visible in
a clearly peaked time course of the polarity (r = 83%, ζ = 10) (upper curves). Distinct peaks reflect the passage of
polar structures, either wave-like or aggregated. With increasing α, an increasing fraction of filaments is recruited to
the polar structures, visible in an higher overall polarity at earlier simulation times (upper curves) Parameters were
set to ζ = α = 10. In (B) the normalized polarity in the ROI for three different values of the weighting of the steric
repulsion ζ is shown. While for ζ = 1 crossing events between filaments can readily occur, they are suppressed nearly
completely for ζ = 100, in the case of which no coherent motion occurs. The alignment parameter was adjusted to
α = 10 at a density of r = 83%.

2.6 Hydrodynamic coupling of driven filaments

Motility assay experiments at high filament densities show a plethora of competing spatio-tem-
poral patterns. This comprises persistent swirling motions and traveling density inhomogeneities
like clusters and density waves. While the formation of collective motion in such experiments
can in principle be explained by purely short-range interactions, the long term stability of these
patterns may be modulated by long ranging interactions.

This becomes evident during the emergence of collective motion that relies on the successive syn-
chronization of ordered patches that are much more than an average filament length apart (Figure
2.4). Neither this synchronization process nor the remarkable stability of the evolving structures
can be explained by purely short ranged interactions alone. Rather, this suggests the presence of a
medium to long ranged interaction. While electrostatic interactions are effectively screened in the
electrolyte solutions, hydrodynamic interactions are the most promising candidate.

In this section we take a closer look on how the patterns formed in the high density motility
assay depend on long ranged hydrodynamic interactions that are self induced by the coherently
moving filaments. To investigate this aspect we observe (1) the behavior under external flow, (2)
the interaction between colliding clusters, and (3) the dynamics of clusters within confinements.

2.6.1 Sensibility against external fluid flow

Despite being crafted to the surface by molecular motors, actin filaments in a motility assay are
highly sensible to external fluid flow. If subjected to a laminar shear flow with a flow velocity in
the order of the filament velocity, the filaments orient and move alongside the fluid flow (Figure
2.19 A and B). After the cessation of the flow, filaments gradually loose their orientation and
resume their persistent random walk (Figure 2.19 C).
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Figure 2.19: Orientation alongside external flow fields. A motility assay experiment is subjected to a hydrodynamic
flow field directed along the arrow in images (B) and (E). In the low density phase (images A–C), before being subjected
to an external flow field, individual filaments perform random walks with only a minor directional preference (A).
When the external flow is applied, the filaments get oriented alongside the flow (B). After the cessation of the flow
and a certain relaxation time T in the order of 10 sec, the filaments resume their random walk and the directional
bias due to the flow alignment gradually vanishes (C). In the cluster phase individual clusters move uncorrelated (D).
When subjected to a flow field, the clusters orient alongside the flow (E). The filament density for (A)-(C) was set to
ρ = 2μm−2 and to 7μm−2 for (D) and (E).

Clusters of coherently moving filaments are even more sensible to externally imposed flow fields:
They already reorient alongside the flow if subjected to flow velocities that are not sufficient to
turn individual filaments (Figure 2.19 D and E). Similar to individual filaments, they gradually
loose the directional bias once the flow was stopped. The time after which the clusters have lost
the directional bias due to the external flow depends on the magnitude of the flow velocity: The
higher the velocity of the external fluid flow the better the alignment alongside the flow and the
longer it takes the clusters to loose the externally imposed direction.

In the high density motility assay flow fields are self-induced by the coherently moving structures.
Despite the hydrodynamic drag individual filaments can generate is limited in reach to several
nm [90], large coherently moving structures like density waves generate a stable fluid flow that
lately extends throughout the entire flow chamber.

2.6.2 Hydrodynamic interactions between clusters

These flow fields naturally influence the dynamics in the high density motility assay, as it becomes
manifest if coherently moving structures interact with adjacent patterns. A gradual increase of
the filament density not only results in an increased average size of the clusters, but also in their
more frequent occurrence. The enhanced cluster density leads to more frequent collisions between
clusters, in the course of which the clusters reorient and reorganize their shape.
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Figure 2.20: Dynamics of interacting clusters. Images (A) – (C) show a typical scattering process of two interacting
clusters. The blue arrows denote the direction of motion of the clusters. Even for scatter events with an interaction
angle close to α = 180◦, the formation of a depletion layer with a thickness of dmin in between the interacting clusters
is observed (B). This can also be seen in the time overlay in image (D) where the trajectories of the interacting clusters
are visualized (blue arrows). The filament density was adjusted to ρ = 14μm−2 and the scale bar is 50μm.

During collisions, clusters approach each other only up to a minimal distance dmin, which is of
the order of a filament length. Reorganization and reorientation of the clusters during collisions
take place before the cluster’s margins physically touch. As a consequence, a depletion zone with
a thickness of dmin forms that is given by the minimal distance between two colliding clusters
(Figure 2.20). Being short range in nature, simple hard core repulsion does not suffice to describe
this scattering behavior; rather, it can be attributed to the hydrodynamic coupling of the flow
fields of interacting clusters. The existence of the depletion zone prevents colliding clusters from
merging with one another in a coarsening process and thus adds to the enormous stability of
individual clusters.

2.6.3 Impact of a boundary on the pattern formation

It can be expected that interactions with solid walls lead to similar behavior: if a cluster scatters at
a solid wall, it should only approach the wall up to a minimal distance dmin and a depletion layer
should form. To address this, the diameter of active regions was systematically reduced down to
50μm with the help of micropatterning techniques (Figure 2.21 A).

The boundary between the active and passive region is characterized by a sharp margin (Figure
2.21 C). Filaments are only propelled within the active region and are repelled and have to turn
around at the boundaries. Provided that the active region is sufficiently large, the confinement
does not change the overall behavior of the system and the same density dependent phenomenol-
ogy is observed. Above the critical density ρc, clusters evolve inside the active region (Figure 2.21
B) and similar to the case without confinement, clusters grow larger with increasing density. If the
clusters are large enough, their directional persistence gets higher than the diameter of the con-
finement. Unavoidably, this leads to multiple scattering events of the coherently moving structure
with the boundary, in the course of which the cluster successively explores the entire active region.

The interference with the confinement has severe consequences on the emergence of density
waves: in contrast to the case without confinement, no density waves could be found below a
confinement diameter of 550 ± 25μm (Figure 2.22). This is consistent with the observation of the
emergence of density waves in the high density motility assay without confinement: The den-
sity fluctuations need a minimal orientational persistence and hence a minimal mean free path
to evolve into stable density modulations (Figure 2.6). In confinement, the mean free path is set
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Figure 2.21: Microcontact imprinting technique. Image (A) shows a schematic representation of the usedmicrocontact
imprinting technique, with the help of which arbitrary boundaries with a diameter down to 50μm can be designed. To
selectively passivate distinct regions, a PDMS stamp treated with Casein and HMM motor proteins in the rigor state
(NEM-HMM) is placed on the coverslip. This procedure results in an active region and a passive region made up of
filamentous actin bound to rigor HMM (C). The boundary of the two regions is characterized by a sharp margin. In (B)
a cluster moving in a circular boundary is shown. The filament density was adjusted to ρ = 14μm−2 and the scale bar
is 50μm.

by the dimensions of the active regions, as density modulations are destroyed during interactions
with the boundary (Figure 2.23). Below a confinement diameter of 550 ± 25μm scattering events
occur too often for stable density modulations to evolve.

Importantly, if geometry confines the high density motility assay into structures smaller than
75 ± 25μm, no coherently moving patterns evolve at all. Already small clusters cannot evolve
in such confining geometries, since even the persistence length of their movement is too large.
Only in a sufficiently large active region enough maneuvering space is given to allow for the
synchronization process and hence the formation of stable patterns. This is equivalent with the
notion that the hydrodynamic interactions need to be fully developed to stabilize the emerging
structures.

D = 600 μm

b

D = 550 μm

a

Figure 2.22: Boundaries suppress the formation of density waves. For too small active regions, the mean free path
between boundary encounters is not sufficient for the density waves to evolve. In this case, the filaments move in
homogenous clusters as can be seen in (A) for a circular active region with a diameter ofD = 550μm. Above a diameter
of 600μm enough maneuvering space is given and density inhomogeneities (yellow arrow) can develop, before they
get destroyed by collisions with the boundary. In (A) and (B) the direction of motion is visualized by blue arrows and
the boundary of the active region is marked by a yellow line. The filament density is ρ = 18μm−2.
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Figure 2.23: Formation of a depletion layer during interactions with boundaries. The images (A) – (C) and (E)
– (G) illustrate a sequence of snapshots for two scattering events of clusters with the boundary (yellow line); (D)
and (H) are the corresponding time overlays and the blue arrows denote the direction of motion. Whereas in (A)
– (D) the intersection angle is close to α = 90◦ (D), the image series (E) – (H) shows the cluster-wall interaction
for an interaction angle close to α = 0◦. In both cases a depletion layer is formed and the clusters already turn
before physically touching the boundary (B and F). The thickness of the depletion layer and the change in the cluster
morphology depends on the angle of intersection: angles close to α = 90◦ lead to a minimal depletion layer of≈ 10μm
and a complete reorganization of the clusters; small angles yield larger depletion layers in the order of 30μm. The
filament density is set to ρ = 20μm−2 and the scale bar is 50μm.

2.6.4 Hydrodynamic interactions with confining boundaries

The usage of boundaries on the μm scale allows for a systematic investigation of the influence of
hydrodynamic interactions. Similar to the occurrence of a depletion zone during two-cluster in-
teractions, clusters turn around already before reaching the boundary, while individual filaments
do this at the very boundary. Depending on the intersection angle, clusters are repelled at dis-
tances up to 30μm from the wall. Angles close to 90◦ result in shallow depletion zones and major
changes in the cluster morphology (Figure 2.23), while small angles lead to larger depletion zones
with minor reorientations of the clusters (Figure 2.23 E – H). Still, the overall cluster integrity is
not disturbed – demonstrating once again the enormous stability of the cluster, which is attributed
to the shielding through a self induced flow field since other long-ranged cohesive interactions are
assuredly absent.

For high filament densities, 90◦ collisions are unlikely to develop, since the mean free path for
individual structures is too small and interactions with boundaries predominantly occur at shal-
low interaction angles. This “guiding effect” of the wall can be utilized to tune the movement of
the structures, as can be seen in Figure 2.24, where circular boundaries induce persistent swirling
motions. In this case the confinement reduces the movement of the swirls’ centers that limits the
stability of swirling motion without confining boundaries.

The occurrence of an angle dependent minimal cluster-to-wall distance dmin during such scatter-
ing events is a proof for the existence of long ranged interactions in the system. Purely short
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D = 500 μm

Figure 2.24: Guidance of molecular motion by micro-patterned surfaces. With circular boundaries (yellow line)
persistent swirling motions can be induced, as exemplified with a time overlay of 10 consecutive images. The blue
arrows mark the margin of the active region. The scale bar is 50μm and the density is set to ρ = 18μm−2.

ranged interaction can neither account for the occurrence of a depletion zone nor for the observed
angular dependence. This is reminiscent of theoretical work on solid objects moving parallel near
a wall [70]. Here, the objects are likewise subjected to a torque that increases with decreasing
distance from the wall. In the motility assay, this torque leads to a rotation of the direction of
movement of the clusters and their deflection from the wall.

In theoretic models for suspensions of collectively moving particles, mid- to long-ranged hydro-
dynamic interactions have been used as the main ordering principle [14, 148]. The flow fields
of individual particles like bacteria couple, leading to an alignment between the directions of
motions on length scales much longer than the size of the individual particles. This long range
coupling is possible because the individual bacteria are modeled as pushers or pullers, thus force
dipoles, with a flow field decaying according to r−2. However, in recent experiments on bac-
teria swarms [54] it was shown that the flow field of self propelled bacteria resembles a higher
order flow profile with a much faster decay proportional to r−3. At least for bacteria colonies, this
suggests that hydrodynamic interactions are not the main ordering principle leading to collective
motion.

For themotility assay the situation is different. In contrast to bacteria swarms, the filament clusters
in the high density motility assay do not move through the fluid but are propelled by the motor
proteins. Conceptually this yields a force monopole flow field that is much longer ranged than
the flow fields for low-Reynolds swimmers [54]. Thus, while the emergence of collective motion
can be explained by predominately short ranged interactions [72,171], long ranged hydrodynamic
interactions contribute to the long-term stability of the patterns and the dynamics of the ordered
phase.

2.7 Discussion

The reconstituted system introduced and analyzed here, provides a bottom-up approach to the
physics of active fluids. Despite its minimal nature, it shows a plethora of spatio-temporal patterns
that generically show persistent density inhomogeneities. The patterns include clusters, density
waves, and swirls of collectively moving filaments that were theoretically predicted but not exper-
imentally verified so far. While the recently introduced paradigm of active fluids provides a gen-
eral framework for the investigation of non-equilibrium dynamics driven by local internal forces,
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a thorough understanding of the underlying mechanism for the emergence of highly ordered
structures is still at large. The here described combined approach of well controlled experimen-
tal and theoretical model systems, is ideally suited to identify the lynchpin between microscopic
interactions, density and macroscopic structures. The minimal approach and detailed control of
all relevant system parameters enables the identification of an astonishing variety of spatiotem-
poral patterns, still allowing the backtracking of the assembly and disassembly pathways to the
underlying local interactions.

The unique properties and accessibility of the high density motility assay further allowed to verify
the existence of three key signatures of collective motion: the anisotropy of of the collective mo-
tion, the emergence of anomalously large fluctuations in the particle density, and superdiffusive
particle motion transversal to the mean direction of motion. All these properties agree qualita-
tively with generic theories [148,206,207,213] and agent based simulations [30,71,213]. Moreover,
we could relate the emergence of the anomalous statistical properties to the coupling of the parti-
cle density to the velocity field of the collectively moving particles. Thereby we are able to show
that the statistical properties arise from fluctuations in the velocity field that can evolve into topo-
logical defects like local sinks and sources. While these defects are explicitly allowed in generic
theories, their role for the dynamic structure formation remains to be systematically addressed in
the full non-linear regime. The further investigation of this interplay will not only contribute to a
better understanding of the unique statistical properties of active systems, but will pave the way
for a further understanding of the complex physics of flocking, swarming, and collective motion.

By extending the experimental system to more complex interactions, confined geometries and
external stimuli [219], we showed that pattern formation in the high density motility assay is
modulated by long ranged hydrodynamic interactions. While the emergence of collective motion
can be explained by predominately short ranged interactions [72, 171], short ranged interactions
alone can neither account for the long-term stability of the patterns, nor for the intriguing behav-
ior when collectively moving structures interact with their environment. Moreover, this opens
the door to steer the pattern formation in the system and to control the time and length-scale of
the collective motion. Thus, the findings presented here not only will stimulate new theoretic ap-
proaches but also pave the way for the tailored design of reconstituted active systems for various
purposes that range from bottom-up approaches to cell mechanics to technological applications.



3 Frozen Steady States
in Active Systems

In the previous chapter we saw that a simple active systems like the high density motility assay, can show an extremely
rich phase behavior. It is a general signature of active systems that even simple systems can show a plethora of
intriguing phenomena and often we find complexity were we would have expected simplicity. One striking example
is the occurrence of a quiescent or absorbing state with frozen fluctuations that at first sight seems to be impossible for
active matter driven by the incessant input of energy. Using high density motility assay experiments, we demonstrate
that frozen steady states can arise in active systems if active transport is coupled to growth processes.
In section 3.2 we show that the interplay of only three components, actin filaments, HMM motor proteins, and fascin
crosslinkers is sufficient for the emergence of a frozen active steady state. It consists of highly symmetric structures,
rings and elongated fibres, that are actively assembled and propelled by the motor proteins. The emerging structures
have characteristic structure size distributions that reflect the transient structure formation process (3.3). Using an
agent based simulation, we relate the steady state properties to the transient structure formation process and show that
the frozen steady state in the system sharply documents the history of the pattern formation instabilty (3.4). Thus, the
noise level in the system during the emergence of the patterns proves to be the major control parameter for the sizes
and the morphology of the structures in the frozen steady state (3.5). In the last section (3.6) I discuss whether the
transition to a frozen steady observed here can be conceived as an absorbing transition.1

3.1 Frozen steady states: competition between transport and growth

How does a dynamic system approach its steady state and what is the nature of it? For a ther-
modynamic system Onsagers regression hypothesis [159] asserts that the relaxation is governed
by the same laws as the fluctuations in thermal equilibrium, and Boltzmann-Gibbs theory defines
the nature of all steady states. For active systems like vibrated granules [115,154], animal swarms
[11, 38, 231], microorganisms [33, 53, 168] and cytoskeletal systems [10, 24, 103, 104, 156, 171, 172]
there are no such general laws. Instead, one finds a plethora of spatio-temporal patterns includ-
ing swarming [11,33,38,53], density inhomogeneities [24,103,171], and swirling patterns [168,171].
A common feature of these patterns is that they are all fluid-like [3, 5, 13, 14, 186]. One might ask
whether there is something like the analog of a solid-like or frozen state in active systems. At
first sight this seems to be impossible for active matter driven by the incessant input of energy
which is expected to cause highly dynamic states through a perpetual balance between assembly
and disassembly processes [103]. Yet, there are examples where the constituents of active systems
self-organize into non-equilibrium steady states with slowed dynamics or regular spatial patterns.
Activity has been found to give rise to a diverging viscosity at the isotropic-nematic transition of
active gels [27,78,129], and glassy behavior has recently been observed for confluent cell layers [2].
Systems that are externally driven, like agitated granular media, exhibit a plethora of regular static
patterns [4,158,216] and rotating assemblies [211]. While in all these non-equilibrium systems de-
grees of freedom are slowed down or frozen out, the very existence of a pattern or the anomalous
rheological properties is only made possible by the activity in the system. This has to be con-
trasted with non-equilibrium systems, where the system ends up in a set of configurations from
which it cannot escape. Once such an absorbing state is reached, the dynamics ceases and the en-
suing pattern is frozen in [80,85]. Particularly illustrative examples are growing bacterial colonies

1The main results of this chapter are published in Reference [173].
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showing natural selection [76] or periodically sheared colloidal suspensions which self-organize
into an absorbing state [36].

Here, we ask for the existence of steady states which carry the hallmarks of both an active sys-
tem and a frozen absorbing state, i.e. where fluctuations are successively eliminated during a
coarsening process, while keeping the system in an active state. In driven systems, frozen steady
states can arise when particles are not only actively transported, but also integrated into new self-
assembled higher-order structures where single particle fluctuations are arrested. A frozen active
state combines the rapid self-organization characteristics of driven systems with the robustness,
stability and reproducibility of growth and self-assembly processes. Thus, the combination of self-
organization and growth that characterizes frozen active states may turn out to be important for
many systems in biology and materials science. However, the complexity of most experimental
systems defies the thorough identification and analysis of the intricate balance of the underlying
principles that lead to a frozen active state.

To shed light on the mechanisms that govern the emergence of such states, we modify the high
density motility assay setup introduced in the preceding chapters by adding the crosslinker pro-
tein fascin. The addition of fascin leads to the emergence of a frozen steady state consisting
of highly symmetric structures, rings and elongated fibres that are actively assembled and pro-
pelled by the motor proteins. The phase behavior of the frozen steady state depends on the fascin
concentration: For high fascin concentrations highly ordered polar streaks are formed that span
the whole flow chamber; for an intermediate fascin concentration regime a frozen steady state is
formed in which polar actin-fascin-strings are moving on stable non-interfering circular trajecto-
ries. For even lower fascin concentrations the phenomenology of the standard high density assay
is retreived. The reconstitued approach complemented by an agent based simulation allows us to
identify the three main factors controlling the pattern formation: directional fluctuations due to
the active transport by the motor proteins, merging of adjacent strings and the uptake of individ-
ual filaments perpendicular to the direction of motion.

3.2 Emergence of actin-fascin rings

To investigate how the dynamic structure formation in high density motility assay experiments
is affected by a defined growth process, the crosslinker protein fascin is added and its concentra-
tion systematically varied. In this context, fascin is ideally suited as it assembles polar filament
structures and thus does not obstruct the material transport by the molecular motors. Fascin is
a relatively small crosslinking protein with amolecular weight of 55 kDa [237] that crosslinks fil-
aments only in a parallel or polar orientation [37]. In vivo fascin is predominately responsible
for the fortification of cellular protrusions like filopodia where it organizes filaments into thick
bundles [224].

3.2.1 Basic phenomenology

The addition of trace amounts of fascin does not suffice to change the pattern formation mecha-
nisms in the high density motility assay. Even at high filament densities the individual filaments
display directional fluctuations that stem from the persistent random walk of single filaments in
the motility assay. These fluctuations are responsible for the formation of density inhomogeneities
that accumulate to form coherently moving structures such as clusters and density waves (Figure



3.2. EMERGENCE OF ACTIN-FASCIN RINGS 37

c
c

Density Waves Ring Phase

Open

Closedtime overlayA B

Fascin concentration

Figure 3.1: Phase behaviour as a function of the fascin concentration. Low fascin concentrations are not sufficient to
fundamentally alter the pattern formation in the high density motility assay and at an actin concentration of ρ = 10μM
the characteristic travelling density waves evolve (A). Compared to the case without crosslinkers they are less pro-
nounced, as the crosslinker slightly hinders the formation of density inhomogeneities. Above a critical fascin concen-
tration of cc = 0.075± 0.025μM, the pattern formation drastically changes as constantly rotating rings evolve that are
either closed or open (B). In the steady state all actin filaments are incorporated in rotating rings and fluctuations on
the single filament level are entirely absent. All scale bars are 50μm.

3.1A). Low fascin concentrations dampen these fluctuations by crosslinking events but are not
sufficient to completely inhibit them. As a consequence structures like density waves are less
pronounced (Figure 3.1A). This drastically changes, if the added fascin concentration exceeds a
critical concentration: Now the crosslinker leads to the emergence of rotating polar actin-fascin
structures, which are effectively planar. The rotating speed of the rings corresponds to the single
filament speeds and is about 3μm/sec.

While the structure formation in the high density motility assay relies on the balance between
assembly and disassembly processes, the addition of crosslinker molecules promotes defined as-
sembly processes and at the same time inhibits the disassembly of the emergent structures. This
finally leads to a quiescent steady state where all filaments are firmly incorporated in constantly
rotating rings (Figure 3.1B); fluctuations on the single filament level are completely arrested. The
absence of disassembly pathways renders the structure formation mechanism reminiscent to a
coarsening process into an absorbing state [80] and the conditions during the pattern formation
are directly reflected and frozen-in in the steady state.

