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6. Phase behavior of contractile active gels

Cells and tissues can undergo remarkable shape changes which are 
driven by actively generated forces, such as pulling forces in the actin 
cytoskeleton generated by myosin motors. External biochemical signals 
are known to regulate the length scales over which these pulling forces 
act, but less is understood about how physical properties of the actin 
cytoskeleton a!ect these length scales. In order to provide insights 
into this question, we measure the length scale of contraction in 
reconstituted active gels composed of actin, skeletal muscle myosin 
II, and di!erent crosslink proteins (fascin, "mbrin, and #-actinin). 
We vary motor activity by varying ATP and salt concentrations in 
the bu!er, and vary network connectivity by varying actin "lament 
density and length. Consistent with the results presented in Chapter 5, 
we "nd three contraction regimes: local, critical, and global. Increased 
network connectivity promotes larger-scale contraction, whereas 
increased myosin activity promotes rupture of contracting networks 
into many clusters. We summarize our data by proposing a phase-
space diagram of connectivity-governed contractile active gels. At the 
end of the chapter, we report "rst data obtained with space- and time-
resolved dynamic light scattering, probing the sample-age-dependent 
dynamics of contractile active gels. We simultaneously measure at 
four di!erent scattering vectors and show that actomyosin networks 
exhibit a length-scale-dependent relaxation timescale. Furthermore, 
we "nd sudden bursts of microscopic de-correlation which occur just 
moments before contraction. Our data obtained for minimal active 
gels may help to interpret in vivo studies showing evidence of physical 
regulation of actomyosin contraction, for instance during cortical $ows 
and cytokinesis.
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6.1 Introduction

Cells and tissues can undergo remarkable shape changes which are 
driven by actively generated, internal forces. In order to accomplish 
this, cells rely on their cytoskeleton, an internal network of protein 
!laments which actively generates pushing and pulling forces. Pulling 
forces o"en result from myosin motor !laments, which harness 
chemical energy derived from ATP hydrolysis to pull actin !laments 
towards one another (Levayer and Lecuit, 2012). Although individual 
myosin motors are only ~0.1 µm in size and exert only ~pN forces 
(Finer et al., 1994; Howard, 2001), cells integrate the activity of many 
motors to produce nN contractile forces on cellular length scales. #e 
most e$cient example of this sort of force integration occurs in striated 
muscle cells, where contraction occurs on length scales that approach 
the length scale of the host organism. #ese contractions are mediated 
by a sarcomeric organization whose highly regular architecture allows 
e$cient force transmission (Gautel, 2011; Huxley and Niedergerke, 
1954; Huxley and Hanson, 1954).

Non-muscle cells lack sarcomeric organization, and have a much 
more dynamic and adaptive actin-myosin cytoskeleton than muscle 
cells (Vicente-Manzanares et al., 2009). Depending on cell state, 
nonmuscle cells generate contractile forces on varying scales. Myosin 
motors exert localized, short-length-scale pulling forces at the equator 
of dividing cells (Vavylonis et al., 2008) or in the rear of migrating cells 
(Kolega, 1998; Svitkina et al., 1997; Vicente-Manzanares et al., 2007). 
Cellular-length-scale pulling forces facilitate cytoplasmic chromosomal 
transport (Lénárt et al., 2005) or cortical polarizing %ows in developing 
oocytes (Bray and White, 1988; Mayer et al., 2010). Epithelial sheets 
of myosin-rich cells coordinate contractions that drive shape changes 
over tissue length scales in developing embryos (Lye and Sanson, 2011; 
Martin et al., 2009; Rauzi et al., 2008) and healing wounds (Mandato 
and Bement, 2001; Sonnemann and Bement, 2013).

How is the length scale of contraction regulated? Cells exert tight 
control on myosin activity via regulatory enzymes and ligands coupled to 
reaction-di&usion networks, which establish spatial activation patterns 
(Bement et al., 2006; Goehring et al., 2011; Hall, 2012). Phosphorylation 
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of the regulatory light chain by multiple kinases induces a conformational 
change of nonmuscle myosin II from a folded inactive state to an opened 
active state, allowing binding to F-actin, ATPase activity, and assembly 
into !laments (Bresnick, 1999; Korn and Hammer, 1988). Single myosin 
motors are non-processive and cannot produce actin !lament sliding 
or contraction (Kovács et al., 2003; Wang et al., 2003). However, they 
can assemble into !laments composed of typically 10-30 tail-to-tail 
associated myosins (Verkhovsky, 1993; Verkhovsky et al., 1995). "ese 
!laments are bipolar and processive, and thus capable of pulling on actin 
!laments of opposite polarity. Myosin assembly into !laments is further 
regulated through phosphorylation of the heavy chain. "ere are many 
additional regulatory mechanisms involving noncovalent interactions 
of myosins with other proteins such as tropomyosin (Bresnick, 1999; 
Gunning et al., 2005). 