In the frozen steady state, constantly rotating rings are homogeneously distributed throughout
the motility assay (Figure 3.1B). No preferred direction of rotation is observable. Rings occur in
two distinct conformations, which are equally abundant: open and closed (Figure 3.1 B). Closed
rings consist of self-contained and constantly rotating actin-fascin fibres. Open rings also move
on a stable circular trajectory with a uniform curvature radius, as can be seen in the time overlay
shown in Figure 3.1 B.

3.2.2 Ring radii distributions

A characteristic distribution of ring curvature radii p(r) in the steady state is observed (Figure
3.2).2 The radii are broadly distributed, with a decay towards large radii r. p(r) shows a pro-

2A detailed description of the numeric procedure to extract the radii distribution from the microscopy images can
be found in the appendix A.2.8
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Figure 3.2: Ring radii distributions for open and closed rings. A shows the cumulative curvature radii distribution
P (r) in the frozen steady state; the inset depicts the non-cumulative distribution p(r). The distribution can be described
by a double exponential decay according to P (r) ∝ A1 · exp(r/l1) + A2 · exp(r/l2) with decay lengths of l1 = 3.3μm
and l1 = 10.1μm. This double exponential shape reflects the occurrence of two different ring morphologies: open
and closed rings. Open rings are considerably bigger than closed rings and have an approximately three fold bigger
decay length. The double exponential decay and the decay lengths l1 and l2 are independent of the actin and fascin
concentration. This is shown in B where the decay lengths are plotted for various actin and fascin concentrations. For
all concentrations the decay of the closed rings is of the order of l1 = 3− 6μm and the decay of the closed rings lies in
an interval of l2 = 12− 20μm. For the actin-concentration series the fascin concentration was set to c = 0.2μM; for the
fascin-concentration series the actin concentration was adjusted to ρ = 3μM.

nounced maximum at around 10μm. Towards small curvature radii, the distribution is character-
ized by a cut-off radius in the order rc ≈ 5μm, below which no rings are found. The decay of the
distribution for large radii is of double exponential shape and can be described by

p(r) = a1 · exp
( r
l1

)
+a2 · exp

( r
l2

)
, (3.1)

with two independent decay lengths in the order of l1 = 3− 6μm and l2 ranging from 12− 20μm.
The double exponential nature of the curvature radii distribution is highly robust upon parameter
variation and is conserved throughout variations of the fascin and actin concentrations (Figure 3.2
B), making this to a generic feature of the system.

The double exponential shape directly relates to the two distinct ring populations found in the
system. This can best be seen by investigating the cumulative radii distributions defined by

P (r) =

∫ 0

∞
p(r) dr , (3.2)

separately for both ring populations. From the cumulative distributions shown in Figure 3.2, it
can be infered that closed rings in general are smaller than open rings: While closed rings do not
exceed a maximal ring radius of 30μm open rings can reach radii in the order of 100μm. Likewise
the maximum of the distributions is shifted to higher radii for open rings: The distribution of the
open rings is peaked around 30μm whereas the distribution for closed rings has its maximum at
around 10μm, which is of the order of the persistence length of individual filaments. The distri-
bution of both open and closed rings decay exponentially – adding up to a double exponential for
the overall ring radii distribution.
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Figure 3.3: Time overlay of a moving actin-fascin string. Actin-fascin strings move on circular trajectories. The thicker
the strings get, the higher their directional persistence. As a consequence variations of a given curvature happen
increasingly less frequent and have less effect. The motor density was adjusted to σm = 90nM, the actin concentration
was set to ρ = 3μM and the fascin concentration was c = 0.5μM. The scale bar is 50μm.

3.3 Pattern formation mechanisms

Since frozen steady states directly reflect the history of the pattern formation, the occurrence of
the two distinct ring populations can directly be related to transient dynamics during the pattern
forming instability. Indeed, the ring curvatures reflect the balance between aggregation processes
and active transport during the ring formation: Polar actin-fascin strings nucleate from individual
actin filaments crosslinked by fascin. While being transported, the actin strings grow larger by
two competing mechanisms, either by taking up individual filaments alongside the bundle, or by
merging with adjacent structures, leading predominantly to an increased length. These growth
processes in turn affect the mechanical properties of the structures. A growth in length results
in long and thin strings with relatively low persistence lengths. The continuous growth along-
side the strings, yields shorter and thicker structures with a higher persistence length. It is the
resulting increased stiffness of the individual strings which determines the susceptibility towards
directional changes in the motility assay. Directional changes that alter a given curvature hap-
pen more seldom and have less effect for thicker and thus stiffer strings. This can be seen in the
trajectory of individual fibres that is composed of circular segments (Figure 3.3).

The interplay between active transport and the mechanical properties of the emergent structures
determines the actual ring formation processes, and leads to two generic ring formation mecha-
nisms: Once strings have grown enough in length, they may close on themselves (Figure 3.4 A).
Alternatively, lateral growth may increase the string’s stiffness to such an extent that their current
curvature freezes in without a ring closure and open rings result (Figure 3.4 B). While the ring clo-
sure leads to predominantly small ring diameters, the frozen-in curvature process naturally yields
rings with larger curvature radii. This is reflected in cumulative curvature radii distributions P (r),
which are different for closed and open rings. Both are exponentially distributed, yet their decay
lengths differ by a factor of 3 (Figure 3.2 B).

Thus, we are able to identify three mechanisms that govern the pattern formation in the system:
The directional fluctuations stemming from the active transport and the two aggregation pro-
cesses induced by fascin: the continuous growth in thickness and the merging of adjacent strings.
Growth and merging compete with each other for the available material in the system and seem-
ingly their balance is set by level of the directional fluctuations in the system. However, with the
experimental data only, the question how exactly the directional fluctuations govern the balance
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Figure 3.4: Ring formation mechanisms. The two different ring populations, open and closed rings, rely on distinct
ring formation mechanisms that are related to the growth mechanisms in the system. While being transported, moving
actin-fascin strings grow by merging with other strings of similar size. This leads to elongated but still flexible strings
that predominantly form closed ring if they cross their own tail (A). Open rings form upon a different mechanism (B):
While moving, actin fascin strings continuously pick up material – individual filaments or smaller actin fascin strings.
Thereby, they grow predominately in width and get thicker and stiffer. If they are stiff enough, the curvature freezes
and the forces and fluctuations in themotility assay are not sufficient anymore to induce any change in curvature. While
closed rings characteristically are small in size with radii of up to 30μm, open rings are considerably broader and can
have radii of up to 100μm. In (A) and (B) the investigated actin-fascin string is shown in red and its tip is marked by
a yellow arrow. The motor density was adjusted to σm = 90nM, the actin concentration was set to ρ = 3μM and the
fascin concentration was c = 0.2μM. The scale bars are 50μm.

between merging and growth remains difficult to address. To take a closer look on this interplay,
we devised a minimal agent based simulation that incorporates these three processes: continuous
growth, merging and directional fluctuations.

3.4 Simulation of the pattern formation mechanisms

The experimental system consists of actin filaments that are propelled and crosslinked in the quasi
two dimensional geometry of a motility assay. The presence of the crosslinker protein fascin leads
to the gradual emergence of actin fascin-bundles in the course of a coarsening process. Initially,
these bundles are still quite flexible and meander on trails that locally can be described as circular
orbits with varying curvatures (Figure 3.3). Subsequently, these actin-fascin bundles aggregate
further into thicker and longer structures which finally freeze into what we have termed open and
closed rings. The objective of the agent-based simulations is tomodel and analyze themechanisms
underlying this freezing process that leads to the assembly of rings with frozen-in curvature radii.

To this end, the experimentally observed actin-fascin bundles are modeled as finite objects that
consist of N beads and that move with a constant velocity v. Like in the experiment, these strings
pursue circular trajectories with stochastically varying curvatures and the tail strictly following
the head’s trajectory. Further, the strings are subjected to aggregation processes which result in a
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Figure 3.5: Cellular automaton simulations. Image (A and B) illustrate the three microscopic process included in the
simulation: the two competing growth processes (continuous growth and merging) and the noise scaling as a function
of the thickness. The actin fascin strings are modelled as polar elongated strings that move with with a velocity v on
meandering trails. The tip is subjected to curvature changes of rate ω and a noise level α, resulting in a meandering
trajectory (inset A). While being actively transported, the strings merge with adjacent strings, if their relative angle
|Θ| is smaller than a certain critical angle Θc – this naturally includes ring closure events (A). Besides, the strings
continuously take up material, predominately leading to a growth in width and a stiffness increase. The growth in
width is modeled by a homogeneous growth rate λ and the increase in stiffness is accounted for by scaling the angular
noise as a function of the thickness (B): while the strings grow in thickness, the effect of the angular noise is gradual
lowered and the trajectory stabilizes more and more.

continuous string thickening and merging processes between adjacent strings. In the following,
these basic ingredients of the simulations – the computation of the random trajectories and the
incorporation of the aggregation mechanisms – are described in detail.

3.4.1 Simulation of the string trajectories

In the absence of aggregation processes, the trajectory of the strings is determined by stochastic
forces stemming from the HMMmotor proteins at the surface. Similar to worm-like bundles [83],
it can be expected that the curvature distribution is of approximately Gaussian shape with a width
inversely proportional to the bundle’s stiffness and proportional to the “activity” of the molecular
motors. Mathematically, such a distribution can be generated by a stochastic process defined by
the following update rule for the curvature κ

κ(tn+1) = 0.5 · (κ(tn) + η), (3.3)

whereby n denotes the time step and η represents a random variable that is uniformly distributed
over the interval [−α, α]. Stochastic changes of a given curvature occur with a rate ω, with equally
spaced time intervals, tn+1 − tn = ω − 1. The updating rule (3.3) leads to a distribution for the
curvatures p(κ), that resembles a Gaussian with a width proportional to the noise level α (Figure
3.6). The corresponding cumulative radii distribution P (r) follows a power law with an exponent
−1 (Figure 3.6).

3.4.2 Modeling of the aggregation mechanisms

Aggregation of the strings into longer and thicker bundles affects the strings’ trajectories in a
twofoldway: While elongation of strings changes their probability to collide and form even longer
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strings or closed loops, thicker bundles that are the result of transverse aggregation, are less sus-
ceptible to curvature changes. The elongation of strings is mainly based on merging events be-
tween adjacent strings, which occurs only for certain collision parameters: The colliding beads,
say bead 1 and 2, have to be within a capture distance R1 + R2, where R1 and R2 denote the
radii of the particular beads. The bead’s radius Ri mainly depends on the excluded volume of the
strings and scales with the number of already merged stringsM according to Ri = M ·R0

i · L0/L,
where R0

i denotes the initial radius and L being the length of the structure. Further, strings only
merge if the collision angles |Θ| are smaller than a critical merging angle Θc. This accounts for
the binding properties of fascin, which is only able to link approximately parallel orientated fila-
ments [37]. The merging naturally includes ring closure events, when the head of a string interacts
with its own tail. The transversal aggregation is based on the continuous uptake of individual fila-
ments and small strings, leading predominantly to a growth in thickness. The growth in thickness
results in an increased stiffness of the strings that is modeled by a linear increase of the tenacity
parameter b(t)

b(τn+1) = b(τn) + βb0, (3.4)

with b0 being the initial tenacity b(τ = 0) and β determining the thickening speed. The time in-
tervals are equally spaced and τn+1 − τn = λ − 1 defines the thickening rate. The linear tenacity
increase modeled in Equation(3.4) is motivated by a linear increase of the thickness of the strings.
This implicitly implies an infinite filament reservoir. Since the experimentally observed ring for-
mation is completed long before the filament reservoir is depleted, this is in good agreement with
the experimental observations.

Thicker strings have a higher tenacity and are thus less susceptible to curvature changes. This can
readily be modelled by modifying the update rule of Equation(3.3) with a weight factor w[b(t)]
that depends on the tenacity

κ(tn+1) = (w[b(tn)] · κ(tn) + η)/(w[b(tn)] + 1). (3.5)

The functional dependence of the weight factor w on the tenacity b is given by

w[b(t)] = exp([b(t)− b0]/b0). (3.6)

3.4.3 Parameters

In all simulations, the initial bead radius was set to half of the unit length, and initially each string
consisted of N = 10 beads, implying an initial string length of L0 = 10. The velocity was set to
v = 1.0, i.e. a string covers its own length in a simulation time of 10. All rates are measured in
units of v/L0. Thus a rate of 0.1 means that the corresponding stochastic process occurs on the
time scale a string needs to cover its own length. For all simulations the thickening speed β was
chosen to β = 0.2. For every simulation run, we started with 1500 strings distributed randomly
in space and orientation in a cubic simulation box of size Lbox = 50 · L0 with periodic boundary
conditions. The time discretizationΔt is 0.1.

3.4.4 Results of the simulation

The key ingredient of the agent based simulation is the competition between continuous growth
and merging processes of actively transported strings. These two competing aggregation pro-
cesses already suffice to retrieve the coexistence of open and closed rings (Figure 3.7A). Omission
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Figure 3.7: Simulation results. The incorporation of the two competing growth mechanisms together with the noise
scaling as a function of the thickness is indeed sufficient to retrieve the experimental findings: like in the experiment
two distinct ring configurations emerge: open and closed (A). This is reflected in the ring radii distribution p(r) and
the corresponding cumulative distribution P (r) that can be separated in open and closed contributions (B). Both dis-
tributions decay approximately exponentially. The noise level in the system determines the balance between the two
competing growth mechanisms and thus controls the properties of the frozen steady state: The ratio of open to closed
rings Γ increases with the rate of the random turns ω, while it decreases with the noise level α (C). If not indicated
otherwise the parameters are ω = 0.1, lambda = 0.4, α = 1.0 and θc = 1. All scale bars are one string length L0.
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of one of these processes leads to the formation of either closed or open rings only. The cumu-
lative radii distributions P (r) for open and closed rings decay exponentially in accordance with
experimental observations (Figure 3.7B).

Moreover, the simulations allow for a backtracking of the steady state properties to the inherent
noise in the active systemwhich determines the stochasticity of each string’s trajectory: increasing
the noise level by increasing the noise-amplitude or decreasing the rate of curvature changes, leads
to a decrease in the fraction of open to closed rings Γ (Figure 3.5C). An increase in the noise level
increases the mean time until curvature freezing can take place. Strings can sweep a larger area
leading to a higher amount of merging events. These merging events lead to a length increase that
in turn favors ring closure events.

3.5 The noise level controls the assembly mechanisms

According to the simulation, it is the noise level in the system that sets the balance between the
two growth processes competing for material in the system. High noise levels lead to predomi-
nately closed rings and vice versa. This can directly be tested in the experiment as the noise level
in the system can be addressed by varying the motor density on the cover slip σm. A decreased
number of motor proteins on the surface leads to more rugged trajectories of the strings and hence
to smaller curvature radii (Figure3.8 A and B). In accordance with the simulations, a gradual de-
crease of the motor density shifts the fraction Γ from open to closed rings: Small motor densities
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Figure 3.8: The noise level controls the assembly mechanisms By varying the motor density σm on the surface, the
feedback between growth, and the fluctuations that arise in the motility assay can be examined. In general, high motor
densities lead to less fluctuations and a more persistent movement as can be seen in the time overlay image in (B),
σm = 700 nM, while low motor densities lead to a more fluctuations (A), σm = 30nM. The higher the noise level (i.e.
the lower σm), the higher is the chance for individual strings to cross their own tail and to form closed rings. This
is directly reflected in the higher abundance of closed rings at low motor densities, quantified by the ratio of open
to closed rings Γ (C). The radial distribution of closed rings itself is unaffected, as can be seen in the decay lengths
ld of the exponentially decaying distributions (D). This is different for open rings, where the frozen-in curvature of
the open rings directly reflects the fluctuations and the persistence of the movement in the motility assay: here, ld
monotonically increases with increasing motor concentration σm. The actin concentration was set to ρ = 3μM and the
fascin concentration was c = 0.2μM. All scale bars are 50μm.
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favor the emergence of closed rings with a Γ of 0.5, while high motor densities lead to predom-
inately open rings with Γ = 2 (Figure 3.8 C). Importantly, upon changing the motor density, the
conformational statistics of closed rings remains invariant, while the distribution of open rings is
shifted to smaller radii with smaller decay lengths (Figure 3.8 D). This is attributed to the under-
lying coupling of growth and active transport through the mechanical properties of the emergent
structures and the freezing mechanism that reflects the conditions during the assembly process.
At lowmotor densities, the less persistent movement (Figure 3.8 A) implies smaller frozen-in radii
of the open rings. The ring closure process, on the other hand, is triggered by stochastic changes
in a string’s trajectory, yet, the radius is determined by the stiffness of each individual structure.
As a consequence, closed rings get only more abundant, but the ensuing distribution of curvature
radii remains independent of the motor density σm.

3.6 Competition between rings and streaks

Frozen-in structures directly document the conditions during the coarsening process, and thus
are expected to strongly depend on the nucleation and growth mechanisms. In the present system
these are governed by the filament and the crosslinker concentration. Increasing these concen-
trations not only leads to more nucleation seeds and thus actin-fascin strings, but also to a more
rapid growth process yielding stiffer strings. Above a critical material density at the surface, the
strings are unable to pursue curved trajectories anymore and they are forced to align. They get in-
creasingly interconnected and crosslinked to form frozen elongated and straight polar actin-fascin
streaks with a thickness of up to 50μm and a length in the order of centimetres (Figure. 3.9).

The emergence of elongated structures following straight trajectories has severe consequences for
the further growth process in the system. Compared to the rings, the straight-moving streaks
cover a large area. This not only leads to a more effective growth process and larger structures but
also gives way to coarsening and subsequent merging processes. While neighbouring fibres ini-
tially tend to move in opposite directions, they gradually synchronize their directions of motions

time overlay

time overlay

B

C

A

Figure 3.9: Collectively moving streaks. Above a certain material density, the ring formation processes are hindered
and elongated actin fascin streaks emerge that are aligned alongside the long axis of the flow chamber. Like in the
ring phase, all individual filaments gradually get incorporated in large-scale, polar structures and fluctuations on the
single filament level cease. Initially, the streaks move in opposition to the mean direction of motion. With time, a major
direction of motion develops that is adopted by all streaks in the course of turning events (C). This is accompanied by
a coarsening process, where polarly aligned fibres gradually merge to larger ones (B). The actin concentration was set
to ρ = 10μM and the fascin concentration was c = 0.5μM. All scale bars are 50μm.
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by merging (Figure. 3.9 B). This is accompanied by a coarsening process, in the course of which
fibres of the same polarity gradually merge to larger ones (Figure. 3.9 C) which finally leads to
large-scale symmetry breaking and a preferred direction of motion develops. After a time period
of 10 min, extended fibre structures uniformly move in the same direction, imposing a polarity in
the entire flow chamber on the centimetre scale.

The phase boundary determining the transition from ring formation to fibres depends on both
the actin and the fascin concentration (Figure. 3.10). Consequently, the critical material density
is not related to the critical filament densities in the ordinary high density motility assay without
crosslinkers.
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Figure 3.10: Phase diagram as a function of the actin (ρ) and fascin concentration (c). For high actin and fascin
concentrations, the systems evolves into a frozen steady state that is characterized by coherently moving streaks or
fibres (F). For intermediate concentrations of actin and fascin, the frozen active state is given by the ring phase (R). At
low fascin concentrations, the steady state is characterized by persistent fluctuations on the single filament level and
no frozen steady state emerges (o). All scale bars are 50μm and the motor density was adjusted to 90 nM.

3.7 Discussion – a model system for absorbing transitions

The minimal system presented here allows a systematic parameter control through the variation
of motor, crosslinker and actin concentrations. This is mandatory for the robust and reproducible
assembly of frozen steady states with structures of defined size andmorphology. It opens the door
for various applications with the nanopattering of surfaces being a prime example, as suggested
in motility assay experiments with microtubules [81, 127]. At the same time, the high-density
motility assay can serve as a versatile model system to explore the full breath of non-equilibrium
steady states in active systems. In previous investigations, it was shown that the interplay between
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assembly and disassembly of driven filaments leads to dynamic patterns like swirls, clusters and
density waves [171]. These non-equilibrium steady states are characterized by the perpetual built-
up and destruction of structures driven by the incessant input of energy at the scale of an individ-
ual fibre. Upon adding a single new ingredient, namely passive crosslinking molecules, we have
found here that the nature of the non-equilibrium steady state changes fundamentally; the pres-
ence of crosslinking molecules facilitates permanent filament aggregation and thereby switches
off the disassembly pathway. As a consequence, the system’s dynamics drives the filament as-
sembly into an absorbing state where the structures arrest while the filaments still move. The
coarsening process towards this absorbing state combines active driving with filament aggrega-
tion. Once reached, this state is stable and independent of the activity of the system, yet, it directly
maps the assembly pathway. This “structural memory” relies on the intricate mechanical coupling
between active transport and aggregation processes. This coupling and the ensuing aggregation
mechanisms fully determine the statistical properties of the absorbing state.

From the experimental point of view, it remains a great challenge to unambiguously pinpoint the
nature of the non-equilibrium phase transition. There exist only very few experimental systems
that show clear evidence for an absorbing phase transition – with turbulent liquid crystals being
probably the first example [201]. The main difficulty lies in the quantitative measurement of the
transition over long time and length scales in the absence of interfering long-range interactions or
boundary effects [201]. In this context, the system introduced here could provide a versatile tool
towards the investigation of absorbing transitions. Consisting of only a few purified components,
it allows for a precise investigation of the statistic properties of the phase transition. Future inves-
tigations might also want to explore analogies and differences between these active systems and
externally driven systems showing shear-induced gelation [126] or aggregation [177]. In general,
the further investigation of active systems complemented by an assembly process that in turn af-
fects the mechanical properties, may set a new paradigm of frozen active states and seems to be
an attractive route of explanation for many examples from cytoskeletal to colloidal systems.
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4 Crosslinker Sensitive Structure
Formation in Active Fluids

In the previous chapter we investigated how the pattern formation in the high density motility assay is affected by
the addition of the crosslinking protein fascin. There, we saw that in the presence of fascin, the system evolved into a
frozen steady state where all the fluctuations on the single filament level had ceased. The unique patterns of this frozen
steady state, rings and fibers, were the result of the microscopic binding properties of fascin that only crosslinks polar
aligned filaments. In this chapter we will now address how the binding properties of different crosslinking proteins
will affect the pattern formation in the system.
The chapter starts with a brief introduction of the investigated crosslinking proteins, α-actinin, filamin, mini-FlnA,
eplin, cortexillin and anillin (section 4.1). Subsequently, it is shown that the motor proteins in the motility assay
drive the phase separation of α-actinin/actin networks resulting in the actively compacting fibers consisting of actin
filaments crosslinked by α-actinin (section 4.2). The size of these fibers, that exceeds the size of individual actin
filaments by two orders of magnitude results form the interplay of active driving and passive binding and can be
adjusted by controlling the motor activity in the system. By contrast the addition of filamin and its truncation mutant
mini-FlnA largely supresses any structure formation in the system (section 4.3). The characterization of the behavior
of α-actinin and filamin provides the benchmark for the investigation of eplin, cortexillin and anillin (section 4.4).
While eplin and cortexillin in principle behave similar to α-actinin, the concentration regimes and the time scale
where the active compaction are considerably different. The addition of anillin, by contrast, results in the formation of
static fiber-like structures.
Altogether, the results of this chapter demonstrate that the pattern formation in the motility assay sensitively depends
on the properties of the individual crosslinking protein. The addition of different crosslinking proteins not only lead to
a polymorphism of different steady state structures, but also to a self-organization dynamics that is highly specific for
the individual crosslinking protein. This illustrates that motility assay experiments can provide a first readout for the
behavior of crosslinkers in an active environment.1

4.1 Crosslinking proteins in active systems

4.1.1 Contractile systems: force generating vs. force bearing structures

The functionality of most biological systems relies on the self organization of their constituents
into higher order structures. By the cost of constant dissipation of energy, complex structures
on various length-scales self-organize, ranging from macroscopic self-organization phenomena
in animal groups to the molecular scale in intracellular structures. One of these self-organized
structures is the contractile machinery of eukaryotic cells that is essential for numerous cellular
processes ranging from the formation of stress fibers [99, 109] and contractile rings during cytoki-
nesis [134, 170], to cell migration [144, 220] and intracellular transport processes [122]. Conceptu-
ally, those active materials owe their unique dynamic properties to the competition between force
exerting components like molecular motors and force dissipating structures in the viscoelastic en-
vironment [73, 114, 130, 150]. Microscopically, the contractile machinery is made up of two key
components: actin and myosin II [64]. The contractile ability of the actin-myosin complex arises
from crosslinked actin networks that canalize and transmit motor mediated forces and translate
them into contractile activity [41, 151]. To identify the role of myosin in the self organization pro-
cesses, various studies have been devoted to simplified systems of purified cytoskeletal compo-
nents [10,18,102,103,185,203,205]. In most of these reconstituted systems it was possible to relate

1The main results of this chapter are published in Reference [174].
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the macro- or mesoscopic structure formation processes to the simultaneous action of myosin and
crosslinking molecules and the competition between active driving and passive crosslinking. Re-
cently, the reconstitution of contractile bundles in the presence of only myosin II filaments was
achieved using a pre-patterning approach with functionalized colloidal beads [205].

However, the direct reorganization processes of the individual components were rarely accessi-
ble and the self-organization principles and the mechanisms setting the size in these structures
remain unresolved. This can certainly be attributed to the inherent complexity of such model
systems, but also to the commonly used approach of the simultaneous action of molecular mo-
tors and crosslinking proteins. In three dimensional systems, the myosin II filaments do not only
provide the active driving, but they, themselves, are simultaneously reorganized in the course of
the structure formation process [103, 185]. Only by a complete decoupling of the active driving
from the actual structure formation process, it is possible to elucidate the underlying microscopic
mechanisms and to specifically assess the behaviour of crosslinkers in an active environment.

To this end, we introduce high density motility assay experiments, where highly concentrated
actin filaments, in the presence of crosslinking proteins, are propelled by motor proteins that are
immobilized on a surface. This allows us to selectively investigate the behavior of crosslinking
proteins in active systems. By using high density motility assay experiments, we show that al-
ready the interplay of only three components – molecular motors, filamentous actin and crosslink-
ing proteins – is sufficient for an extremely broad range of self-organization phenomena. The
morphology and the dynamic properties of the emerging patterns sensitively depend on the mi-
croscopic properties of the specific crosslinking proteins, such as the binding affinity, size and
structure of the crosslinker, the behavior under load or the number nad type of the binding sites.

4.1.2 Introduction of the investigated crosslinking proteins

To assess to what extent crosslinking proteins can affect the behavior of active systems, a variety of
crosslinking proteins was investigated. Subsequently, these crosslinking proteins and their basic
properties are introduced.

α-actinin: α-actinin is a large homodimeric protein of the spectrin superfamily with a molecular
weight of 215 kDa [40]. α-actinin belongs to a highly conserved family of ABPs; its differ-
ent isoforms are ubiquitous in muscle as well as in non-muscle cells [187]. It is a flexible
crosslinker that crosslinks filaments regardless of their polarity [37]. α-actinin is abundant
in many cytoskeleton assemblies of the contractile machinery like myofibrils, stress fibres
and contractile rings [56,57,170,238]. In vitro, experiments have shown that α-actinin is able
to form homogenous actin-networks, tight bundles or mixtures of both [124, 125, 161, 226,
227,235].

Filamin and Mini-Filamin A: Filamin is a large homodimer with a contour length of 160nm and
a molecular weight of 560kD that has a spectrin-type actin binding domain at the N-termini
[152]. Unlike α-actinin, the crosslinking protein filamin is not predominantly assigned to
contractile cytoskeletal assemblies. Filamins crosslink and bundle actin filaments, but also
play an important role as signaling proteins in vivo [62]. Recent single molecule [169] and
in vitro bulk experiments [58] have shown that filamin has mechanosensing abilities. Com-
pared to α-actinin, filamin forms morphological similar networks that are characterized by
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a coexistence of bundles and clusters at high crosslinker concentrations [125, 176]. Mini-
filamin A (Mini-FlnA) is a synthetic derivative of filamin that only consists of the actin-
binding-domain and the domain 23 and 24 [84]. The long repetitive neck regions are lost
and thus Mini-FlnA has a much smaller contour length than filamin. Thus, the usage of this
mutant is promising for the selective investigation of how the crosslinker size and geometry
affect the pattern formation in motility assay experiments.

Eplin: Eplin is a cytoskeleton-associated protein with a molecular weigth of 67 kDa [140]. It lo-
calizes to focal adhesions and regulates the dynamics of actin stress fibres [200]. Further, it
inhibits actin filament depolymerization and the branching nucleation of actin filaments by
the Arp2/3 complex. Eplin has at least two actin binding sites and crosslinks filaments in
bundles [140].

Cortexillin: Cortexillin-I is an actin-binding protein which dimerizes via its central coiled-coil
region. At their N-termini the monomers have actin binding domains of the spectrin-type,
while the C-terminal domains are regulated by PIP(2). In vivo, cortexillins are enriched in
the cortex of locomoting cells and play a crucial role in cytokinesis [61,191]. In vitro, it forms
antiparallel bundle networks [107].

Anillin: Like α-actinin and filamin, anillin forms bundle-cluster in in vitro networks. In vivo,
however, it serves as a scaffold protein that is able to link myosin and actin [193], resulting
in an even more complex interplay between active force exertion and passive crosslinking.

4.2 α-actinin: Active compaction of driven filament networks

By adding α-actinin to high density motility assay experiments, we show that a homogeneous
α-actinin/actin network that is set under stress by molecular motors is intrinsically unstable. It
disintegrates and forms actively compacting patches that finally evolve into highly compact α-
actinin/actin fibres that exceed the length of individual filaments by two orders of magnitude.
The structure formation is determined by the initial phase, where the reorganization of individual
filaments leads to a phase separation between dense and dilute regions. The efficiency of this
reorganization process and hence the length scale of the phase separation directly depend on the
motor activity. This allows us to control the size and morphology of the α-actinin/actin fibres:
high motor activities lead to fibres of up to 100μm in length whereas low motor activities result in
only 5μm long fibres.

4.2.1 Basic phase behavior and active compaction

In the regime of high actin densities and without crosslinking proteins, the filaments self-organize
to form coherently moving structures, clusters and density waves [171]. This drastically changes if
the crosslinking protein α-actinin is added to the motility assay. As α-actinin crosslinks filaments
regardless of their orientation and leads to the formation of predominately apolar structures [37],
it directly opposes the active transport in the motility assay that relies on the structural polarity of
the filaments. Initially, this leads to a homogeneous distribution of actin filaments that are firmly
incorporated in a two dimensional α-actinin/actin network (Figure 4.1). This elastic network is
actively set under stress by the underlying motor proteins. The interplay of α-actinin crosslinkers
and the motor activity determines the further dynamic development of this initial basic state.
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Figure 4.1: Phase behaviour as a function of the α-actinin concentration. For low crosslinker concentrations below
c1 = 0.05μM, the steady state of the system is characterized by the collective movement of driven filaments, simi-
lar to the high density motility assay without crosslinking proteins (A). Compared to the case without crosslinkers,
the structures are less pronounced, as the crosslinking proteins dampen the formation of density inhomogeneities.
Moreover, due to the competition between active driving and passive crosslinking, the filaments get actively ruptured.
Increasing the crosslinker concentration above a threshold concentration of c1 = 0.05μM, leads to a fundamentally dif-
ferent behavior: instead of collectively moving structures, the system actively compacts and forms highly condensed
α-actinin/actin fibres (B). These fibres consist of millions of individual filaments and exceed the size of the individual
filament by two orders of magnitude. The active compaction is only possible in an intermediate concentration regime:
at high crosslinker concentrations above c2 = 0.23μM, the motor activity is not sufficient to disintegrate the network
and the isotropic initial state is preserved (C). For (A) the α-actinin-concentration was adjusted to ccl = 0.005μM, for
(B) to ccl = 0.17μM and for (C) to ccl = 0.46μM. The actin concentration was set to 7.6μM. All scalebars are 25μm.

Consequently, the phase behavior of the system depends on the α-actinin concentration ccl (Figure
4.1).

For a given actin concentration, high α-actinin concentrations effectively prevent any further re-
organization and the homogeneous basic state is frozen in (Figure 4.1 C). In this regime of high
crosslinker concentrations, the motor proteins are not able to induce large-scale rearrangements
in the network.

On the other extreme, in the regime of low α-actinin concentrations, the amount of crosslinking
proteins in the network is too small to sustain the integrity of the network. The motor proteins
drive the active fluidization of the network and the initial basic state disintegrates (Figure 4.1
A). Subsequently, the system self-organizes into coherently moving structures reminiscent to the
collective motion observed in the motility assay without crosslinks. Yet, even in this concentration
regime the influence of crosslinkers is still visible, as the competition between motor induced
active transport and passive crosslinking leads to a shortening of the filaments. Moreover, the
density inhomogeneities that characterize the high density motility assay without crosslinkers are
less pronounced. Only for trace amounts of α-actinin, the phase behaviour of the high density
motility assay without crosslinkers can be retrieved – exemplifying the high sensibility of the
setup with respect to the addition of crosslinking proteins.

For any given actin concentration, an intermediate α-actinin concentration can be found, where
the motor activity and the influence of the crosslinkers are relatively balanced (Figure 4.2). This
enables the active reorganization of the initial basic state and at the same time ensures the integrity
of the network. This is mandatory for the subsequent dynamic structure formation that leads to
the self-organized formation of highly compact α-actinin/actin fibres (Figure 4.1 B).
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Figure 4.2: Schematic phase behavior as a function of the α-actinin and actin concentrations. For low crosslinker
and actin concentrations no stable structures evolve, as the motor proteins drive the disintegration of the network (N).
In a regime where active driving and crosslinking are balanced, the system actively compacts (C). In this intermediate
regime the steady state is characterized by compact fibers. The size of these structure depends on the actin and α-
actinin concentrations. In general, high material densities lead to larger steady-state structures. At high crosslinker
concentrations, the network is tightly crosslinked. The motor proteins cannot compromise its overall stability and the
initial basic state is frozen (F).

This self-organization process can be conceived as a phase separation between patches that are
densely packed with material and depleted regions that appear as holes in the α-actinin/actin
microstructure (Figure 4.3). While filaments in the dense regions are firmly crosslinked and barely
move, individual filaments in the depleted regions can move freely and perform persistent ran-
dom walks before they get crosslinked again. Successively, the dense patches contract and even-
tually evolve into compact α-actinin/actin-fibres, reflecting the tendency of α-actinin to form bun-
dles in passive in vitro networks [124].

The self-organization takes place on the timescale of several tens of minutes in a multistage coars-
ening process (Figure 4.3 B-E). As can be inferred from the area fraction covered by the dense
patches (Figure 4.4), the process of active compaction is continuous, until a steady state of maxi-
mal compaction is reached after approximately 30min. In contrast to other reconstituted systems,
the observed active compaction neither relies on the formation of contractile foci of aggregating
motor proteins, nor on the pre-assembly of F-actin bundles. The isotropic active driving of im-
mobilized motor proteins is sufficient to destabilize the crosslinked F-actin network and to trigger
the self-organized formation of compact fibers.

4.2.2 The multiple stages of active compaction

The active compaction in the system can be further quantified by introducing the average mesh
sizeΦ of the densely packed regions as order parameter2. Starting from the initial, homogeneously
distributed state with a mesh size of Φ = 8μm, Φ increases monotonically with time until a steady
state is reached that averages a meshsize of Φ ≈ 50μm (Figure 4.4). The overall temporal evolu-
tion of the order parameter is characterized by subtle variations in the rate of change of Φ: in the
early stage of the pattern formation, a linear rise in the mesh size occurs, followed by a plateau,
where the mesh size stays almost constant. In the late stages of the pattern formation, the coars-
ening process gets increasingly slower, before it finally levels of again in the steady state. These

2Details of the calculation of the meshsize can be found in the appendix A.2.9.
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Figure 4.3: An α-actinin/actin network that is set under stress by underlying molecular motors is unstable. Within
several minutes the network is disintegrated and driven into a phase separation between regions densely packed with
material and dilute regions, where only a limited number of filaments can be found. These dilute regions appear as
holes in the network microstructure (A) and (B). With time, the holes coarsen as the densely packed patches further
compact (A) – (C). Yet, the dense patches are still interconnected. When the diameter of the holes approximately equals
the diameter of the dense patches (C), any further compaction requires a rupturing of the dense patches (D). This leads
to the successive formation of isolated patches (E). Now, any further compaction is based on internal reorganizations
of these isolated patches (E) and (F). In the steady state of the pattern forming instability, the system consists of isolated
tightly bundled patches (F). The actin concentration is 7.6μM and the α-actinin concentration ccl = 0.17μM. All
scalebars are 25μm.

variations in the rate of change correspond to the distinct stages of the observed multistage coars-
ening process. These different stages are: (i) an active shortening of the filaments and the dynamic
reorganization of the fragments that triggers the formation of densely packed patches; (ii) the ac-
tive transport of entire patches; (iii) the disintegration of the dense patches and (iv) their internal
compaction.

(i) Active filament-shortening and reorganization of the fragments

In the initial stage of the multistage coarsening process, the initially 10μm long, isotropically dis-
tributed filaments are ruptured into approximately 1μm long fragments (Figure 4.5 A and B).
This results from the competitive binding of molecular motors and passive crosslinkers to the
actin filaments. The active fragmentation is the precondition for the subsequent reorganization
of the filaments: only filaments that are short enough can readily detach from the network and
can be actively transported, while longer filaments stay firmly crosslinked to the network (Figure
4.5 C). This is reminiscent to observations in cellular systems, where the structure formation also
requires predominantly short actin filaments with a highly conserved filament length below 1μm.
The dynamic reorganization of the filament fragments is the precondition for the observed phase
separation of the network into dense and dilute regions. The fragments detach more easily from
regions where the material density and thus the number of possible binding partners is low. On
the other hand, they are prone to get bound again at regions where the material density is high.
This is sufficient to destabilize the α-actinin/actin network as local density inhomogeneities are
amplified. Successively, this leads to the observed phase separation into dense patches and dilute
zones.
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Figure 4.4: The multiple stages of active compaction. The active compaction of the α-actinin/actin network undergoes
distinct stages in a multistage coarsening process. This is visible in the continuous decline of the occupied area fraction
and the synchronous increase in the mesh size of the network (A). Each phase is characterized by distinct microscopic
processes that are schematically depicted in (B). In the initial phase, the actin filaments are ruptured into approximately
1μm long fragments. The fragmentation is the precondition for the subsequent reorganization of the system, as the
dynamic relocation of these fragments leads to a phase separation of the network into dilute and densely packed
patches. The active transport of entire patches marks the beginning of a phase of rapid compaction, visible in the linear
decline in the occupied area fraction and the concomitant decrease in mesh size. This compaction continues until the
size of the dilute regions and the dense patches are approximately equal. Now, any further compaction requires a
rupturing of the patches. Freely moving patches collide and coalesce leading to tightly interconnected non-moving
structures. This is reflected in a decline in the slope of the occupied area fraction and a plateau in the mesh size.
This stage continues until the entire network has disintegrated into isolated non-moving structures. Now, any further
compaction is mainly based on the internal compaction of these structures, leading to the compact α-actinin/actin
bundles observed in the steady state. The actin concentration was set to 7.6μM and the α-actinin concentration was set
to ccl = 0.17μM. All scalebars are 25μm.

(ii) Active transport of entire patches

In the next stage, these patches are transported as a whole by the underlying motor proteins. The
patches have a size of the order of 10 to 100μm2. Once formed, they are stable and move on
straight and persistent trajectories with an average velocity of up to 0.1μm/sec, one order of mag-
nitude slower than the gliding speed of individual filaments (Figure 4.6). The movement of the
different patches is uncorrelated in direction and velocity. In the quasi two-dimensional geometry
of the motility assay, this leads to a further condensation, as the uncorrelated movements of the
patches results in the formation of spots where different patches converge and material gets accu-
mulated (Figure 4.6 B and D). Despite the slow velocity of the moving area fractions, this process
results in a comparably rapid compaction that lasts for around 15min.

(iii) Disintegration of the dense patches

That followed, in the disintegration phase, the condensation speed starts to decrease because the
phase separation into densely packed patches and dilute zones is almost completed. Any further
condensation is only possible if the network disintegrates by a rupturing of the dense patches (Fig-
ure 4.7). This leads to the formation of isolated patches. Once a rupturing event occurs, patches
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Figure 4.5: Filament rupturing and filament-lenght distributions. The competition between active transport and
crosslinking leads to a rapid fragmentation of the filaments. The image series in (A) shows the motor induced frag-
mentation of a filament that gets bound to the α-actinin/actin network at t = 0. Within several seconds the initially
20μm long filament gets ruptured into fragments not larger than 5μm in length. The motor-induced rupturing also
becomes manifest in the overall cumulative filament length distributions P (l) shown in B. Before α-actinin is added,
the filament lengths are broadly distributed (black curve). After the addition of α-actinin the distribution considerably
narrows, as the filaments get ruptured (gray curve). The rupturing of individual filaments is the precondition for their
subsequent dynamic relocation, as can be seen in the length distributions p(l) shown in (C). While long filaments are
prone to be firmly crosslinked, shorter filaments can readily detach from the network and are actively transported. The
actin concentration was set to 7.6μM and the α-actinin concentration was adjusted to ccl = 0.17μM. All scale bars are
10μm.

move freely on straight paths until they collide and merge with other patches. The rupturing
results in the stagnation of the average mesh size, since the compaction is compensated by the
formation of new holes.

The disintegration phase is accompanied by a change in themorphology of the structures: because
patches are not firmly interconnected with other patches, they are able to flow past each other,
leading to the emergence of zigzag-like patterns (Figure 4.3). Crosslinking of converging patches
leads to larger structures. Successively, highly condensed structures form. This comparatively
rapid process is recovered in the steep increase in the mesh size at the end of the disintegration
phase (Figure 4.4).

(iv) Internal compaction

After a time period of 30min, the α-actinin/actin network has entirely disintegrated into isolated
structures. They are not transported any more and the active transport now fully contributes
to their compaction. This marks the beginning of the phase of internal compaction where any
further decrease in meshsize is mainly based on the internal compaction finally resulting in highly
compact, yet immobile fibres (Figure 4.7 F and G). This is recovered in a slow increase in the
average mesh size (Figure 4.4).
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Figure 4.6: The dynamic compaction of dense patches relies on the convergence of individual patches. Image (A)
shows the active compaction of a dense patch over a time period of 0.22μM (thin line: initial position; bold line: final
position). The compaction of the patch relies on the active transport of subdomains that move independently from
one another. This can be seen in the kymographs along two cross-sections of the patch shown in (B) and (C). While
(B) shows the homogenous compaction around a zone where several small subdomains converge, (C) illustrates the
displacement of an entire subdomain. The size of the polar subdomains that drive the compaction can be inferred from
the local velocities depicted in (D) and (E). In (B) the compaction is mediated by subdomains that have a diameter
of approximately 10μm, as exemplified by the regions marked with I and II in (B) and (D) respectively. In (C), the
movement is mediated by a subdomain that is 100μM in diameter. This is reflected in a constant velocity in the
entire field of view (E). The actin concentration was set to 16μM and the α-actinin concentration was adjusted to
ccl = 0.22μM. All scalebars are 25μm.

4.2.3 The active compaction relies on the polarity of the structures

While the dynamics in the initial phase relies on the reorganization of individual filaments, the
rapid compaction in the subsequent stages of the coarsening process requires the active transport
of entire patches (Figure 4.4). Remarkably, the movement of the patches is highly persistent, both
in direction and velocity and, as long as the patches do not interfere with neighboring structures,
they move on straight trajectories (Figure 4.6). The active transport of entire patches is likely to
rely on a non-vanishing net-polarity of the patches, providing the small but stable directional
bias necessary for the observed dynamics. If the patches would have a vanishing net polarity,
with filaments that are oriented randomly, any motor induced active transport would result in a
displacement in a random direction. Most likely these displacements would cancel out and the
patch either would not move at all, or it would show a highly non-persistent motion with frequent
directional changes and a varying velocity.

To further explore this aspect, we performed a set of experiments, where we let the system evolve
starting from a basic state that is polar on large length scales. In the motility assay such polar
basic states can readily be prepared by allowing the system to self-organize into coherently mov-
ing structures, before crosslinking proteins are added. In this case the polarity of the basic state
is determined by the F-actin concentration: high actin concentrations yield coherently moving
structures with a high polarity, while lower actin concentrations result in smaller polar domains
(Figure 4.8 A and D). If the dynamics of the patches indeed depended on the net polarity of the
patches, a higher initial polarity should have two main consequences: (i) an increase of the patch
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Figure 4.7: Rupturing and internal compaction of dense patches. In the disintegration phase of the pattern forming
instability, the further compaction of the systems requires the rupturing of dense patches. This is illustrated in the image
series shown in (A) – (D) and the corresponding kymograph (E). In image (A) the further compaction is hampered by
the connectivity of the dense patches. The underlying motor proteins build up tension that finally leads to rupturing of
the dense patch at its weakest point (B). This is followed by the free retraction of the patch (C) with an average retraction
speed of 0.07μm/sec (E). The free retraction continues until the tip of the patch hits another patch to form a new zone
of convergence (D). This is reflected in the subsequent decline in the retraction speed 0.05μm/sec. Once the network
has disintegrated into isolated patches, any further contraction relies on the relatively slow internal compaction within
the isolated patches (F). The figure exemplarily shows the temporal evolution of the cross section of such an isolated
patch. Within 1500 sec it compacts from a thickness of 6μm to a thickness of 2.5μm. During the compaction the total
fluorescence intensity stays approximately constant, indicating that the observed compaction is not based on the loss of
material (G). The actin concentration was set to 7.6μM and the α-actinin concentration was adjusted to ccl = 0.17μM.
All scalebars are 25μm and the time period for the kymograph was 375 sec.

size and (ii) an increase of the overall structure size in the steady state. As can be seen from the
patch dynamics during the pattern formation (Figure 4.8 B and E) and the steady state images
(Figure 4.8 C and F), this is exactly the case. The higher the polarity of the initial basic state, the
higher is the patch size and the bigger is the size of the α-actinin/actin fibres in the steady state.
The higher polarity of the patches also becomes manifest in a higher gliding velocity: patches that
emerge from a polar basic state move with velocities of up to 0.25μm/sec, significantly higher
than observed for apolar starting conditions.