In addition to biochemical regulation, physical interactions 
can also contribute to regulation of the length scale of contraction, as 
evident from experiments on model systems reconstituted from puri!ed 
proteins. Usually, these assays are based on three protein components: 
puri!ed actin, puri!ed myosin (generally skeletal muscle myosin II), 
and crosslink proteins to establish network connectivity. Together, these 
assays have established two minimal requirements for macroscopic 
contraction: a minimal motor activity and a minimal network 
connectivity (Bendix et al., 2008; Janson et al., 1991; Köhler et al., 
2011a). Network connectivity depends on the concentration of crosslink 
molecules, which simultaneously bind two or more actin !laments, 
as well on the actin !lament density and length. Minimum values of 
actin !lament density (Köhler et al., 2011a) as well as crosslink density 
(Bendix et al., 2008; Köhler et al., 2011a) are required for contraction 
to occur. Several mechanisms may account for network contraction 
mediated by myosin motor activity. As shown experimentally (Murrell 
and Gardel, 2012; Soares e Silva et al., 2011b; Vogel et al., 2013) as well 
as theoretically (Dasanayake et al., 2011; Lenz et al., 2012b; 2012a), 
contraction can proceed via actin !lament buckling. Alternatively, 
alignment or rearrangement of bundles and mobility of myosin II motor 
!laments may promote contraction (Dasanayake et al., 2011; Köhler et 
al., 2012). "ere is evidence that network contraction occurs only in 
an optimum window of crosslink density: in the absence of crosslinks, 
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myosin motors generate sliding forces which do not result in pulling 
(Humphrey et al., 2002; Le Go! et al., 2002b), yet, excessive crosslinks 
can inhibit contraction (Bendix et al., 2008; Janson et al., 1991; Köhler 
et al., 2012). 

In vivo, the crosslink proteins that transmit myosin pulling forces 
are highly dynamic. "ey usually have dissociation rate constants in the 
µM-range and on-times of a few seconds (Courson and Rock, 2010). 
Moreover, their binding kinetics are responsive to forces. Usually, 
o!-rates increase when a force is applied (Evans and Ritchie, 1997). 
However, some crosslink molecules such as #lamin and $-actinin 
exhibit catch-bond behavior, with an o!-rate that decreases when a 
force is applied (Ferrer et al., 2008; Yao et al., 2011; 2013). "is raises 
the question how force-responsive binding kinetics of crosslinks will 
in%uence the contractile behavior of actomyosin networks as a function 
of motor activity and underlying network connectivity.

In order to answer this question, we investigated contractility 
of reconstituted actin-myosin networks crosslinked with fascin in 
Chapter 5 of this thesis. We showed that myosin motors contract and 
rupture these networks into clusters whose sizes are determined by an 
interplay between force-responsive binding kinetics of fascin crosslinks 
and motor activity. In the limit of low fascin concentration, networks 
show local contraction, with clusters whose typical sizes are far smaller 
than the system size. In the opposite limit of high fascin concentration, 
networks show global contraction, contracting entirely into one large 
cluster whose size approaches the system size. At intermediate crosslink 
densities, we observed an unexpectedly wide regime where networks 
contract into large clusters, characterized by a combination of small and 
large clusters with a scale-free size distribution. We proposed that this 
intermediate regime arises because above a critical network connectivity, 
motors not only contract the network but also reduce the connectivity 
of initially stable networks by promoting unbinding of fascin crosslinks. 
In combination with numerical simulations, our results suggested that 
the length scale of contraction is controlled by two main parameters: 
motor activity and network connectivity. However, we only varied two 
experimental parameters, motor density and crosslink density. Motor 
activity is also dependent on other factors such as motor processivity, 
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and network connectivity is also dependent on other factors such as 
actin !lament density and length. 