4.2.4 Controlling the length scale of the active compaction

The complex dynamics in the present system include the active transport of entire patches, rup-
turing events and the internal compaction of the emergent structures (Figure 4.4). However, all
these processes rely on the preceding reorganization and relocation of individual filaments which
triggers the formation of the dense patches. Microscopically, this reorganization is comparatively
simple: it is based on the detachment of single filament fragments that are actively transported by
the motor proteins before they get bound again. This competition between active transport and
passive binding is governed by three microscopic parameters: the effective filament (un-)binding
rates koff and kon and the motor induced sliding velocity of individual filaments v. Together, these
parameters set the length scale of the observed phase separation during the initial stages of the
pattern forming instability: the length scale is limited by the average distance 〈x〉 individual fila-
ments can cover after having detached from the network. This average distance is determined by
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Figure 4.8: The active compaction relies on the polarity of the structures. The addition of α-actinin to a polar basic
state yields larger and faster moving patches. Images (A) and (D) show microscopy images of collectively moving
filaments at different filament densities in the absence of α-actinin. High filament densities (ca = 10μM) lead to the
formation of highly ordered collective motion patters (A). The yellow arrows denote the velocity profile obtained by
particle image velocimetry. The polar order of this basic state is conserved after α-actinin is added (B). Compared to
the case with apolar starting conditions the patches move with a five fold faster velocity of 0.15 − 0.25μm/sec and
the resulting patches considerably larger. This can be seen in (B) where all velocity vectors belonging to coherently
moving patches are grouped and colored. Patches that move predominately to the right are coloured in red, patches
that move to the left are marked in blue, and velocity vectors that are uncorrelated are colored in yellow. The large
patch sizes resulting from polar starting conditions also become manifest in the steady state structure that are shows
thicker and larger (C). At lower F-actin concentrations (ca = 5μM) the polarity of the initial basic state is considerably
less pronounced (D). This leads to smaller patch sizes (E), slower moving patches (0.10 − 0.15μm/sec) and smaller
structures in the steady state (F). The α-actinin concentration was ccl = 0.17μM. For (A) – (C) a ratio of labelled to
unlabeled filaments of 1 : 45was used; for (D) – (F) the labelling ratio was adjusted to 1 : 20. In the absence of α-actinin
the average filament speed is 4.2μm/sec. The actin concentration was set to 7.6μM and the α-actinin concentration
was adjusted to ccl = 0.17μM. All scalebars are 25μm.

the average detachment time of an individual filament ∝ koff/(koff + kon) and the gliding speed v
according to

〈x〉 ∝ vkoff/(koff + kon) . (4.1)

The rates koff and kondenote the effective on-and off-rates of an entire filament. They depend on
the local filament and crosslinker densities and the crosslinker on- and off-rates under load when
the system is actively set under stress by motor proteins.

Providing an estimate for the length scale of phase separation during the initial stages of the pat-
tern formation, Equation (4.1) bears two important implications. First, since it directly depends on
the filament velocity v, any finite filament velocity should result in a phase separation. Second the
structure size in general should be controllable by the filament gliding velocity. In the experiment,
this can readily be addressed by varying the ATP concentration (cATP) as it sets the filament speed
according to the Michaelis-Menten kinetics: v ∝ cATP/(kM + cATP) with kM being the enzyme-
specific Michaelis-Menten constant. For small ATP concentrations, v rises linearly with cATP and
approaches amaximal saturation velocity vmax for the freely moving filaments. Moreover, the ATP
concentration affects the crossbridge strength of the acto-myosin complex. Lowering the ATP con-
centration leads to a higher binding affinity of the myosin heads to the actin filaments. Decreasing
the effective off rate koff , this effect can be expected to further decrease the length scale 〈x〉 of the
phase separation.
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Figure 4.9: The motor activity controls the morphology and the meshsize of the compact fibres. Images (A) – (C)
show the steady state of the pattern formation for three different ATP concentrations. For low ATP concentrations,
small fibres emerge; they have an average length l of up to 15μm and exceed the size of the individual filament by
one order of magnitude, as can be seen from the cumulative distributions P (l). The thickness d of these structures is
limited to 15μm (A). Higher ATP concentrations yield considerably bigger structures: with a length of up to several
hundreds of micrometers, they exceed the length of the individual filament by two orders of magnitude. The growth in
length is accompanied by a slight growth in thickness (D). For all ATP concentrations, the fiber lengths are exponentially
distributed. Altogether fibers that were formed under highATP concentrations incorporate considerablymorematerial.
The ATP concentration not only determines the morphology but also the spacing between individual fibres. This
is retrieved in the average mesh size |Φ| that increases with increasing ATP concentrations (E). Towards high ATP
concentrations |Φ|, saturates at an average mesh size of 60μm. For any finite ATP concentration, the homogeneous
α-actinin/actin network is unstable and disintegrates into compact patches. By contrast, the initial network is stable
when no ATP is supplied. All scalebars are 25μm; the actin concentration was adjusted to 7.6μM and the α-actinin
concentration was set to ccl = 0.17μM.

As can be seen in the steady state images (Figure 4.9 A – C), the structure size is indeed tightly
regulated by the ATP concentration. Small ATP concentrations (1μM), corresponding to small
gliding velocities, yield small structures with a length of up to 10μm and a thickness of up to
5μm. For high ATP concentrations, corresponding to the maximal gliding velocity, considerably
bigger structures emerge: here, the fibers have a length of up to several hundreds of micrometers
and a thickness of up to 10μm. The ATP-dependence of the structure size is also reflected in the
cumulative length and thickness distributions (Figure 4.9 D). The length distributions are of expo-
nential shape with decreasing decay length for smaller ATP concentrations. Likewise, a decrease
of the ATP concentration leads to a narrower thickness distribution. Altogether, the elongated
fibers that evolve at high ATP concentrations incorporate up to 100 times more filaments than the
ones that form in the presence of low ATP concentrations.

The morphology of the fibres is intimately related to the mesh size |Φ| observed in the steady
state. The higher the level of compaction, the more material is concentrated on fewer but larger
fibers. By consequence, the average spacing between the fibres and thus themeshsize |Φ| increases
with increasing ATP concentration. Starting from a minimal mesh size of |Φ| = 10μm at low
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Figure 4.10: Phase behavior of apolar crosslinking proteins in active systems. As can be infered from the width
and the onset of the concentration regime where the motor-proteins can induce the formation of actively compacting
structures, the corsslinking efficiency increases from cortexillin over α-actinin and eplin to mini-FlnA and filamin.
In the case of filamin and mini-FlnA even low crosslinker concentrations do not result in the formation of isolated
structures; the overall connectivity of the network is never compromised. For all data points the actin concentration
was set to cA = 7.5μM of monomeric actin.

ATP, |Φ| increases with increasing ATP concentration until it saturates at an average mesh size
of |Φ| = 50μm (Figure 4.9 E). The saturation correlates to the saturation of the filament gliding
velocity at vmax for high ATP concentrations (Figure 4.9 E). This further confirms the microscopic
picture of the balance between active transport and passive binding setting the lengthscale of
contraction (Equation 4.1). Remarkably, the structure formation in the system does not require
a critical ATP concentration. For any finite ATP concentration or filament gliding velocity, the
homogeneous α-actinin/actin network is unstable and disintegrates into dense patches – in full
agreement with the microscopic picture. By contrast, the initial network is stable when no ATP is
supplied.

Accordingly, the motor activity constitutes an effective switch which allows the system to adjust
the length scale of the structure formation: a high motor activity yields a pattern formation that is
coordinated over a distance of more than 100μm, exceeding the size of the individual filament by
two orders of magnitude. By contrast, low ATP concentrations result in small patterns with a di-
ameter in the order of the filament length. The ATP concentration also controls the aspect ratio of
the structures: while high ATP concentrations lead to highly elongated fibres, low ATP concentra-
tions lead to more rounded structures (Figure 4.9 A – C). This motor-activity-dependent formation
of condensed structures is reminiscent to the force dependent aggregation of α-actinin/actin net-
works in rheological experiments [177].

4.3 Filamin: Formation of highly resilient networks

According to the microscopic conception of the pattern forming instability established so far, sub-
tle alternations in the properties of the crosslinking protein should become manifest in the pattern
forming instability. But does the formation of actively compacting structures only depend on the
ability of crosslinking proteins to link actin filaments independent of their orientation? To inves-
tigate this question, we added filamin, a crosslinking protein that also connects actin filaments
regardless of their orientation. Compared to α-actinin, filamin a priori forms similar in vitro net-
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Figure 4.11: The addition of filamin and mini-FlnA leads to the formation of highly stable networks. In general, net-
works crosslinked by filamin or mini-FlnA are considerablymore stable than α-actinin/actin networks. At a crosslinker
concentration around ccl = 0.1μM, where in the case of α-actinin actively compacting structures emerged filamin/actin
and mini-FlnA/actin networks are still stable (A and C). Only if the crosslinker concentration is diluted five-fold, the
motor proteins are able to induce the formation of holes in the network. Even in this concentration regime, however,
the overall connectivity of the filamin/actin network is still not affected and the filamin/actin and mini-FlnA networks
are even able to close the holes again (B). The actin concentration was set to cA = 7.6μM. All scale bars are 25μm.

works [176], has a similar binding affinity to actin and also has a spectrin-type binding domain.
Despite of these similarities, however, the system behaves entirely different when α-actinin is
replaced by filamin: in the same concentration regime that in the case of α-actinin lead to the dy-
namic assembly of contractile patches, the homogeneous filamin/actin network is unimpaired by
the underlying motor proteins and remains stable (Figures 4.10 and 4.11 A). Only after a ten-fold
dilution of the relative filamin concentration, the motor proteins start to reorganize the network,
small area fractions begin to move and holes in the network start to emerge – similar to the be-
haviour of the α-actinin/actin network in phase 1 (Figure 4.11 B). However, these holes stay small
in diameter and the network is even able to close them again and the overall integrity of the
network is never compromised. Moving zones constantly seem to form new connections to the
network. This annealing process impedes the further disintegration of the network and leads to
a decline in transport and the network remains stable. No concentration regime could be found,
where the motor proteins are able to disrupt the filamin/actin network and to compromise its
overall connectivity.

This answers the question stated in the beginning of this section: the presence of an apolar cross-
linking protein alone is not sufficient to create contractile structures. The high durability of filam-
in/actin networks is in accordance with observations of in vitro networks that identified filamin
to be one of the most effective actin-filament crosslinking proteins [195]. On the one hand, this
could be ascribed to the structural properties of filamin: the long contour and the high degree of
flexibility of the dimeric filamin facilitate an effective actin-filament branching [195], effectively
stabilizing the stressed actin network. On the other hand, the invariance of the systems behaviour
with respect to alternations of the motor activity could be a hint for a decreased crosslinker off-rate
with increasing force as it has already been reported for rigor HMM [75]. Such a “catch-bond”-
mechanism would compensate the high motor activity at high ATP concentrations and could con-
tribute to the extraordinary stability of the filamin/actin network.
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To further test this assumption, we replaced filamin by mini-FlnA, a synthetic derivative of fil-
amin, that has lost the long repetitive neck regions, but retains the actin binding domains and the
domain 23 and 24 [84]. Thus, mini-FlnA has a much shorter contour length than wild-type filamin
A. If the durability of filamin/actin networks stems from the highly flexible geometry and not
from a possible catch-bond mechanism of wild-type filamin, the motor proteins should readily be
able to reorganize the mini-FlnA/actin network. However, this is not the case. The addition of
Mini-FlnA, in the same concentration regime as filamin, leaves the phenomenology unchanged.
Still, the overall connectivity of the network is never compromised (Figures 4.10 and 4.11). This
emphasizes that the behavior of crosslinking proteins in an active environment is mainly deter-
mined by the binding affinities under load, and to less extent by the geometry of the crosslinking
protein.

While the experiments with Mini-FlnA further substantiate the assumption of a potential catch-
bond mechanism involved in the binding of filamin to actin, a molecular understanding of this
mechanisms is still at large. The bulk experiments presented here may provide a first idea about
the relevant sequence position – for instance, domain 23 or 24 could partially unfold, exposing
another binding site for actin – but for a deeper understanding, they have to be complemented by
carefully designed single molecule experiments possibly using optical tweezer setups [169].

4.4 Comparison to cortexillin, eplin, and anillin

The addition of either α-actinin or filamin resulted in a entirely different phenomenology: while
the addition of α-actinin leads to the active compaction of the network, the presence of filamin
leads to highly resilient networks that cannot be reorganized by the underlying motor proteins.
These results now provide a benchmark to characterize the behavior of other crosslinking proteins
that are also known to crosslink actin filaments regardless of their orientation, namely cortexillin,
eplin and anillin.

In principle, the behavior of cortexillin and eplin is similar to the behavior of α-actinin. The addi-
tion of both crosslinking proteins leads to the formation of actively compacting patches, similar to
the ones observed in the case of α-actinin. However, the concentration regimes and the time scales
for the pattern formation differ considerably, especially for eplin. In the high density motility as-
say, eplin proves a much more effective crosslinking protein than α-actinin, as the concentration
regime where eplin can suppress the active compaction is much broader (Figure 4.10). For in-
stance, at an eplin concentration of 0.2μM, where the system in the presence of α-actinin already
undergoes a transition to compact patches, the network remains static and the initial basic state is
frozen in. Only if the eplin concentration is diluted 10-fold, an active compaction can be observed
(Figure 4.12 A). Even then, the structure formation is considerably slower and the steady state
structures are smaller than in the case of α-actinin (Figure 4.12 A). According to the microscopic
conception of the pattern formation in the system (Equation 4.1) this is equivalent with the notion
that eplin has lower effective unbinding rate koff or higher effective binding rate kon. This can be
interpreted as another hint for the existence of the speculative third actin binding site in the eplin
sequence [140].

The addition of cortexillin leads to the formation of actively compacting patches, too (Figure 4.12
B). Compared to eplin, cortexillin is a less effective crosslinker. The concentration regime, in which
actively compacting structures are observed, is similar to the one obtained with α-actinin (Figure
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Figure 4.12: Comparison between eplin, cortexillin, and anillin. Both, the addition of eplin (A) and cortexillin (B)
results in the formation of actively compacting structures, similar to the ones observed in the presence of α-actinin.
Albeit, the time scales and structure sizes are slightly different. Compared to α-actinin the structure formation in the
presence of eplin is considerably slower and the structures in the steady state are smaller, classifying eplin as more
effective crosslinking protein in the motility assay. Cortexilin, by contrast, forms larger steady state structures and
the structure formation takes place on a considerably shorter time scale, suggesting that cortexillin is a less effective
crosslinking protein. The addition of anillin (C) does not result in the active compaction of extended patches but to
the successive assembly of non-moving fibre-like structures. The actin concentration was adjusted to 7.6μM and the
crosslinker concentration was 0.046μM in the case of eplin and 0.2μM in the case of cortexillin and anillin. All scale
bars are 25μm.

4.10) and the structures in the steady state are approximately of the same size. Yet, the structure
formation runs on a slightly faster time-scale compared to α-actinin (Figure 4.12).

In the concert of the crosslinking proteins investigated in this thesis, anillin plays a special role.
Not only can it crosslink actin filaments (it forms apolar bundle networks), it is also known to have
a binding site for non-muscle myosin [193]. The anillin fragment used here retains this binding
site. Thus, one can expect that it also binds to the HMM motor proteins immobilized at the glass
slide in the motility assay. The structure formation process that is observed in the presence of
anillin indicates that this really is the case. In contrast to the contracting patches observed with α-
actinin or the polar structures that result from the addition of fascin, anillin forms apolar bundles
that are not transported by the underlying motor proteins (Figure 4.12 C).

By comparing α-actinin to filamin and mini-FlnA, we already saw that the structure formation
in the motility assay does not depend so much on the geometry of the crosslinking protein, but
rather on the binding strength and the binding affinity of the crosslinker under load. Even though
α-actinin and filamin have the same actin binding domains, the addition of filamin leads to the
formation of highly stable networks. We attributed this to a potential catch-bond mechanism of
filamin under load that is preserved in the truncation mutant mini-FlnA. The fact that the binding
affinity under load is decisive for the behavior of crosslinking proteins in active systems, is further
underlined by the phase behavior of eplin. Despite eplin is considerably smaller than α-actinin,
it apparently has a higher ability to stabilize actin networks under stress and to maintain the
integrity of the network at considerably lower concentrations.
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In summary, the results presented here clearly indicate that the behavior of crosslinking proteins
in active systems is not determined by the size of the crosslinking proteins – in contrast to the
commonly accepted picture for passive networks.3 Small crosslinking proteins such as eplin are
equally well or even better suited to stabilize active actin networks than the five-fold heavier
homodimeric α-actinin.

4.5 Motility assay experiments: a method to characterize crosslinking

proteins in active systems

The cytoskeleton of eukaryotic cells is a highly complex and dynamic scaffold. It consists of fila-
mentous proteins such as F-actin and associated crosslinking proteins and is constantly remodeled
by the dynamic (dis-)assembly of filaments and bymotor proteins such as myosin-II. While an un-
derstanding of the effect of individual actin binding proteins starts to emerge [125], the behavior
of crosslinking proteins in an active environment still remains rather unexplored. There is no
prediction, what kind of structures or dynamics emerge, once molecular motors and crosslink-
ing molecules interact simultaneously with actin filaments. Yet, the competitive interaction of
force exertion and crosslinking is at the heart of the self-organization, which is the basis of the
cytoskeleton’s unique properties.

To address this challenge, we used high density motility assay experiments, where highly con-
centrated actin filaments in the presence of crosslinking proteins are propelled by motor proteins
that are immobilized on a surface (Figure 4.13 A) [125]. While in the absence of crosslinking
molecules, the system self-organizes into collective motion patterns (Figure 4.13 B), the addition
of crosslinking molecules leads to a dynamic structure formation that crucially depends on the
type of crosslinking protein. If the crosslinking protein fascin is used (compare chapter 3), highly
polar structures are assembled on the timescale of seconds (Figure 4.13 C). The assembly of po-
lar structures is the result of an upscaling of the microscopic binding properties of fascin that
crosslinks filaments in a parallel or polar orientation only [37]. By contrast, α-actinin, filamin,
eplin, and cortexillin connect neighbouring filaments regardless of their orientation [37]. Their
behavior is determined by the binding affinities of the respective crosslinking protein under load.
Eplin, α-actinin, and cortexillin, in the right concentration regimes, give way to the hierarchical
formation of actively compacting patches (Figure 4.13 D), while the addition of filamin prevents
any reorganization within the network (Figure 4.13 E). In contrast to the contracting patches ob-
served with α-actinin, eplin, and cortexillin or the polar structures that result from the addition of
fascin, actin/anillin assemblies are barely transported by the underlying motor proteins and form
tightly bundled non-moving structures (Figure 4.13 F).

The interplay of only three components, F-actin, molecular motors, and crosslinking proteins, is
sufficient to drive a complex self-organization process; it results in an extremely rich phase be-
havior that can comprise large scale contractile and polar structures as well as highly resilient
networks. The high variability in the behaviour of different crosslinking proteins in active sys-
tems adds a new degree of freedom to the physics of active gels. By varying the specific abun-
dances of crosslinking proteins, active networks can not only tune their mechanical properties,

3Recent experimental progress suggests that even in passive systems, the network properties rely on the binding
kinetics of the crosslinking proteins to actin and not on the size and geometry of the crosslinker. K.M. Schmoller,
private comunication.
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Figure 4.13: Summary of the main results of this chapter: Crosslinking proteins control the structure formation
in active systems. Schematic representation of the motility assay setup (A). In the absence of crosslinkers, density
waves of coherently moving actin filaments evolve (B). Fascin leads to polar structures, rings and elongated fibres (C).
While networks fortified by α-actinin, eplin, and cortexillin disintegrate to form contractile patches (D), filamin/actin
networks remain stable (E). Anillin forms tightly crosslinked structures that stay immobile (F). Parameters: (B) actin
concentration cA = 10μM of monomeric actin; (C) rings: cA = 3μM, ccl = 0.2μM; fibres: cA = 10μM, ccl = 0.5μM;
(D) cA = 7.5μM, ccl = 0.2μM; (E) cA = 7.5μM, ccl = 0.2μM; (F) cA = 7.5μM, ccl = 1μM. All scale bars are 25μm.

but can also shift gears between different mechanisms and regimes of self-organization – and by
that effectively react to changing needs.

The comparison of different crosslinking proteins provides an important insight in the self-organi-
zation of active systems: even if crosslinking proteins behave similar in passive systems, they may
display a surprisingly different behavior, once they are set under stress in active systems. As the
properties of active materials crucially depend on the behavior of the crosslinking proteins, it is
thus indispensable to explicitly address their behavior in well defined out-of-equilibrium systems
either on the single molecule level or in minimal systems like the one presented here. Altogether,
the dynamic properties of systems combining active driving and passive crosslinking are by far
more diverse and intricate than what could be expected from experiments on passive reconsti-
tuted systems and sensitively rely on the specific out-of-equilibrium properties of the involved
components.



5 Collective Effects
in Active Gels

In the previous chapters we investigated the self-organization mechanisms that lead to collective motion in motility
assay experiments. Subsequently, we assessed how these mechanisms are affected by the presence of cosslinking
proteins. In this chapter, we transfer these results to three dimensional active gels.
Active gels are minimal model systems consisting of actin filaments, crosslinking proteins and myosin-II filaments.
Despite their simplicity, active gels mimic essential aspects of the self-organization processes of the cytoskeleton. In
section 5.2, we show that already this minimal system is able to undergo a remarkable self-organization process leading
to the hierarchical assembly of clusters of bundled actin filaments.
With a minimal agent based simulation that is introduced in section 5.3, we show that most of the experimentally
observed phenomena arise from the competitive interaction of crosslinking- and motor-proteins. In the model system
as well as in the simulation, this competition results in a characteristic structure size distributions and a complex
dynamic behavior of the emerging structures (section 5.4). Further, the structures are constantly transported and
move in a succession of runs and stalls, resulting in superdiffusive transport properties (section 5.5). Dependent on
the microscopic parameters of the motor-filament interaction and the connectivity within the active gel, this can even
lead to long range pulsative collective dynamics (section 5.6).1

5.1 Active gels – a model system for the self-organization in the cy-

toskeleton

The cytoskeleton of eukaryotic cells is a highly flexible and adaptable scaffold that undergoes
constant remodeling to meet the cells’ changing needs. With its unique static and dynamic prop-
erties it facilitates tasks as complex and diverse as cell division or phagocytosis. Cell adhesion,
cytokinesis or cell migration are fascinating examples illustrating the power of the cytoskeleton
to self-organize locally into complex structures. Often intracellular patterns rely on complex or-
dering mechanisms, such as large scale collective motion and oscillatory or pulsatile processes.
A prominent example for this principle is the apical constriction during Drosophila gastrulation,
where the tissue rearrangement is driven by pulsed contractions of the acto-myosin cytoskele-
ton [137, 138]. Moreover such mechanisms are of outmost importance in many aspects of cellular
development [66,69,98]. While such processes are tightly controlled by the biochemical activation
of the participating proteins, structures need to be formed by a physical self-organization process.

Despite the fundamental importance of self organization processes in such active systems, the mi-
croscopic mechanisms and their consequences are poorly understood. To this end, the concept of
active gels has been introduced [94,114,121,130,164], with the structure formation in the cytoskele-
ton being a prime example [64, 95, 119]. Active gel systems rely on pattern forming mechanisms
very different from other soft materials: unlike structure formation in passive out-of-equilibrium
systems dominated by nucleation and growth processes, the intriguing dynamical properties of
active gels are the result of the interplay between active force generation and force dissipation in
the (visco-)elastic environment [73].

All these processes rely on the intricate interplay between three major molecular constituents of
the actin cytoskeleton: actin filaments, molecular motors and crosslinking proteins. While a poly-

1The main results of this chapter are published in References [103] and [104].
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mer network consisting of filaments and crosslinkers would result in a viscoelastic physical gel,
molecular motors exert local forces and turn it into an active gel [94]. Any structure formation
mechanism in active gels is thus based on the interplay between locally produced forces and the
stabilization of the filamentous network by crosslinking molecules. From an experimental point
of view a minimal in vitro system of a dynamic cytoskeletal network thus consists of the com-
bination of only three components: actin filaments, myosin-II motor filaments, and crosslinking
proteins [93, 97, 130]. In a parameter regime where still homogenous networks are observed, the
effect of molecular motors can directly be detected by the bulk properties of the networks [18,102].
At low actin, but high crosslinker concentrations, local and quasi static structures evolve [10,188].
Yet, cells rely on both highly heterogenous and highly dynamic structures. It is this regime of ac-
tive gels, where cells are able to constantly reorganize their structure and mechanics to their local
needs.

To shed light on the principles underlying the physics of such active gels, to examine their micro-
scopic dynamics, and to classify the resulting dynamic structures, we study a reconstituted actin
network that is actively set under stress by molecular motors [103, 104]. We identify and quantify
the key properties and connect them to the underlying microscopic mechanisms. To this end we
combine fluorescence microscopy, digital image analysis including recognition, and tracking of
actin structures and phenomenological simulations.

5.2 Structure formation in active gels – basic phase behavior

In vitro, actin filaments in the presence of the crosslinking molecule fascin at a molar ratio of 1 : 1
assemble into a network of stiff and rigid bundles with a well defined bundle thickness of about
20 filaments per bundle and lengths of up to several hundred micrometers (Figure 5.1a) [34].
Thermal excited motions of the bundles are barely visible and the structure remains stable for
hours, although permanent unbinding and rebinding of the crosslinking molecules occurs [123].

Once the system is switched from a passive to an active state by the presence of myosin-II fila-
ments and ATP, the network’s structure and dynamics are drastically changed. Thereby, it is the
concentration ratio between active components and static crosslinkers κ = cmyosin : cfascin that
determines the network properties (Fig. 5.1). The actin polymerization triggers a structure forma-
tion process that can last for up to 90 minutes resulting in a dynamic steady state. This dynamic
steady state shows a characteristic size distribution of the evolved patterns and distinct dynamical
properties, both of which crucially depend on the choosen parameter set. Roughly, two different
steady state scenarios can be observed: i) a quasi-static regime and ii) a highly dynamic regime.
A prevalence of crosslinkers (κ � 1 : 50) leads to the quasi-static network regime (i) with only
minor reorganizations taking place (Figure 5.1b). In this regime, forces of the motor filaments are
not sufficient to induce any large scale dynamics in this crosslinker dominated network. Conse-
quently, a single percolated network with heterogenous bundle thicknesses is formed. Only small
patches, which are stabilized by few crosslinkers, can be displaced by the relatively small number
of motor filaments.

Only in a parameter range where the influence of both components, passive and active crosslink-
ers is balanced (κ � 1 : 50), a highly dynamic regime (ii) of structure formation and constant
reorganization can arise. Here, the concentration of molecular motors is high enough to readily
disrupt the network (Figure 5.1 C). Instead of well defined bundles, condensed and interconnected
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Figure 5.1: Basic phase behavior in active actin networks. Images A – D show fluorescence micrographs of 1μMactin,
1μM fascin at different myosin:fascin ratios (images taken 90min after initiation of polymerization). Images D – F are
the corresponding color-coded time-overlays of 100 consecutive images (≈ 5min). A and D: without myosin, a passive
actin/fascin network with thin, uniform bundles is observed. B and E: low myosin concentrations (κ = 1 : 50) exhibit
quasi-static huge clusters spanning the whole field of view (regime i). C and F: at high myosin concentrations, large,
dense clusters and small clusters coexist in a dynamic steady state (κ = 1 : 10; regime ii).

actin-fascin clusters with diameters of up to hundreds of micrometers and variable shapes emerge.
Once formed, the clusters are constantly subjected to the action of molecular motors. As a conse-
quence, they are highly mobile and move in a succession of persistent runs with a mean velocity
of 0.5μm/s (Figure 5.2 ).

From the experimental findings obtained so far, one can already conclude that the complex dy-
namics occuring in regime (ii) result from the competitive interplay of crosslinking andmotor pro-
teins. But is this interplay really sufficient to account for the remarkable structure formation pro-
cess? Or do the experimentally observed phenomena depend on more complex self-organization
principles such as the formation of myosin-II clusters, hydrodynamic effects, or the long-range
elastic force percolation inside the active gel? To address this question we devised a minimal
agent based simulation that is solely based on short range interactions due the interplay between
crosslinker and motor proteins. In the following sections this simulation is introduced, analyzed
and systematically compared to the experiment.

5.3 Phenomenological simulation for the competition of active and pas-

sive crosslinkers

The experimental system consists of interconnected polar fascin bundles that are actively trans-
ported and set under stress by myosin-II filaments. The microscopic processes that lead to the
observed self organization, arise through the interplay of crosslinking events and active transport.
More specifically, the competition between molecular motors and crosslinking proteins gives rise
to the active movement, (re-)binding and forced unbinding. These microscopic interactions are
the basis for numerical simulations.

In a minimal approach, fascin bundles are modelled as monodisperse and polar rigid rods in a
quasi two dimensional geometry. No excluded volume effects are taken into account and the bun-
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Figure 5.2: Dynamics of actin/fascin/myosin networks. Fluorescence micrographs (A–C) and the resulting color time
overlay (D) of active actin networks at indicated times after initiation of polymerization show a drastic structural rear-
rangement within the network (1μMactin, 1μMfascin, 0.1 μM:myosin, 1mMATP). Arrows indicate cluster movement
over 3.5 sec. The overlay (D) represents 42–46min after polymerization in blue to red.

dles can readily cross each other. The bundles are actively propelled by motors and crosslinked
via passive crosslinkers. Both, active and passive bonds are subjected to forced unbinding events.
If two filaments overlap, active or passive binding events occur based on probabilistic interac-
tion rules. In a similar manner unbinding processes are calculated. The displacements that arise
due to the action of molecular motors are calculated based on a generic model for a two-filament
interaction. Subsequently the details of the simulation are examined.

Passive and active binding processes.

If two rods overlap, passive binding events occur with a rate of pon. Within each time step, after all
overlaps have been rastered and checked for new passive binding sites, interconnected rods are
pooled to clusters. If an overlap between two rods is not already occupied by a passive crosslinker,
motor proteins can actively crosslink two intersecting rods with a rate ron.

Unbinding and forced unbinding.

Passive crosslinkers are subjected to unbinding events. Without the incorporation of forced un-
binding, unbinding events occur at a rate poff . For the phenomenological description of forced
unbinding processes in the presence of motor proteins, the number ε of active crosslinks per clus-
ter is determined. Since ε is proportional to the total stress exerted in the interconnected cluster,
the averaged unbinding rate poff,forced should increase with ε. Conceptually, the stress increase
leads to rupture events within the cluster, whereby especially weakly crosslinked structures with
a low actin and/or crosslinker density are prone to disassemble. In a simplified picture, this can be
modelled by increasing the off-rate with the number of motor proteins per individual cluster. With
this approach an increased off-rate results in the predominant dissociation of weakly crosslinked
structures within clustered structures – like it is observed experimentally.

In the simulations, the increase in the off-rate as a function of the number of active crosslinks is
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Figure 5.3: Schematic representation of a motor-mediated two filament interaction. The two filaments are defined
by their length L, the position of their centers of mass r1,2 and the unit vectors of their respective orientation u1,2.
The motor complex (red) is located at the intersection of the two filaments. For the initial position m of the motor, the
relation m = r1 + ξu1 = r2 + ηu2 holds, whereby ξ and η refer to the Starley coordinates of the interacting filament
pair.

described by the relation

poff,forced = poff +
(poff,max − poff) · ε

ε0.5 − ε
, (5.1)

whereby poff,max denotes the maximal off-rate due to forced unbinding and ε0.5 is the number of
crosslinks neccessary to rise the original off-rate by 0.5 · (poff,max − poff).

Noteworthy, an increased crosslinker off-rate does not necessarily compromise the overall stability
of large clustered structures. For large structures, it is likely that ruptured fragments rebind in a
different conformation, before leaving the structure. Consequently, an increased off-rate also leads
to an increased degree of reorganization within large clusters.

Active transport

If two actin fascin bundles are actively crosslinked, torques and forces are exerted by the bipolar
motor filament walking towards the plus ends of the bundles.

The velocities that arise from these active crosslinks can be calculated based on a microscopic
force balance of two interacting rods. If r1(t) and r2(t) are the vectors to the center of mass of two
intersecting rods (see Figure 5.3), the position of the motor protein right after the binding event at
t = 0 is given by the Straley coordinates [196]:

m1(t = 0) = r1 + ξu1 ,

m2(t = 0) = r2 + ηu2 .

If the motor moves with the velocity vm, the motor position after a timestepΔt is given by

m1(t + Δt) = r1(t) + (ξ + vmΔt)u1 , (5.2)
m2(t + Δt) = r2(t) + (η + vmΔt)u2 . (5.3)
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Provided that the motor complex acts as a harmonic spring [9, 241], the force F1 exerted on rod 1
by the motor is given by

F1(t + Δt) = k ·Δx = k · (m2(t + Δt)−m1(t + Δt)) , (5.4)

with k being the spring constant. Accordingly the force F2 acting on the second rod is given by
F2 = −F1. In the overdamped case, these forces are balanced by the frictional force γ ·v, whereby
γ denotes an appropiate friction coefficient. For the velocities of the two polar rods vi(t + Δt)
with i = 1, 2, this yields

vi(t + Δt) = γ−1Fi(t + Δt) . (5.5)

Similar expressions can be derived for the angular velocities. The torque exerted by the motor is
given by

Mi(t + Δt) = Fi(t + Δt) × (
mi(t + Δt)− ri(t + Δt)

)
, (5.6)

with mi(t + Δt) − ri(t + Δt) being the lever arm of the motor. With the overdamped equa-
tion of motion, ωi = γ−1r Mi, expressions for ω1,2 can be derived, whereby γr denotes the friction
coefficient for rotary motion.

For the relative translational velocity v = v2 − v1 one finally obtains

v =
2kvmΔt

γ
(u2 − u1) , (5.7)

while the relative angular velocity ω = ω2 − ω1 is given by

ω =
2kvmΔt

γr

[
2vmΔt +

(r2 − r1) · (u1 − u2)

1 − u1u2

](
u2 × u1

)
. (5.8)

At this point it is favourable to compare these expressions to the velocity models derived in Ref-
erence [128] starting from generic symmetry arguments. The relative translational velocity v cor-
responds to the β-term in Reference [128], while the first term in expression (5.8) is equivalent to
the ω0-term of Reference [128]. The second term of expression (5.8) was not considered before,
but obeys the generic symmetry relations postulated for motor mediated two filament interac-
tions [128].

5.3.1 Parameters

For all simulation runs the diffusion constant was adjusted toD = 10−13m2/s [51] and the viscosi-
ties were set to γ = 10−8Ns/m and γr = 2 · 10−8Ns/m respectively [88]. The motor velocity was
set to vm = 1 μm/s and the filament length corresponds to 10 μm. The simulation time is defined
implicitly as the time a motor protein needs to cover a 0.1 rod-length; one simulation time unit
corresponds to 1 sec. Most crosslinking proteins have a comparable affinity to actin with on- and
off-rates in the order of k ≈ 1 sec−1 if the concentration is in the order of dissociation constant [125].
With a time step of 0.01 simulation times, the on- and off-rates of the crosslinking proteins are in
the order of pon,off ≈ 0.01 per time-step. Since an individual myosin-II filament comprises hun-
dreds of motor head-domains, each with a duty ratio in the order of 1/100 sec [88], the dynamic
on- and off-rates of the motor oligomers was varied in the parameter regime of ron,off ≈ 0.1− 0.01
per time-step.
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Figure 5.4: Basic phase behavior in the simulation. The simulation snapshots A – C show the behavior of the simula-
tion as a function of the crosslinker binding and un-binding rates (pon, poff ) and motor on- and off-rates (ron, roff ). For
low crosslinking binding rates and/or high motor binding rates, the dynamics is dominated by the motor proteins and
the steady state is characterized by the emergence of polar bands (A). The polar alignment reflects the inherent polar
symmetry of the underlying motor-filament interaction. For high-affinity crosslinking proteins and/or a low motor-
binding rates a static network evolves (C). Only if the influence of the motor- and crosslinking proteins is relatively
balanced, a dynamic pattern formation is observed that leads to the assembly of crosslinked actin-fascin-structures (B).
Parameters: A: roff = 0.01, ron = 0.1, poff = 0, pon = 0; B: roff = 0.01, ron = 0.1, poff = 0.02, pon = 0.01; C: roff = 0.01,
ron = 0.01, poff = 0.02, pon = 0.1. For all snapshots the density was set to ρ = 14 rods per L2 (with L being the rod
length) and the simulation times was T = 5000.

5.3.2 Basic phase behavior

Like observed in the experiments, the phase behavior is determined by the interplay between
motors and crosslinkers (Figure 5.4): An excess amount of passive crosslinkers leads to a quasi-
static network structure with only minor reorganizations (Figure 5.4 C). In contrast, a too small
amount of crosslinking proteins results in the disintegration of the network and no higher-order
structures emerge. In this regime, the dynamics is fully determined by the action of the motor pro-
teins that align the F-actin bundles and drive their polarity sorting [153]. As a result, polar bands
of aligned bundles evolve (Figure 5.4 A). These bands are reminiscent to numerical solutions of
coarse grained theoretical models that are based on similar interaction rules [128,240].

A dynamic structure formation is only possible, if the influences of motors and passive crosslink-
ers are relatively balanced. Here, the interplay of active transport and crosslinking leads to the
formation of clusters of aggregated actin/fascin bundles. Starting from a homogeneous initial
state, the simulation shows a coarsening behavior, in the course of which small structures like
individual bundles or small clusters coalesce and gradually form larger structures (Figure 5.5).

5.3.3 Limitations of the simulation

To investigate to what extend the experimentally observed pattern formation results from the lo-
cal competitive interaction of crosslinking and motor proteins, the simulation is based on local
interactions only. It deliberately cannot account for any effects that require a long-range force
percolation or hydrodynamic interactions. Further, the simulation does not take the polydisper-
sity of the actin fascin structures into account and the individual rods are not able to fragment.
This mainly affects the rupture events within clusters that occur more seldom compared to the
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Figure 5.5: Dynamic structure formation in the simulation. (A–C) show simulation snapshots for a density ρ of 14
rods per L2 (with L being the rod length), a crosslinker unbinding rate poff = 0.02 and a motor binding rate ron = 0.1.
The entire simulation box is shown in (D). With time, an increasing number of rods is accumulated into clusters and
the connectivity concomitantly decreases.

experiment. In general, rupture events very rarely lead to the catastrophic disintegration of entire
clusters. More likely individual bonds rupture and single filaments are torn out of the structures.
Consequently the simulation cannot account for rupture processes that are based on the fragmen-
tation of individual bundles. In the subsequent chapters the simulation and the experiment are
compared in detail.

5.4 Dynamics of the structure-formation

The accumulation of material within the clusters during the observed coarsening process in both
the experiments and the simulations has profound consequences on the dynamics in the system.
The following section focusses on the emergence of the structures and on the resulting transport
properties in the active gel. In both the experiments and the simulation, the structure growth
is limited by the concomitantly decreasing connectivity within the actin network and the subse-
quently decreased possibility of active transport.

5.4.1 Dynamic structure size distribution

In the regime where the influence of active and passive crosslinkers are balanced, the experimen-
tal system evolves into a highly dynamic heterogeneous network that consists of interconnected
clusters. The cluster sizes are broadly distributed (Figure 5.6 A). Three characteristic sizes can
be identified: small, bundle-like structures (average diameter d ≈ 6 μm), medium sized clusters
(d ≈ 10 μm), and large clusters (d ≈ 34 μm).

The time evolution of the cluster size distribution shows that initially predominantly small clus-
ters consisting of several actin/fascin bundles are formed spontaneously (Figure 5.6 A and B).
Once formed, these small clusters fuse to form medium sized clusters, yet disruption events of
medium and large sized clusters result in their reformation (Figure 5.6 B). At the same time, small
clusters are also stable as they are unlikely to be disrupted due to their small contact area. The
resulting low probability of motor filaments binding in an appropriate manner to further disrupt
the small clusters is limiting their disintegration. Consequently, a large number of small clusters
can be found in the active system at all times. Medium sized clusters are formed continuously by
fusion of small clusters or disruption of large clusters. At the same time, they can either be anni-
hilated by their adsorption to larger clusters or by disruption into small clusters. All these effects
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Figure 5.6: Temporal evolution of the cluster size distribution and cluster dynamics. (A) After polymerization, three
types of clusters with distinct sizes emerge. The cluster sizes are calculated for 18.4min time intervals. The time
evolution is robust for all studied actin concentrations. With time, the population of the different cluster sizes changes
as seen in their number proportion (inset): Small, homogenously sized clusters (blue) first fuse forming medium sized
clusters (green) (B). These medium sized clusters further grow forming large and stable clusters (red). A dynamic
steady state evolves where medium sized clusters are constantly destroyed and rebuilt (C).

contribute to the fact that the total number of medium sized clusters predominates (Figure 5.6
A, inset), although individual medium sized clusters are intrinsically unstable (Figure 5.6 B). The
large clusters are stable over time and increase their size by fusing events with clusters of all sizes.
Small parts of them are torn out frequently without compromising their structural integrity. Thus,
over time a dynamic steady state of cluster size distributions evolves with a frequent exchange of
material between the different cluster sizes (Figure 5.6 C).

Like in the experiment, the stability of the clusters in the simulations depends on their size. Large
clusters are stable, since they have grown sufficiently large and comprise a sufficiently large num-
ber of passive crosslinkers. Motors continuously reorganize even large clusters internally by rup-
turing individual bonds. They are also able to tear out material from the clusters, yet they are
not sufficiently strong and cooperative enough to entirely disintegrate these large structures (Fig-
ure 5.7). Medium sized clusters on the contrary can readily be disintegrated by the action of
molecular motors. Here motors find a large number of possible binding sites and thus can in-
duce unbinding events of the relatively small number of passive crosslinks within the cluster. For
the smallest structures comprising only two to five individual bundles, motor-induced unbinding
events only play a minor role: As small clusters do not offer enough binding sites for motors, the
cluster disintegration predominantly occurs by stochastic unbinding events not involving motor
proteins. Thus – like in the experiment – the stability of the clusters depends on their size, leading
to a characteristic cluster size distribution shown in Figure 5.8. Initially, for short simulation times,
the cluster size distribution decreases as a power law. As especially large clusters are considerably
more stable than smaller clusters, the probability of finding large clusters considerably increases
with time. This can be seen in the successive deviation from the power law for longer simulation
times (Figure 5.8). Such behavior is reminiscent to cluster size distributions found for systems of
self propelled particles with alignment interactions [162,236].

5.4.2 Coarsening dynamics

The dynamic coarsening and the formation of interconnected clusters is a robust feature in both
the experimental system and the simulations: For all parameter variations, the system reaches a
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Figure 5.7: Cluster assembly and disassembly in the simulations. The curve shows the size of one single cluster as
function of time. Individual clusters are subjected to the constant exchange of single filaments that either get crosslinked
or are torn out of the cluster by the action of molecular motors. However, the cooperative action of motor filaments can
also lead to the fragmentation of entire clusters by rupturing individual bonds. The cluster size is measured in number
of rods. The parameters are: poff = 0.02, pon = 0.01, roff = 0.01, ron = 0.1, ρ = 1.4.

C
o

u
n

t

Figure 5.8: Temporal evolution of the cluster size distributions in the simulation. Like in the experiment, three
different sizes can be defined. Initially, the cluster size distribution decreases as a power law for small clusters and then
exponentially for medium sized or larger clusters. With time, in the course of the clustering process, the probability
of finding large clusters increases compared to the power law. The cluster size is measured in number of rods.The
parameters are: poff = 0.02, pon = 0.01, roff = 0.01, ron = 0.1, ρ = 1.4.

dynamic steady state, where the cluster size distribution and consequently the mean cluster size
remain constant (Fig. 5.9 A and B). The plateau value of the mean cluster size and the time to reach
the plateau crucially depend on the actin concentration. Conceptually, a high actin concentration
enhances the network connectivity and thus facilitates an effective self organization process. The
steady state is reached faster, as an increased actin concentration boosts the initial mobility in the
system.

The accumulation of material within the clusters during the observed coarsening process has pro-
found consequences on the dynamics in the system. The more material is accumulated in large
clusters, the less material is available to connect the different clusters with each other. Since a weak
connectivity hinders the occurrence of persistent runs, large aggregated structures move less and
exhibit smaller overall displacements as measured by the mean run length per cluster. In both,
the simulations and the experimental system, we observe a generic dependence of the mean run
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Figure 5.9: Coarsening dynamics in the active gel and the simulations. As illustrated in (A), the growth of the mean
cluster size in the experiments depends on the actin concentration. The higher the actin concentration, the higher
the initial connectivity in the system. As a high connectivity is mandatory for an effective self-organization process,
high actin concentrations not only result in higher average cluster size in the steady state, but also in shorter lag times
until the steady state is reached. As can be seen in (B), the simulation shows a similar behavior: higher material
concentrations result in larger structure sizes and a faster structure formation process. The structure size is intimately
related to the dynamics in the system that can readily be quantified by the mean run length of the clusters shown in (C)
and (D). In the experiment the mean run length monotonically decreases with the cluster size (solid line: logarithmic
decrease). This universal finding is found for different actin concentrations ( 7.5μM - circles, 5μM - crosses, 2μM -
triangles, 1μM - open diamonds, 0.5μM - squares) or for different times after initiation of polymerization (C). In the
simulations a similar behavior can be found: the mean run length monotonically decreases with increasing cluster size
(D). Like in the experiments, this is robust for a wide range of parameters. For all experiments, the fascin concentration
was adjusted to 1μM fascin and the ratio of active to passive crosslinks was κ = 1 : 10. The simulations were performed
with a crosslinker unbinding rate of poff = 0.02, a motor binding rate of ron = 0.1 and a motor unbinding rate of
roff = 0.01. In (D) the concentration of rods was varied from ρ = 8 – ρ = 16 and the crosslinker on-rate from
pon = 0.007 – pon = 0.013. The mean run length is averaged over 3min in the experiments and over a simulation time
interval ofΔT = 100 in the simulations respectively.

length on the cluster size and thus the connectivity of the network. Independent of the specific
parameter set or the time the system has coarsened, a logarithmic decrease of the mean run length
per cluster with increasing cluster size is found (Figure 5.9 C and D).

5.5 Superdiffusive transport in active gels

The overall dynamics of the individual structures in the network is best described by the mean
squared displacement of the structures. For Brownian diffusion, the mean square displacement,
〈r2(τ)〉 ∝ τα, is expected to increase with time τ with a power law exponent α = 1while 0 ≤ α < 1
or 1 < α ≤ 2 are indicative of sub- or superdiffusion, respectively [146,147]. In the presence of ATP,
a clear superdiffusive behavior of individual clusters is found: the mean square displacements
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Figure 5.10: Superdiffusive transport in active gels. Mean square displacements of two individual structures at 2mM
ATP show superdiffusive power law exponents (A). The distributions of the mean squared displacement exponents
α show a maximal superdiffusivity at intermediate ATP concentrations (B, 50 (cyan) to 100μM (green); solid lines
show gaussian fits). At low ATP concentrations (10μM, blue), the low activity of myosin-II limits the superdiffusive
behavior. At high ATP concentrations (0.5 (yellow), 1 (red) or 2mM (magenta)), myosin-II filaments are not able to
exert high enough forces for constant network reorganization resulting in a lower mean superdiffusivity. Similarily, the
highest mean run velocities are reached at intermediate ATP concentrations (C).

increase in time with α > 1 (Figure 5.10 A). This can be traced back to the complex alternation of
runs and stalls of the individual network structures.2.

5.5.1 Transport properties as a function of the ATP concentration

Microscopically, stall phases are the direct consequence of the presence of the crosslinking mole-
cules while the runs can be ascribed to the activity of the myosin-II filaments. Accordingly, the
dynamics should be set by the motor activity. Indeed, the distribution of the powerlaw expo-
nents depends on the ATP concentration (Figure 5.10 B). Dependent on the ATP concentration
four phases are discernible: The passive state (i) without any ATP is characterized by a subdif-
fusive behavior which can be attributed to the network hindering the diffusion. Already at low
ATP concentrations (ii), the dynamics become superdiffusive. This superdiffusivity is even more
pronounced at intermediate ATP concentrations (iii). However, at high ATP concentrations (iv), a
lower superdiffusivity is observed and the width of the distribution increases again. This width is
originated in the highly heterogenous network organization which predominantly occurs in this
regime.

Likewise, the maximal velocity of individual structures in run phases of 0.6μm/s is observed for
intermediate ATP concentrations (regime iii) while higher (regime iv) or lower (regime ii) ATP
concentrations result in a decrease of the velocity (Figure 5.10 C). However, in all regimes the
velocities in run phases are an order of magnitude lower than the velocity of myosin-II filaments
observed in gliding assays at similar ATP concentrations [110]. Thus, in all cases, the speeds are
not limited by the maximal speed of the motors, but by the presence of crosslinking bonds.

2To extract and quantify the dynamic behavior of the experimentally observed structure formationwe used a custom
written structure identification and tracking algorithm based on the work of Crocker and Grier [42]. For all data
presented here at least 1500 clusters were processed. Details of the algorithm can be found in References [103–105].
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The complex ATP dependence is the result of the competition of the motor proteins with the
crosslinking molecules. Yet, the variation of the ATP concentration results in a more complex be-
havior, as the competition of the motors with the crosslinking molecules comes into play. In the
absence of ATP (regime i) a passive actin/fascin/myosin network consisting of small, diffusing
clusters is observed. At low ATP concentrations (regime ii) the low motor activity is limiting the
number of runs and the stalls of the network structures dominate. Consequently, we do observe
superdiffusive transport, albeit with small exponents α. In the intermediate regime, up to 0.1mM
ATP (regime iii), the highest degree of superdiffusion is observed. Here, the motor proteins domi-
nate the dynamics and allow for an effective transport within the active gel. The decrease in speed
and the degree of superdiffusivity that occurs for high ATP-concentrations in regime (iv) can be at-
tributed to the lower affinity of ATP-myosin to actin filaments. This reduced crossbridge strength
limits the overall processivity of the myosin-II filaments. Thus the forces myosin-II filaments can
exert are lower than at intermediate concentrations of ATP [35, 48]. As a consequence, forced un-
binding is less likely at higher ATP concentration. This results in a less effective reorganization
within the active gel.

5.5.2 Modulating the acto-myosin crossbridge strength by KCl

Alternatively to the variation of the ATP concentration, the crossbridge strength of the myosin-II
filaments can be altered independently by the ionic strength [20].3 Indeed, exceeding a critical KCl
concentration of 60mM prevents any dynamic reorganization within the active gel (Figure 5.11):
the structure of an active actin/fascin/myosin network at more than 60mM KCl cannot be distin-
guished from a passive actin/fascin network. This critical concentration has also been observed
in gliding assays, where salt concentrations higher than 60mM do not support motility of actin
filaments [202]. At this ionic strength the affinity of ATP-myosin does not allow for permanent
binding of the myosin-II to the actin filaments throughout its chemomechanical cycle.

Altogether, the results show that, the observed network reorganization critically depends on the
strength of the myosin-actin bond: Only a maximal binding strength of the myosin-II filaments to
actin at low ionic strength allows exerting high enough forces to disrupt the actin/fascin crosslink-
ing points and to reorganize the network structure. The network reorganization and the observed
superdiffusivity not only rely on the competition between active and passive crosslinks, but also
on the respective binding strengths and affinities. The lower superdiffusivity at high salt can be
attributed to longer stalls due to a decrease in forced unbinding events resulting in less activity
and a larger variability.

5.5.3 Superdiffusion in the simulation

The implementation of the basic interplay between active and passive crosslinkers in the sim-
ulation already suffices to obtain a network dynamics strongly reminiscent to the experimental
findings. Due to the concerted action of molecular motors, clusters are constantly transported
and the trajectories they perform are characterized by a succession of runs and stalls (Figure 5.12
A). During run phases, the velocity of the fastest clusters does not exceed one tenth of the ve-
locity of the motor proteins; and the larger the clusters are, the lower is their susceptibility to

3An increase of the KCl concentration up to 200mM does not affect the myosin-II filament length [100]. We also do
not observe any differences in actin/fascin network structure upon variation of the ionic strength.
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Figure 5.11: Dependence of the dynamics on the KCl concentration. Above a critical KCl concentration of 60mM
(A), an active actin/fascin/myosin network cannot be distinguished from a passive actin fascin network (100mM, B),
while below the critical concentration an active network is formed (C). The fluorescence micrographs are taken 90min
after initiation of polymerization. The superdiffusivity as characterized by the mean mean square displacement power
exponent α decreases above a critical KCl concentration of 60mM (D).

motor induced displacements and the less they move (Figure 5.12 B). During stall phases clus-
ters essentially exhibit a diffusive motion. In accordance with the experiment, runs and stalls
average to a superdiffusive behavior, as can be seen in the distribution of exponents of the mean
squared displacement (Figure 5.12 C). While this is in accordance with time dependent ensemble
averages [103], the occurence of broad distributions directly relates to the intrinsic degree of het-
erogeneity in the system. Like in the experiment, the dynamics of individual clusters relies on
local influencing factors such as the local network connectivity, the local concentration of active
crosslinks, and the individual cluster size.

The exact values of α depend on the details of the actin-fascin and actin-myosin interaction. In
the simulation, this is governed by the motor and crosslinker on- and off-rates. An increase in
the motor off-rate roff lowers the crossbridge strength and corresponds to the addition of KCl in
the experiment. Similar to the experiment, the increase of the motor off-rate hinders the reorga-
nization in the system and individual structures, single rods, or entire clusters move less. This is
reflected in a reduced exponent of the mean square displacement (Figure 5.12 D). If the motor ac-
tivity drops below a critical value, the dynamics becomes subdiffusive. In this regime, the motor
proteins are not strong enough to induce any significant network reorganization and the system
essentially consists of one single cluster that only shows diffusive motion. A similar behavior
is found if the on-rate of the crosslinking proteins pon is increased. The higher the on-rate, the
more the cluster dynamics is shifted to stall phases and the exponent α decreases concomitantly
(Figure 5.12 D).
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Figure 5.12: Superdiffusive transport in the simulation. (A) shows a simulation snapshot superimposed with the
time-resolved center-off mass positions of the respective clusters. As can be seen from the center-off-mass trajectories,
individual clusters move in a succession of runs and stalls. In general they move less, the larger they are. This is
reflected in the mean-square displacements depicted in (B): while the large cluster shows a diffusive motion (curve 3)
the other clustersmove in a superdiffusivemannerwithmean square displacement exponentsα > 1. The heterogeneity
in the system leads to a broad distribution of exponents α with a mean at α = 1.42 ± 0.24 (C). The exact value of the
mean exponent depends on the details of the motor- and crosslinker (un-)binding kinetics. Increasing the motor off-rate
roff leads to a decreased activity in the system, visible in the decline of the mean square displacement exponent α (D,
blue curve). Likewise, the activity and hence the exponent α decline, if the crosslinker on-rate pon is increased (D, red
curve).

5.6 Collective modes in active gels

In general, the individual structures move independently. At the same time, the force exertion
inside of crosslinked cytoskeletal networks are expected to induce a force rate dependent ruptur-
ing of the crosslinking points [60] and thus the locally induced changes of the elastic environment
will also affect and modulate the long-range transport and structure formation dynamics. Thus, it
would be conceivable that the connectivity of the filamentous network enables the coordination of
the transport and reorganization processes resulting in the appearance of collective modes. In fact,
suchmovements coordinated in time and space as have been observed for the pulsed constrictions
during dorsal closure giving rise to a collective behavior in vivo [189].

The minimal system investigated here is indeed sufficient to retrieve such collective dynamics: for
short time intervals of about 30 s, the self-organized structures can also synchronize their move-
ments. These pulsatile collective modes are characterized by a coordinated movement in time
and space of a few or even up to nearly all visible structures of the network (Figure 5.13). Struc-
tures which are up to hundreds of microns apart are synchronized in their movement: during run
phases their directional motion is coordinated (Figure 5.13 C) and the active movement starts and
stops almost simultaneously. This coordinated movement is not altering the steady state of the
system and is not linked to a macroscopic contraction, which only occurs at much higher actin
concentrations [103].
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Figure 5.13: Collective dynamics in active gels. Fluorescence micrographs (A–E) of active actin networks at indicated
times after initiation of polymerization show the dynamic reorganization within the network. Red arrows indicate the
movement of individual points in the network with lengths 20-fold magnified and a time-average over three frames.
Green arrows show the resulting overall movement in the field of view (lengths are 40-fold magnified). These long
range reorganization processes are summarized in the colored time overlay (red to blue, F). The whole network in the
field of view exhibits pulsatile collective dynamics with movements being coordinated in time and direction: Most
of the time, individual structures move predominantly for only short periods and in random directions (A,E). These
quiescent phases are followed by periods with high activity in the entire network. During these active phases, the better
part of the network shows long, persistent runs (B,C). The degree of coordination of the movement is measured by the
average squared velocity cross-correlation function 〈I2v 〉, in which phases of collective movement are reflected as peaks.
In such collective phases that last for up to 30 sec, the majority of the identified structures moves in approximately the
same direction (G).

Introducing the velocity cross-correlation function

Iv(r) =

[〈v(x+ r)v(x)〉x − 〈v〉2x
]

[〈v2〉x − 〈v〉2x
] , (5.9)

the degree of collectivity in the active transport can directly be quantified. For each time point the
average of the squared correlation function 〈Iv(r)2〉r reflects the level of correlation in the system.
High values of 〈Iv(r)2〉r relate to a highly collective movement, while low values close to zero
indicate intervals lacking collective modes (Figure 5.13 G). The proportion of time points showing
collective modes is evaluated by introducing a correlation cutoff q: Averaged squared correlation
functions 〈I2v (r)〉r above q are defined as collective modes; values below q are defined to relate to
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Figure 5.14: The degree of collectivity depends on the ATP concentration. In the abscence of ATP, myosin-II filaments
act as nucleation seeds, resulting in a multitude of small, well separated clusters as illustrated in the fluorescence mi-
crograph 90 min after polymerization (A). In prescence of low (B), intermediate (C) or high (D) ATP concentrations, a
highly dynamic network of larger structures is formed. The degree of correlated motion depends on the ATP concen-
tration: Only intermediate ATP concentrations allow for highly correlated movement (E).

an uncorrelated movement. The variation of q only affects the absolute values while the relative
values and the trend are not affected. At 0.1mMATP, for a correlation cutoff of q = 0.15 about 9%
of the frames show correlated movement.

Similar to the complex ATP-dependence observed for the superdiffusive transport, the level of
collectivity shows four distinct regimes (Figure. 5.14): For passive actin/fascin/myosin networks
(regime i) only small, diffusing clusters are observed. Theirmovement is not correlated (fig. 5.14E).
At low ATP concentrations in regime (ii) (10μM, Figure. 5.14B), the low motor activity is limiting
the number of runs and the stalls of the network structures are dominating the dynamics. Con-
sequently, collective modes barely occur in this crosslinker dominated regime. For intermediate
ATP concentrations (up to 0.1mM, Figure. 5.14C) in regime iii, the highest correlation is observed.
At high ATP concentrations (regime iv), correlatedmotion is again rarely observed. The occurence
of four regimes is again attributed to the maximal crossbridge strength of the acto-myosin bond
at intermediate ATP-concentrations.

Importantly, the simulation cannot retrieve the pulsatile collective run and stall phases observed
in the experiment, where remote structures move in a coordinated manner (Figure 5.13). This in-
dicates that the experimentally observed dynamics not only depend on the identified microscopic
interactions but are modulated by a weak but far reaching connectivity within the system. While
the incorporation of active transport, crosslinking and forced unbinding suffices to explain the
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superdiffusive transport properties, the simulation cannot account for long range force percola-
tion, as the force balance is only local with a typical range of a rodlength. This consistent with the
experimental findings, as the lack of connectivity observed for high ATP concentrations leads to
a decline in the proportion of collective modes (Figure 5.13 E). The coordinated reorganization is
only possible if the structures are connected, which is a prerequisite for the observed long range
nature of the interaction. Molecular motors can only transport and exert forces between filaments.
Thus, it is the connectivity and discrete nature of the network together with the force exertion
mechanism, which enables the collective motion to occur.

In summary, the minimal agent based simulation that is based on local force balances only, can
reproduce most of the key experimental findings. The incorporation of the three basic processes,
active transport, crosslinking and forced unbinding by means of a simple rate model, is sufficient
to retrieve the coarsening process, the superdiffusive behavior and the dependence of the mean
run length on the cluster size. Furthermore it helps to identify the phenomena that rely on long
range effects, such as the occurrence of collective modes, and helps to pin down which of the
conceivable long-raging effects are the most important contributions. This lays the basis for a
more complete picture of the pattern formation in active materials.

5.7 Discussion

In this chapter we showed that minimal model systems consisting of actin filaments, crosslinking
molecules and myosin-II motor filaments can undergo an astonishing self-organization process.
In the course of this self-organization process the initially homogeneous system phase-separates
into an interconnected network of clusters that are densely packed with material. Compared to
other phase separation processes in soft materials like nucleation and growth of crystals [233],
phase separation in binary mixtures [118] or diffusion limited aggregation [221], active gels in the
parameter regime studied here show a remarkable dynamic behavior.

As demonstrated by the simulation results, this highly dynamic behavior is attributed to the com-
petitive interaction of molecular motors and passive crosslinkers: while crosslinking proteins are
required for the mechanical stability of the actin network, molecular motors introduce an active
component to the networks [89,102,150,188]. The presence of only motor filaments and ATP does
not suffice to induce any reorganization or structure formation in an actin solution. Only the com-
bination of motors and crosslinking molecules can result in structure formation [10] and even can
induce a macroscopic contraction of cytoskeletal in vitro networks [18, 93, 97].

The incessant local input of mechanical energy at the smallest scales via myosin-II filaments then
drives a constant reorganization of the actin/fascin network through forced unbinding and re-
binding events. In the course of this constant network reorganization, a highly dynamic steady
state of aggregated clusters emerges whose characteristic properties crucially depend on the sys-
tems key parameters: the actin, motor and crosslinker concentrations and the binding affinity
of the myosin-II filaments to actin-fascin structures that directly regulates the maximal force the
myosin-II filaments can exert. The activity of the highly heterogenous system depends on its con-
nectivity, as molecular motors need tracks to exert forces. This dependence of the activity on the
connectivity of the networks opens up the possibility that already small perturbations can result
in a large structural response by the identified self organization mechanisms of the active gel – vis-
ible in the emergence of collective modes that propagate through the active network. Biochemical
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signaling as well as a mechanical stimulus would result in a shift in the phase diagram enabling
a rapid, local and highly robust mechanosensing mechanism as observed in cytokinesis or upon
mechanical stimulation [59].

Importantly, the transport dynamics recovered in the reconstituted system is in excellent agree-
ment with the dynamics inside the cytoplasm of cells. Here too, a superdiffusive behavior is
observable with exponents between 1.5 and 1.7 [66, 86, 119]. While in cells the mechanism can
only be linked to the energy consumption, presumably through the activity of molecular motors,
the model system presented here allows the identification of the underlying microscopic mech-
anisms, which is the competition between binding and rupturing events evoked by crosslinking
molecules and molecular motors.

With a simple phenomenological simulation the main experimental features can be retrieved: The
incorporation of the three basic processes, active transport, crosslinking and forced unbinding is
sufficient qualitatively reproduce several key results of the experiment. This includes the clus-
ter formation and the coarsening process, the superdiffusive behavior and the dependence of the
mean run length on the cluster size. However, a more systematic approach based on first prin-
ciples proves difficult: While individual patterns like asters of cytoskeletal filaments have been
successfully described both by mesoscopic models in the dilute regime [3, 128] and macroscopic
models [96,114], the explicit modelling of the nonlinear dynamics of extended patterns and coars-
ening processes is still at large. This is attributed to the inherent heterogeneity in many model
systems which comprise a polymorphism of many coexisting patterns. Especially for generic ap-
proaches that are based on linear irreversible thermodynamics with geometric nonlinearities, it is
therefore challenging to narrow down the parameter space and to decide which additional non-
linearities are important [96].

The combination of simplified in vitro model systems with simulations based on simple inter-
action rules opens up the perspective of addressing the governing principles of the cytoskeletal
structure formation processes. By extending the experimental system to include other physiolog-
ical cross-linkers, such as α-actinin or filamin or external stimuli, reconstituted systems like the
one presented here will become an ideal tool to accompany theoretical efforts to obtain a sound
physical understanding of the self-organization in cytoskeletal systems.
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6 Conclusions
and Outlook

6.1 Summary of the main results

In this thesis, I used reconstituted systems consisting of actin filaments, the motor protein myosin-
II, and crosslinking proteins to elucidate the self-organization processes in active materials. The
design and analysis of these systems was motivated by several key problems in the field of active
soft materials that served as the roadmap for the work presented here. In the introductory chapter
of the thesis, these key problems where outlined in the form of several key questions – that we are
now, with the results obtained in this thesis, able to answer. The first set of questions encircled the
pattern formation in the high density motility assay:

1. Is it possible to induce a transition to collective motion by increasing the filament density in motility
assay experiments? If so: What are the statistical properties of this ordered state and how do they
compare to theoretic predictions? Is it possible to map the transition to collective motion by a simple
simulation that is solely based on short range interactions?

By increasing the filament density, it was indeed possible to trigger a transition to collective mo-
tion. The patterns comprised the theoretically predicted clusters, swirls and density waves formed
by collectively moving filaments. The minimal nature of the system enabled the quantification of
the statistical properties found in collective motion: the fluctuations in the particle density are
anomalously large, the correlations of the order parameter are anisotropic with respect to the
mean direction of motion, and individual filaments, though being part of a collectively moving
structure, perform a superdiffusive motion perpendicular to the mean direction of motion. All
these experimental findings are in precise agreement with theoretical predictions. With an agent-
based simulation, it was possible to relate the emergence of collective motion in the motility assay
to weak and local alignment interactions. At the same time the simulation indicated that the pat-
tern formation also relies on long-range hydrodynamic interactions – an assumption that could be
substantiated by motility assay experiments in confinement.

2. What happens if the active transport in the motility assay is complemented by a defined growth process
induced by crosslinking proteins? How do the mechanical properties of the emergent structures affect
the pattern formation?

The addition of the crosslinking protein fascin fundamentally altered the pattern formation and
the steady state properties of the system. Complementing the active transport in the system by the
defined growth induced by fascin lead to the formation of elongated fibres and rings of crosslinked
actin filaments that reflect the binding properties of fascin. The properties of these structures arise
from the interplay of active transport and the mechanical properties of the emergent structures:
the random curvature fluctuations that characterize the active transport are successively elim-
inated as the emergent structures gradually get stiffer during the growth process. Hence, the
steady state structure could be identified as „frozen-in“structures where fluctuations on the single
filament level are successively eliminated while the system is kept in an active state.
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3. How do different crosslinking proteins behave in active systems? Can the motility assay be used as a
tool to selectively investigate and pinpoint the non-equlibrium properties of crosslinking proteins?

The structure formation in the high density motility assay depends sensitively on the crosslinking
protein that is added. The addition of different crosslinking proteins not only lead to a polymor-
phism of different steady state structures like actively compacting networks or highly symmet-
ric assemblies, but also to a self-organization dynamics that is highly specific for the individual
crosslinking protein. Thereby, I could show that motility assay experiments can indeed provide
a first benchmark for the behavior of crosslinkers in an active environment. Moreover, it turned
out that the behavior of crosslinking proteins in active systems depends mainly on the binding
strength to actin under load rather than on other parameters like the geometry of the crosslinker.

4. What are the dynamic properties of an active actin network that is set under stress by molecular
motors? Can these properties be retrieved in a simple simulation that models the interplay between
passive crosslinking and active driving based on interaction rates? Do active gels also display collec-
tive modes?

Active gels consisting of actin, fascin and myosin-II filaments undergo a highly dynamic pattern
formation in the course of which the gel phase separates to form dense clusters of crosslinked
filaments. The clusters have a characteristic structure size distribution and show superdiffusive
transport properties. By using a simple phenomenological simulation that is based on binding
and unbinding dynamics of motors and crosslinkers, it is shown that most of this remarkable
structure formation processes can be explained by the competitive interaction of molecular motors
and crosslinking proteins. The emergence of collective modes, however, relies on the long-range
connectivity in the active gel.

6.2 Outlook

The results of this thesis were obtained by conceiving, performing and analyzing reconstituted
systems consisting of a minimal set of purified components. The major advantage of this class of
experiments is the excellent accessibility of all relevant system parameters. This allowed to sys-
tematically accompany the experimental efforts by tailored agent based simulations and enabled
a detailed comparison to theoretical predictions. Thus, the results presented in this thesis provide
an excellent starting point to address further questions that encircle the structure formation in
active systems.

Towards a more complete and unifying physical picture about the dynamic processes in motility
assay experiments, a more detailed theoretic framework is desired. This becomes evident when
the results obtained in this thesis with the actin-basedmotility assay are compared to recent exper-
iments on microtubuli-based assays where microtubuli filaments are propelled by dynein motor
proteins [197]. Coarse grained theoretic approaches would suggest that both systems belong to
the same universality class and thus should show similar self-organization phenomena. How-
ever, albeit both systems generically show a density dependent transition to collective motion, the
patterns in the ordered state are qualitatively different in nature: while the actin-based setup is
characterized by highly polar, large scale density inhomogeneities, the microtubuli-based gliding
assay self-organizes in arrays of swirling microtubules, where the polarity is less developed. The
major differences between the two assays lie in the microscopic properties and processes that are
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barely taken into account in existing theoretical frameworks. More specifically, both experiments
differ in (i) the mechanical properties of the filaments and (ii) in the motor-filament interaction.
With a ten-fold higher persistence length, microtubuli are much stiffer than the semiflexible actin
filaments. Moreover, the microtubuli-associated motor dynein is processive [167], while HMM or
Myosin-II respectively, used in most actin-based assays, are non-processive [87, 166].

The biomechanical differences between microtubuli- and actin-based assays most prominentely
become manifest during collisions of two interacting filaments: while collisions between micro-
tubules almost always lead to directional rearrangements and to a local increase of order [197],
colliding actin filaments can readily cross each other; only very rarely and only between already
sufficiently aligned filaments, a significant directional rearrangement is observable. While these
differences in principle are straight forward to understand, their impact on the structure forma-
tion process is less clear, as a general microscopic framework for the pattern formation in gliding
assays is still elusive. However, from a theoretical physics perspective it is already clear that any
differences in the microscopic collision rules bear a number of interesting implications. The strict
excluded volume interaction observed for gliding microtubules could explain why the amount of
microtubulesmoving in opposition to themean direction of motion is much higher inmicrotubuli-
based experiments than in actin-based experiments. Moreover, following mesoscopic models that
are based on coarse grainedmicroscopic processes [13,14,111,128,240], this difference in themicro-
scopic interactions should have direct consequences to the macroscopic properties of the ordered
state. Thus the shift fromweak excluded volume in the case of actin to a strict excluded volume in
the case of microtubuli could switch the nature of the phase transition from a long-wavelength to
a finite wavelength instability [17, 164]. This would explain why the patterns in the two motility
assays based on actin and microtubules look qualitatively different.

On the way to a unifying microscopic framework for the pattern formation in the motility assay,
a detailed quantification of the interaction of two colliding filaments is needed. This will require
to record the intersection angles and velocities of an ensemble of interacting filaments before and
after the collision. In the next step, this data could then be compared to microscopic simulations,
where the relevant parameters like the stiffness of the filaments and the processivity of the motor
proteins can readily be varied. This will lead to a set of interaction rules that can be used either
in agent based simulations or as a starting point to derive coarse grained equations that then
can be solved numerically or by means of a linear or weakly non-linear analysis. In any case,
these results will allow to systematically study the impact of microscopic interaction parameters
on the pattern formation. These findings can then be tested by varying the mechanochemical
properties in the experiment. In the case of the actin-based gliding assay, this can for instance be
done by placing a network of non-absorbing polymers on top of the motor-coated surface that, by
preventing filaments from leaving the surface, limits crossing events in the actin-based motility
assay. Alternatively, one could use extremely short actin filaments that are closer to the stiff rod
limit. The usage of motor proteins different from myosin-II is another promising route to modify
the mechanochemical interactions directly. For instance, by replacing the myosin-II motors by
myosin-V, a processive actin-based motor protein [145], one can study how the processivity of the
filament transport affects the pattern formation in the system.

The development of a unifying mechanistic picture for the pattern formation in gliding assays
also raises the fundamental question about the nature of the phase transition to collective motion
itself. However, the exact characterization of the phase transition is a delicate problem and even
for simulations that are precisely quantifiable, the investigation of the phase transition turned out
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to be problematic. Recent work on the Vicsek model showed that the characteristics of the phase
transition may be masked by finite size effects that arise from too small simulation boxes [29].
Only by a careful analysis of the fluctuations that arise around the critical density in large enough
systems, it was possible to find evidence that the transition is in fact of second order in this class
of simulations [29, 30]. In experimental systems, the detailed analysis of the nature of the phase
transition is even more problematic. Here, the detailed investigation of the phase transition is
not only hampered by the limited system size but also by higher order effects that arise in many
experimental systems studied to date. Yet again, the motility assay at high filament densities
could provide the ideal tool to pinpoint the nature of the phase transition to collective motion; it
provides sufficiently large system sizes in a rotational invariant environment. Interestingly, the
persistent density modulations that arise in the density wave regime and in the cluster phase can
be already interpreted as a sign of a second order transition [30]. Yet, the experimental verification
still requires the precisemeasurement of the fluctuations of the order parameter and its derivatives
around the critical density.

Apart from fundamental theoretical questions, the work presented here may also stimulate new
experiments for a better understanding of the self-organization phenomena inside living cells
in a bottom-up approach [15]. The conditions for the acto-myosin interaction in motility as-
say experiments are not dissimilar to the conditions found in the lamellipodium of migrating
cells [24]; for instance, the average motor density applied here resembles the myosin concentra-
tion in platelets [21] and like the active networks investigated in this study, the lamellipodium is
densely packed with actin filaments [195]. Thus, the mechanisms identified in this study will also
contribute to the self-organization in migrating cells. In the lamellipodium, however, actin fila-
ments themselves are subjected to dynamic assembly and disassembly [62]. The extension of the
model system to include F-actin (de-)polymerization dynamics together with various crosslinking
proteins offers a promising route for in vitro studies of the active turnover of the self-organized
structures. This would require to substitute the pre-polymerized filaments stabilized by phal-
loidin by a solution containing actin monomers. Similar to experiments on active gels, the actin
polymerization can then be initiated by providing appropriate salt concentrations in the assay
buffer [103, 104]. Alternatively, the active turnover of crosslinked structures can be induced by
adding the drug latrunculin that has been shown to promote the deploymerization of crosslinked
actin structures [178]. The local addition of latrunculin either by using a diffusion chamber [178] or
by using micropipettes [106] might even offer the possibility to generate a local symmetry break-
ing in the interplay between the assembly and disassembly of the patterns and to steer the pattern
formation in the system.

The results of this thesis also indicate that the structure formation depends sensitively on the
properties of the respective crosslinking protein. Transferred to the structure formation in the cy-
toskeleton, this indicates that by varying the relative concentrations of crosslinking proteins, the
cell can not only tune the mechanic properties of the network, but can also shift gears between
different mechanisms and regimes of self-organization. By that, the cell can effectively react to
changing needs: while an abundance of α-actinin can drive the formation of local contractile ele-
ments, an excess amount of fascin results in the formation of large scale polar structures. Yet, the
deployment of filamin leads to the formation of a highly sustainable scaffold that is insensitive to
force exertion. In this context, it is an interesting question if a combination of different crosslink-
ing proteins would give rise to new structural elements that are not observed so far. Similar to
passive crosslinked actin networks, the interplay of different crosslinkers could be competitive or
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synergetic [175, 212]. For example, the combination of α-actinin and fascin in the right concentra-
tion regime could lead to the formation of large scale contractile arrays, whereas trace amounts
of filamin might always suppress any structure formation in the system. The precise type of the
evolving structures may well depend on both the binding properties of the combined crosslink-
ers and their relative concentrations. In any case, the well characterized influence of individual
crosslinking proteins on the structure formation as discussed in this thesis, provides an excellent
starting point for the analysis of active systems with multiple crosslinking proteins.

The next step toward a sound physical understanding of the self-organization phenomena inside
the active cytoskeleton involves the question of how the self-organization processes are triggered
and regulated. In living organisms cells are constantly subjected to mechanical distortions that
may either be induced by external forces or internal stresses which are actively generated by the
concerted action of an ensemble of cells [59, 142, 210]. Cells posses the remarkable property to
actively sense and react to these mechanical stresses. For instance, forces exerted locally on focal
adhesion sites lead to a structural fortification and an increased stiffness of the entire cell [16, 32,
77, 229] and directly affect the nucleus and the spatial organization of the chromosomes [135].
Similar observations have been made in recent experiments where either single cells [63, 149] or
model tissues [74] are subjected to uniform pressures or stretching and shearing forces. Another
striking manifestation of the mechanosensing ability of cells is the synchronization of the cell
beating in model tissues on length scales considerably exceeding the individual cell size [155,204].
Remarkably, the reaction of the cells to these external constraints is highly coordinated throughout
the cell and takes place on the time scale of seconds or even fractions of seconds [135,149].

The mechanisms that lead to this rapid and highly concerted response are only partly understood.
On the molecular level, it has been shown that local forces can induce conformational changes of
cytoskelstal proteins that may expose binding sites for other proteins or substrates [58, 67, 169].
Further, forces may trigger the opening of ion channels and thereby stimulate ion flux through the
cell membrane [91,139]. While all these processes are very local and specific, they may serve as the
starting point for a concerted response of the cell by triggering downstream signaling processes.
For instance, such signaling processes can regulate the transcriptional activity within the cell and
lead to the synthesis of actin binding proteins [230] – what, in the framework of this thesis, has
been shown to crucially modify the self-organization of active systems. However, the synthesis
of proteins not only is very expensive, but also a very slow way to react to external forces, and
certainly does not suffice to explain the rapid reaction times observed in vivo. Another possible ex-
planation for the remarkable ability of cells to react to external stimuli involves the aforementioned
opening of ion channels. This may lead to a change in pH or salt concentrations that recently have
been shown to crucially affect both the properties of reconstituted cytoskeletal networks [101,180]
and the contractile activity of in vitro active actin networks and cell-extracts [106]. Yet, the amount
of time it takes to build up a pH or salt gradient is still limited by diffusion. A small chemical such
as magnesium, with a diffusion constant in the order of 100μm2/sec, takes a time interval in the
order of 20 sec to cover a distance of 50μm – and this is most probably only one step of multiple
diffusional steps. So, apparently, the signal propagation due to diffusion would also not suffice to
explain the rapid response of living cells to mechanical constraints.

The results presented in this thesis could provide another explanation for the remarkable mecha-
nosensing ability of living matter. From the physics perspective, the cytoskeleton is an active
gel that is constantly held under tension by molecular forces. Thus, while all the aforementioned
processes are certainly important, they will be complemented by the unique material properties of
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Figure 6.1: Exploring the inherent mechanosensitivity of active gels. Image A illustrates the principle of the inherent
mechanosensing ability of active gels. Every external force will change the local conformation of the gel. This affects
the local material concentrations as well as the morphology and the connectivity in the gel. As these parameters tightly
regulate the phase behavior of active gels, these changes are likely to trigger a phase transition inside the active gel. In
turn, this results in globally differentmaterial properties. The schematics shown in B illustrate how themechanosensing
ability of active gels can systematically be explored. By placing the gel in squeezing (left) or shearing (right) chambers,
one can exert forces in a controlled manner and simultaneously monitor the resultant reorganization inside the gel.

active gels. On the one hand, the pre-stressed structures in network allow for a swift information
transfer in the order of μsec [25,91,230]. On the other hand – as demonstrated in this thesis – active
systems can undergo a succession of instabilities and phase transitions. These phase transitions
in turn would provide a highly effective and rapid way to react to external constraints and would
provide the cytoskeleton with an inherent mechanosensing ability (Figure 6.1 A).

The reconstituted systems introduced in this thesis are ideally suited to investigate the mechano-
sensing ability of active systems. As a first approach, one could for instance place a minimal active
gel consisting of F-actin, Myosin-II filaments and one type of crosslinking protein inside shear- or
squeezing-chambers (Figure 6.1 B). Such minimal approach would not only help to pin down the
most interesting parameter regime, it would also provide information which of the various actin
binding proteins is best suited to either promote or impede the mechanosensing ability: It is clear
a priori that not all crosslinking proteins are equally well suited to support the reorganization of
active gels responding to external forces. From the results obtained in this thesis, one could for
instance speculate that filamin might suppress any reorganization while this is readily possible in
the case of fascin. For a more quantitative characterization of the mechanosensing ability of active
gels, one could use a confocal rheometer [177], with which one can exert shear forces and at the
same time record the elastic response and follow the reorganization inside the active gel.

After having established the parameter regime that allows for a mechanosensitive response, the
next steps should aim for a stepwise increase of complexity in the system. This can be achieved
by adding mixtures of different actin binding proteins. Another promising route may be to com-
plement the actin based active gel with other scaffold proteins of the cytoskeleton like microtubuli
and intermediate filaments and to investigate cell-extracts. The results can then be compared to
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experiments on single cells or cell ensembles [63, 74, 149]. By that, it can be revealed whether the
reconstituted systems retrieve the in vivo behavior – at least on the qualitative level. For a more
quantitative comparison, it will be necessary to identify and characterize parameters that can be
varied simultaneously in vitro and in vivo. In vivo, this can be done by using knock-down mutants
where particular actin binding proteins are inactivated or by applying drugs like the myosin-II in-
hibiting blebbistatin [8,194]. Local parameter changes can also be induced by using microinjection
techniques, as has been demonstrated in experiments on active gels [106] and in vivo [28].

Reconstituted model systems have proven a versatile tool to selectively investigate the complex
self-organization phenomena in living matter. The bottom-up approach with only few purified
components allows to bridge between the overwhelming complexity of in vivo systems and theo-
retic approaches that aim for a general formalism for this material class. While most experimental
studies to date mainly seek to qualitatively rebuild the functionality of in vivo systems, the results
of this thesis demonstrate that the comparisonwith theoretical concepts provides a very promising
perspective as well. This will not only promote our physical understanding of self-organization
processes in active systems, it will also shed new light on the functionality of living matter. Thus,
future studies will benefit from an integrated approach that combines carefully designed reconsti-
tuted experimental systems with in vivo studies and theoretic approaches.
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A Materials
and Methods

In this chapter, the materials and methods used in this thesis are outlined. It starts with a detailed description of
the experimental procedures (section A.1), including the protein preparation, the protocols for the motility assay, the
microcontact imprinting technique, and the generation of external flow fields. The second part (section A.2) contains
a detailed description of the image processing and data analysis tools developed in this thesis. It particularly focuses on
the identification and quantification of the particle fluctuations and the density and velocity correlations in motility
assay experiments. In the last section of the materials and methods chapter (section A.3), the numerical methods used
in the agent based simulations are outlined.

A.1 Experimental procedures

A.1.1 Protein preparation

Actin

Fresh G-actin was obtained from rabbit skeletal muscle (purchased at Hasenhof Weh, Albertshofen,
Germany) following a standardized protocol [133,190]. G-actin is kept in G-buffer (2mM Tris/HCl
( pH 8), 0.2mMATP, 0.2mMCaCl2, 0.2mMDTT and 0.005%NaN3) at 4 ◦C and used within seven
days. Actin polymerization was initiated by adding one-tenth of the sample volume of a tenfold
concentrated F-buffer (20mM Tris/HCl (pH 7.4), 20mM MgCl2, 2mM CaCl2, 2mM DTT and 1M
KCl). For fluorescence microscopy, fluorescently labelled reporter filaments are used at a ratio of
labelled to unlabeled filaments ranging from 1:2 to 1:50. They were stabilized with Alexa-Fluor-
488 (→)phalloidin (Invitrogen) at a ratio of 1:2. Unlabeled filaments are stabilized with phalloidin
(Sigma), likewise at a ratio of 1:2. Once polymerized, actin was used within 2 days. To ensure
that the density inhomogeneities observed in the high density motility assay are not the result of a
de-mixing of labeled and unlabeled filaments, control experiments with an isotropic labeling were
performed. The density inhomogeneities as well as the clusters and density waves persisted.

While individual filaments can reach lengths of up to 100μm under optimal conditions, the overall
filament-length distribution is exponential (Figure A.1). The filament length is either adjusted by
using the capping/severing protein (→) gelsolin, or by mechanically shearing the filaments by
repeated pipetting steps using a syringe needle (Eppendorf) [24]. The latter method proved to
be very convenient to achieve filament length distributions with small average filament lengths
ranging from 1μm to approximately 3μm. The filament length distribution stayed exponential
(Figure A.1), implying a constant probability of filament-breaking per unit length. For filament
length distributions with an aver length bigger than 3μm, gelsolin was used.

Gelsolin

Gelsolin belongs to a family of actin cutting/capping proteins. By nucleation, filament capping
and severing gelsolin regulates the length distribution of actin filaments [92]. It can be used to
control the average length of actin filaments – as long as this length is shorter than the average
length of pure actin, which is in the order of 5μm [179]. Gelsolin is prepared from bovine plasma
serum following [117]. For the motility assay experiments performed in chapter 2, small amounts
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Figure A.1: Filament length distributions. The image shows the cumulated filament length distributions obtained by
repeated shearing cycles of a 5μM pure actin solution (black curve). All distributions can be described by exponentials,
indicating a constant probability of filament-breaking per unit length, if shear forces are applied. From cyan to blue
approximately 35, 25, 10, and 5 shearing cycles were carried out.

of gelsolin (1 gelsolin per 1110 actin molecules) have been added. To ensure that the observed
phenomena are not affected by the use of gelsolin, control assays without gelolin have been per-
formed; no change in the behavior was observed.

Phalloidin

Phalloidin is an F-actin stabilizing molecule, which binds between two neighboring actin mono-
mers and suppresses the actin depolymerization. Phalloidin is isolated from the poisonous ama-
nita phalloides mushrooms and purchased from Sigma. It is a cyclic peptide with a molecular
weight of 789Da and can be used to attach a fluorophor to the actin filament. For the fluores-
cence micrographs shown in this thesis, Alexa-488-labelled phalloidin was used (purchased from
Invitrogen). To ensure that the self-organization processes are not affected by the usage of this
particular fluorophor, control assays with Rhodamine- and Atto-phalloidin were performed; no
difference in the pattern formation was detected.

Myosin-II, HMM and NEM-HMM

Sekletal muscle myosin-II is purified from rabbit skeletal muscle as reported in [215] and stored
at −80 ◦C in 10mMKH2PO4 (pH 6.5), 0.6M KCl, 25mM MgCl2, 2mM DTT, 3% NaN3 and 35%
sucrose. At low to intermediate ionic strengths, myosin-II polymerizes to form filaments with a
mean length of 0.7μm, corresponding to approximately 200-300 single motor heads [104].

To obtain the myosin-II fragment HMM, the molecular motor myosin II is enzymatically cleaved
by chymotrypsine as described in [215]. The larger of the two resulting fragments, heavy mero-
myosin (HMM), has a molecular weight of 350 kDa [132] and retains the two actin binding do-
mains of myosin II as well as the ATP binding site. However, it has lost its tail region. Thus, it is
still working as molecular motor, but does not assemble into filaments.

N-ethylmaleimide-modified HMM (NEM-HMM) is prepared as described in [26]. Inhibiting the
ATP-ase activity of HMM, this modification induces HMM-ADP rigor complexes, which bind
tightly to actin filaments.
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Actin crosslinking proteins

In this thesis a number of crosslinking proteins was used. Recombinant human fascin is purified
from E.coli BL21-CodonPlus-RP and stored at −80 ◦C in 20mM Tris/HCl (pH≈ 7.4), 150mM,
following Ref. [224]. α-actinin is isolated from turkey gizzard smooth muscle following [40],
dialyzed against G-buffer and stored at 4 ◦C for several weeks. Muscle filamin was isolated from
chicken gizzard and further purified as reported in [184]. The sequence for the filamin-fragment
Mini-FlnA was obtained from D. Fürst (Universität Bonn, Germany). It is purfied from E.coli
BL21using a GST-tag and stored at −80 ◦C in 50mM Tris/HCl (pH≈ 8.0), 5mM GSH) similar to
[84]. Recombinant Dictyostelium discoideum cortexillin-I (obtained from G. Gerisch, Max Planck
Institute of Biochemistry, Germany) is purified from E. coli BL21using a C-terminal His6-Tag and
stored at −80 ◦C in 20mM Tris/HCl (pH≈ 8.0), 100mM NaCl, 4mM CaCl2 and 2mM DTT [61].
The fragment of Xenopus laevis anillin spanning amino acids 1−428, was cloned into pET-28a and
purified from E.coli BL21-CodonPlus-RP using His-Tags on both termini. Anillin 1-428 is stored
in 25mM Imidazol (pH≈ 6.0), 25mM KCl, 4mMCaCl2, 4mMMgCl2, 1mMEGTA, and 2mMDTT
at −80 ◦C. The EPLIN-α isoform (obtained from R. Fässler, Max Planck Institute of Biochemistry,
Germany) is purified from E.coli BL21 using a FLAG-tag. It is stored at−80 ◦C in 50mM Tris/HCl
(pH≈ 7.4), 150mM NaCl.

A.1.2 Motility assay experiments

Sample preparation

Flow chambers were prepared with pre-cleaned microscope slides (Carl Roth, Germany) and cov-
erslips (Carl Roth, Germany, 20x20mm, No. 1). Coverslips were coated with a 0.1% nitrocellulose
solution diluted from a 2% stock-solution (Electron Microscopy Sciences, USA) in amyl acetate
(Carl Roth, Germany). The coverslips were fixed to the microscope slides using parafilm, yielding
an overall chamber volume of ≈ 30μl. Prior to each experiment, a 30μl actin dilution (1 − 25μM
monomeric actin) was prepared by gently mixing labelled and unlabeled actin filaments with As-
say Buffer (25μM Imidazol (pH 7.4), 25μM KCl, 4μM MgCl2, 1μM EGTA, 1μM DTT). The flow
chamber was incubated with HMMdiluted in Assay Buffer. Prior to the insertion of the respective
actin dilutions, surfaces are passified with a BSA solution (1mg/ml BSA (Sigma) dissolved in As-
say Buffer). To start the experiment, 2μM of ATP together with the respective crosslinker concen-
tration dissolved in Assay Buffer is flushed into the flow chamber. Oxidation of the fluorophore
was prevented by adding a standard antioxidant buffer supplement GOC (2mg Glucose-Oxidase,
Sigma; 0.5mg Catalase, Fluka). To verify that the observed patterns are not affected by the use of
GOC, control assays without the antioxidant supplement were performed. After addition of ATP,
flow chambers were sealed with vacuum grease (Bayer Silicones).

Actin and HMM concentrations

The numbers for the actin concentration denote the monomeric actin concentration inserted into
the flow chamber. This concentration is slightly lowered by up to 20% by the subsequent rinse
with the ATP-crosslinker dilution, as can be inferred from the decline in the bulk fluorescence
intensity. TheHMMconcentrations σm given in the thesis denote the concentrationwithwhich the
flow chamber was incubated. The relation between σm and the motor density at the surface Φwas
determined to increase linearly in a wide concentration range with a ratio of σm/Φ = 0.04 nMμm2
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Figure A.2: Microcontact imprinting technque. The image shows a schematic representation of the used microcontact
imprinting technique, with the help of which arbitrary boundaries with a diameter down to 50μm can be designed. To
passivate distinct regions selectively, a PDMS stamp treated with Casein and HMM motor proteins in the rigor state
(NEM-HMM) is placed on the coverslip.

[209]. Above a HMM concentration of σm = 200 nM, the motor density at the surface saturates at
a value of Φ ≈ 6000μm−2 [198]. If not indicated otherwise all experiments were performed at a
HMM concentration of σm = 90nM.

A.1.3 Micro-contact imprinting

To functionalize the surface on the μm scale, a microcontact imprinting technique based on poly-
(dimethylsiloxane) (PDMS) stamps was used (Figure A.2). The fabrication of the stamps follows
the procedure for rapid prototyping of microfluidic devices [143]. More specifically, the design of
the desired structure is printed in high resolution (3,000 dpi) on a transparency which is used as
a mask to expose SU-8 50 positive photoresist (Microchem). After developing, the SU-8 structure
serves as a master for the casting of PDMS, which is poured onto the master as a liquid. PDMS
was cured for over night at 70 ◦C.

After being removed from the master, the PDMS replica of the structure is cleaned with Iso-
propanol (Roth) and plasma oxidized. To selectively passivate distinct regions of the coverslip,
the stamp is wetted for 3min with a mixture of NEM-HMM and 1mg/ml Casein diluted in As-
say Buffer and then surface dried for 30 sec. Subsequently it is placed on the coverslip. After an
incubation time of 3min it is removed and the motility assay is prepared as described above.

A.1.4 Generation of external flow fields

The flow fields were generated by attaching a syringe loaded with ABSA and 2μM ATP to the
flow chamber. During flow pulses, the flow rate was 6 ± 2μl/sec. The area cross-section of the
chamber was 2mm2 with a height of 0.5mm and a width of 4mm. The velocity of the flow fields
was checked by evaluating the velocity of confluent particles close to the surface. Rarely, the flow
lead to an unbinding of the filaments.
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Figure A.3: Cluster identification and calculation of the cluster sizes. First, the raw images (A) are treated with
a Gaussian blur filter (radius: 2 pixels, result shown in B). This smoothes the fluorescence signal of the cluster and
simplifies the identification of the cluster as coherent area fraction that is based on applying a cutoff in the fluorescence
intensity (C). Thus the cutoff defines the margin of the cluster; for all clusters the same cutoff was applied. To calculate
the cluster size distribution two observables are evaluated: the area a of the cluster and the sum of the fluorescence
signal I within the margin of the clusters (D). All scale bars are 20μm.

A.1.5 Image acquisition

All data are acquired on a Leica DMI 2000 inverted microscope or a Zeiss Axiovert 200 inverted
microscope that were equipped with either a x100 oil objective (numerical aperture: 1.4), a x63
oil objective (numerical aperture: 1.4), or a x40 oil objective (numerical aperture: 1.35). Images
(resolution: 1344 x 1024 pixels) were captured with a charge-coupled device camera (C4880-80,
Hamamatsu) attached via a 0.35, a 0.4, or a 1.0 camera mount. Image acquisition and storage are
carried out with the image processing software OpenBox [181].

A.2 Data analysis

A.2.1 Cluster size distributions

To quantify the morphology of the clusters and to extract the cluster size distributions from the
microscope images (Figure A.3 A), we first smooth the raw images by using a Gaussian blur filter
(radius: 2 pixels; algorithm: ImageJ). We then apply a cut off in the fluorescence intensity that
defines the margin of the cluster (Figure A.3 D). Subsequently, the surface area of the cluster and
the cumulated fluorescence intensity are calculated. For all clusters the same cutoff is used.

A.2.2 Quantification of particle fluctuations

The fluctuations in the filament density were calculated by recording and evaluating the fluo-
rescence intensity of 2500 consecutive images (corresponding to 4.88min) for five different spots
per sample. To quantify the intensity fluctuations, the raw images are first subjected to a back-
ground subtraction. Background images where recorded separately with homogeneous samples
that contain the same amount of fluorophores as the actual experiments. The subtraction of these
homogeneous background images proved to be the best way to correct for the slight but inevitable
inhomogeneities in the fluorescence illumination that are particularly pronounced at the margins
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of the field of view. To further correct for these inhomogeneities, a region of interest was defined
that leaves out the boundary regions of the field of view. It contains only 60% (1024 x 768) of
the original image. To rule out systematic intensity fluctuations that occur due to bleaching of
the sample, the averaged decay (gliding average over 25 frames) in the temporal evolution of the
fluorescence intensity per pixel iwas fitted with a single exponential according to exp(−t/ti)with
a characteristic decay time of ti for each pixel. This factor was used to correct the image sequence
for bleaching by multiplying each pixel by exp(t/ti). The temporal intensity fluctuations ΔI are
then evaluated for rectangular subsystems of varying size and plotted against the mean intensity
I in the subsystem, following the approach introduced in Ref. [154].

With the image processing described here, the fluorescence intensity provides a good measure for
the particle density in the field of view. To illustrate this, we performed experiments at a lower
labeling ratio of one labelled filament to 200 unlabeled filaments and observed the collectively
moving filaments at a higher magnification with a x100 objective and using 1.0 camera mount.
The sparse labeling at high magnifications allows us to simultaneously record the fluorescence in-
tensity and to track individual filaments. As can be seen from Figure A.4, the number of filaments
N is indeed directly proportional to the fluorescence intensity I . As a consequence the tempo-
ral fluctuations of both quantities are highly correlated and coincide in magnitude and duration
(Figure A.4 A and B). These temporal fluctuations average up to anomalously large fluctuations
with comparable exponents for both quantities (Figure A.4 C and D): the particle fluctuationsΔN
scale with 0.73 ± 0.03 and the fluctuations in the fluorescence intensity ΔI scale with 0.76 ± 0.05
for the given image sequence. This exemplifies that the evaluation of the density fluctuations can
readily be calculated via the fluorescence intensity. However, using the fluorescence intensity as
readout has the advantage that much larger regions of interest that comprise millions of individ-
ual filaments can be analyzed which is mandatory for any comparison with macroscopic theories.
Moreover, the usage of the fluorescence intensity to quantify the density fluctuations, allows for
higher labeling ratios which minimizes labeling artifacts and at the same time enables the precise
evaluation of the corresponding macroscopic velocity profiles with PIV.

A.2.3 Calculation of filament length distributions

Following the approach described in [178], we used the MATLAB function “regionprops” to iden-
tify the interconnected objects with an area of> 10 pixels. Subsequently, the objects are fitted with
an ellipse that has the same normalized second central moments as the region, and the major axis
length is used as a measure for filament length. The usage of the “regionsprops” library requires
the conversion of the microscopy images into binary images. This was carried out in ImageJ with
a threshold adjusted globally for all images. The distributions shown in Figure A.1 are obtained
from a minimum of 10 images.

A.2.4 Particle Image Velocimetry

The velocity profiles were calculated with a Particle Image Velocity (PIV) algorithm written in
MATLAB. The PIV code estimates the most probable displacement of small quadratic blocks by
evaluating the cross-correlation function of two consecutive images [39]. The block size was ad-
justed to roughly match the average filament length: for images taken with the x40 objective, a
block-size of 25 pixels was used; for the x100 objective, the block-size was adjusted to 40 pixels.
This turned out to be the ideal choice for an accurate determination of the velocity fields.
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Figure A.4: Comparison of fluctuations in the fluorescence intensity and in the number of particles. (A) shows
the fluorescence intensity I as a function of the number of labeled filaments N in the field of view for coherently
moving structures in the motility assay. In the investigated parameter regime, the fluorescence intensity is directly
proportional to the number of particles. Likewise, the temporal fluctuations of both quantities are similar in magnitude
and duration (B). As a consequence the fluctuations scale with roughly the same exponent as shown in (C and D). The
filament density was adjusted to ρ = 12± 2μm−2 and the average filament length was 1.1μm.

A.2.5 Velocity correlations in active fluids

The experimental system is characterized by a highly coherent collective movement of millions of
filaments. The statistical properties of this collective motion patterns can be quantified by calcu-
lating the spatial and temporal correlations of the velocity field. In this thesis, this is done starting
from the velocity field v that is calculated from the PIV scheme described in section A.2.4. To
achieve a higher accuracy for the velocity correlation functions shown in section 2.4, a 25% over-
lap between adjacent blocks was used. The temporal correlations can then simply be calculated
using the standard expression

Gv(T ) = 〈gv(r, T )〉r , with

gv(r, T ) =
〈v(r, t + T ) · v(r, t)〉 − 〈v(r, t)〉2

〈v(r, t)2〉 − 〈v(r, t)〉2 , (A.1)

whereby 〈·〉r denotes a spatial average over all blocks of the PIV-grid (≈ 500 blocks) [53].

The full characterization of the spatial velocity correlations is more involved. As the polar ordered
state that evolves above a critical filament density, is a broken-symmetry state, the correlations can
be expected to be anisotropic with respect to the direction of motion [206,207,213]. With the naive
implementation of a standard correlation function one average over all directions, and thereby
loose the information about the anisotropy. To overcome this problem, we calculated the angle-
resolved correlation function

Pv(r, α) = 〈pv(r, α, t)〉t , with

pv(r, α, t) =
〈v(R + r, α, t) · v(R, t)〉 − 〈v(R, t)〉2

〈v(R, t)2〉 − 〈v(R, t)〉2 , (A.2)
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Figure A.5: Calculation of angle-resolved correlation functions. The correlation function is evaluated in a coordinate
system that co-rotates with the local direction of motion. This allows to calculate the correlation in any given direction
relative to the local velocity vector vi,j . The angle α denotes the angle between the local velocity vector vi,j and the
distance vector r of two PIV-blocks (i, j) and (k, l).

whereby 〈·〉t is a temporal average over 2500 frames corresponding to ≈ 5min. The angle α is
the angle between the local direction of motion and the vector r connecting the two PIV-blocks
(Figure A.5). Mathematically, this can be conceived as a transformation of the velocity field into a
coordinate system that co-rotates with the local direction of motion. The output of the correlation
function defined in equation A.2 is a fully angle-resolved correlation map that allows to extract
the correlation in any given direction relative to the local polarity.

A.2.6 Density correlations in active fluids

To quantify the long range density correlations on length scales much larger than the average
filament length of 5μm, the density first has to be coarse grained. To this end, we calculate the
average fluorescence intensity I in small quadratic blocks with a block-size corresponding to the
PIV-grid (described in section A.2.4). Thereby, each block is assigned a local average intensity Ii
with i = 1..N . The image processing prior to the calculation of the coarse grained intensity map
follows the procedure outlined in section A.2.2. Using this procedure, the fluorescence intensity
I is directly proportional to the filament density ρ (Figure A.4) and the calculation of the locally
coarse grained fluorescence intensities Ii provides a good measure for the coarse grained filament
density ρi. Subsequently the temporal and spatial correlations of the intensities can be calculated
following the expressions

GI(t) = 〈gI(r, t)〉r , with

gI(r, t) =
〈I(T + t, r) · I(T, r)〉 − 〈I(T, r)〉2

〈I(T, r)2〉 − 〈I(T, r)〉2 , (A.3)

for temporal correlations, and

PI(r, α) = 〈pI(r, α, t)〉t , with

pI(r, α, t) =
〈I(R + r, α, t) · I(R, t)〉 − 〈I(R, t)〉2

〈I(R, t)2〉 − 〈I(R, t)〉2 (A.4)

for spatial correlations. 〈·〉t denotes a temporal average over all frames (if not indicated otherwise
2500 frames corresponding to≈ 5min) and 〈·〉r denotes a spatial average over all blocks in the field
of view (≈ 500 blocks). The angle α in the expression for the spatial correlations again denotes
the angular difference between local mean directions of motion of the two intensities I(R) and
I(R+ r) (c.f. section A.2.5).
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To calculate the correlations in the density fluctuations δρ, the average intensity in the entire field
of view Ī = 〈N−1 ∑N

i=1 Ii〉T , averaged over the entire period of observation T, is subtracted from
the the local densities ρi. The spatial and temporal correlations of the density fluctuations δρ are
then evaluated with the same formalism introduced in Equations (A.3) and (A.4).

The calculations of the density correlations depends sensitively on the block-size. A too small
block size, of the order of several pixels, does not allow to quantify the long-range correlations in
the system, as any long range correlations would be masked by correlations on the single filament
level, i.e. by correlations in the mean distance between labelled filaments. The usage of a too big
block size, on the other hand, would smoothen the large-scale density inhomogeneities that extend
over several tens of filament lengths, impeding their accurate measurement. For all calculations
presented in this thesis, the block size was adjusted to be of the order of the average filament
length. This proved to be the optimal compromise to accurately calculate the local coarse grained
density correlation, without loosing the long-range and long-term correlations stemming from
large-scale density inhomogeneities.

A.2.7 Characterization of filament transport in active fluids

Despite the collectively moving phase is characterized by the highly coherent motion of millions
of filaments, individual filaments can deviate considerably form the mean direction of motion.
To quantify this phenomenon, we first tracked the trajectories xi(t) of n individual filaments in a
given field of view and subsequently calculated the mean trajectory r̄(t) =

∑n
i=1 xi(t) of all traced

filaments. The relative separation Δdi(t) of the individual filaments from mean trajectory is then
given byΔdi(t) = xi(t)− r̄(t). To characterize the filament transport relative to the mean direction
of motion, we calculate the mean-squared displacement (msd) of the relative separations

msd[Δdi(τ)] = 〈Δdi(τ + t)Δdi(τ)〉t , (A.5)

whereby 〈·〉t denotes the time average. The time average is limited by the field of view and the
tracking accuracy of the used tracking algorithm. Only the first 10% of the resulting mean squared
displacement are used. The mean-squared displacement exponents are fitted logarithmically to
trajectories with more than 50 time points, corresponding to 5.85 sec.

The tracking algorithm that was used to identify the trajectories of the individual filaments is writ-
ten inMATLAB and based on the built function “regionprops”. It first identifies all filaments in the
field of view and subsequently tracks them from frame to frame. The frame-to-frame recognition
of the identified objects follows three criteria: (i) the distance covered from frame to frame, (ii) the
object size, and (iii) the direction of movement. In its current stage the algorithm has difficulties
in resolving filament crossovers which limits the trajectory lengths. To avoid excessive crossing
events, the experiments were performed with predominately short filaments (≈ 1μm) with a low
ratio of labeled to unlabeled filaments (≈ 1 : 400).

A.2.8 Ring size distributions

The frozen steady state observed in the presence of fascin (chapter 3), is characterized by the
emergence of constantly rotating rings. Generically, these rings occur in two configurations: in a
closed and in an open conformation. To characterize the frozen steady state and the mechanism
that lead to the formation of the rings, the ring curvatures had to be quantified.
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To this end, the ring curvature statistics for hundreds of individual rings are evaluated by using an
automated ring recognition and analysis tool. Once the system reached its steady state, between
15 and 20 regions of interest were randomly chosen and imaged for around one minute. For each
region, we first subtracted the backgroundwith ImageJ (rolling ball radius of 250 pixels). The ring-
radius distributions for open and closed rings are calculated in two steps: first, the distribution
for all rings is measured and then separately the distribution for closed rings, only. Subsequently,
the ring-radius distribution for open rings is obtained by subtracting the distribution for closed
rings from the radii-distribution of all rings.

The ring recognition is carried out inMATLAB using an ellipsoid fit to the outer radius. Signatures
which are not approximately of circular shape (ratio of semi-minor to semi-major axis < 0.7) are
rejected. Closed rings can be directly analyzed without further processing steps. To calculate
the distribution of open rings an average intensity projection in time is performed. This leads to
closed objects also for the open rings that can be analyzed using the method described above.

For the characterization of the mechanisms leading to the frozen steady state, the inner radius of
the rotating structures is more relevant. As material uptake after the curvature is already frozen,
leads predominantly to a growth of the outer radius, the inner radius more accurately reflects the
initial frozen-in radius. The inner ring radius is calculated via the area of the ring (obtained by the
intensity projection) and the outer radius by using simple trigonometry.

A.2.9 Meshsize evaluation

For the calculation of the meshsize of the actively compacting structures that form in the presence
of α-actinin, eplin and cortexilin, microdscopy images are converted into binary images with the
same threshold for all images. Subsequently, the discrete derivative in x- in y-direction is calcu-
lated. For each direction, the distance between rising flanks is measured. A cumulative histogram
over all distances is generated and fitted using a single exponential exp(−x/λ). To avoid errors,
only the histogram entries between 20% and 80% of the maximal value are considered. The mean
over λ for the x- and y-direction is the average mesh size [7].

A.2.10 Calculation of collective modes in active gels

The complex dynamics inside active gels includes the emergence of collective modes, where all
structures in the field of view coherently move in one direction. These collective modes are charac-
terized by velocities that are highly correlated both in magnitude and direction. To systematically
quantify these collective modes, we first traced the individual structures in the field of view and
subsequently calculated the cross-correlation function of the resulting velocity field.

To trace individual actin structures, images are background subtracted in ImageJ. To identify indi-
vidual actin structures of the network, an intensity threshold value is applied in ImageJ to generate
a binary image. Individual structures are identified as connected bright pixels using a cutoff of ten
pixels. The structures are traced over time by means of their intensity weighted centroid positions
using MATLAB, largely following the method developed by John C. Crocker [42] . To minimize
tracking artifacts, the trajectories are subjected to a gliding average over 4 frames. Individual
structures are traced for up to 6min in the highly dynamic state, or over 2.5 h in the passive state
until they fuse with a different structures, they are disintegrated, or move out of focus. To deter-
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Figure A.6: Identification and quantification of correlated modes. First, the velocity field for the identified structures
is calculated for each time point (A). Second, the velocity cross-correlation function Iv(r) is evaluated for each frame.
In (B) individual velocity cross-correlations averaged over 3 successive frames are shown. Correlation functions close
to 1 indicate highly correlated or collective movements, whereas non-correlated movements average to correlation
functions close to zero. If structures move in the opposite direction, they are anti-correlated with negative correlation
functions. Therefore, the squared correlation function, averaged over all distances r, 〈I2v (r)〉r(t) is a measure for the
level of correlation at each point in time t. (C) shows the time course of 〈I2v (r)〉r(t), in which time points with highly
correlated movements appear as peaks. To quantify the level of correlation, we introduce a global cutoff k. Modes with
〈I2v (r)〉r > k are defined as collective or correlated modes and modes with 〈I2v (r)〉r < k are not-correlated.

mine phases of correlated movement, the velocity cross-correlation function of moving structures

Iv(r, t) =
〈v(x+ r, t) · v(x, t)〉x − 〈v(x, t)〉2x

〈v(x, t)2〉x − 〈v(x, t)〉2x
(A.6)

is evaluated. The degree of correlation at each time point t is proportional to the average of the
squared correlation function 〈Iv(r)2〉r(t) (Figure A.6).

The proportion of time points showing collective modes is evaluated by introducing a correlation
cutoff k: Averaged squared correlation functions 〈Iv(r)2〉r(t) above k are defined as collective
modes; values below k are defined to relate to an uncorrelated movement. For the data displayed
in (Figure A.6) k was set to 0.15. The variation of k only affects the absolute values while the
relative values and the trend are not affected.
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A.3 Numerical methods

The agent based simulations that complemented the experimental results achieved with the motil-
ity assay setup (chapters 2 and 3) were developed together with C. A. Weber and E. Frey (Ludwig
Maximilians Universität, München). The implementation of the interaction rules in C++ was car-
ried out by C. A. Weber. Details of the algorithms can be found in References [171,173,232].

The minimal agent based simulation that models the pattern formation in active actin networks
(chapter 5) was implemented in C++, using the ANN-library (www.cs.umd.edu/ mount/ANN), the
DISLIN-library (www.dislin.de), and the BOOST-library (www.boost.org). If not indicated otherwise,
the simulation runs were performedwith 10000 – 25000 unit-length rods, embedded in a quadratic
arena with a side-length of 10 rod-lengths and periodic boundary conditions. To integrate the
equations of motion that result from rate-based multiple interactions of crosslinkers and motor-
proteins, a random sequential updating scheme was used. The time-step of the updating was set
to 0.01 simulation times, whereby the simulation time is defined implicitly as the time a motor
filament needs to cover 0.1 rod-length. The simulation snapshots were visualized using the 3D
ray tracer tool PovRay (www.povray.org).

The mean squared displacements shown in chapter 5, are calculated for entire trajectories indi-
vidually and the first 10% of the resulting mean square displacements are used. The power law
exponent is fitted logarithmically to mean square displacements longer than 5000 time steps. Av-
erage values of the exponent are obtained by fitting a Gaussian to the distribution of > 500 power
exponents.
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