In this chapter, we experimentally test the generality of the 
proposed mapping of contractile “phase behavior” onto a phase space 
controlled by motor activity and network connectivity. We reconstitute 
minimal active gels from puri!ed actin, skeletal muscle myosin II, and the 
crosslinks fascin, !mbrin, and "-actinin. We use di#erent means to vary 
motor activity (by varying the level of ATP and the salt concentration) 
as well as di#erent means to vary network connectivity (by varying 
actin !lament density and length, and also by using di#erent crosslink 
proteins). We measure the resulting length scales of motor-driven 
contraction by performing confocal microscopy of networks enclosed 
in customized $ow-cells, which !t entirely in the !eld-of-view of a 4% 
microscope objective. We track the temporal evolution of the networks 
by time-lapse imaging and perform quantitative image analysis of 
cluster sizes. In Section 2, we present experimental results obtained for 
these reconstituted contractile active gels. In Section 3, we summarize 
our data by proposing a phase-space diagram of connectivity-governed 
contractile active gels.

6.2 Results

Modulating motor activity. In Chapter 5, we modulated the motor-
generated forces in crosslinked actin-fascin networks by varying the 
concentration of motors. Here, we instead modulate the motor activity 
at constant motor density, by varying the monovalent potassium 
chloride (KCl) concentration. Increasing [KCl] is expected to weaken 
motor forces, since the binding a&nity of myosin II for actin is reduced 
with increasing ionic strength (Brenner et al., 1982; Takiguchi et al., 
1990), thus reducing motor processivity. 'e KCl concentration has 
also been reported to in$uence the size of myosin !laments (Davis, 
1988; Kaminer and Bell, 1966; Katsura and Noda, 1973; Koretz, 1979; 
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Pinset-Härström and Tru!y, 1979; Pollard, 1982; Reisler et al., 1980). 
Myosin is generally stored in non-"lamentous form in high-salt bu!ers 
(at least 300 mM KCl) and assembly is triggered by lowering the KCl 
concentration. #e myosin "lament size depends on [KCl] as well as 

[KCl] = 50 mM
[ATP] = 0.1 mM

[KCl] = 75 mM

[KCl] = 100 mM [ATP] = 1 mM

a b

c d

tstart

tend

Figure 1. Lower motor activity increases the length scale of contraction. 
All images are time-overlay images where color corresponds to time (see 
calibration bar, below). Assays are performed at "xed initial network 
connectivity ([actin] = 12 µM and [fascin] = 260 nM) and motor density 
([myosin] = 340 nM). a. Under reference conditions ([KCl] = 50 mM, 
[ATP] = 0.1 mM), networks contract into many clusters with a scale-
free size distribution (see Chapter 4). b. Increasing [KCl] to 75 mM 
promotes larger-scale contraction. Moreover, we observe a second 
wave of contraction (reddish color). c. Increasing [KCl] further to 100 
mM promotes macroscopic contraction. d. Increasing [ATP] to 1 mM 
increases the scale of contraction. For all panels, scale bars are 1 mm. 
Times (tstart, tend) of color overlays, given as time a%er initiating actin 
polymerization: a: (30 sec, 6 min) b: (40 sec, 4 min) c: (11 min, 14 min) 
d: (40 sec, 6 min).
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other bu!er components, temperature, and the method of preparation 
(rapid dilution, gradual dilution, or dialysis). Here, we prepared myosin 
"laments by rapid dilution into a standard imidazole-based bu!er, in 
which the "laments have an average length of 0.85 µm when formed at 
50 mM KCl and 0.63 µm when formed at 150 mM KCl (Soares e Silva, 
2011).

Figure 1 shows time-projections of movies of three di!erent 
contractile networks, which all have the same initial network connectivity 
([actin] = 12 µM, [fascin] = 260 nM). In the standard bu!er with 50 mM 
KCl that is used throughout Chapter 5, motors rupture the network into 
many small clusters (Fig. 1a). In Chapter 5, we attributed this rupture to 
myosin activity. When we increase [KCl] to 75 mM, we again observe 
rupture into multiple clusters (Fig. 1b), but the clusters are larger than 
at 50 mM KCl. Strikingly, a further increase of [KCl] to 100 mM results 
in the entire network contracting to one large cluster (Fig. 1c). $is 
observation is consistent with the model presented in Chapter 5, which 
predicts that reduced motor forces should reduce the ability of motors 
to break down network connectivity. 

 To independently test this interpretation, we performed 
an additional contraction assay in which we kept [KCl] = 50 mM as 
in the standard bu!er, but increased the adenosine triphosphate 
(ATP) concentration to 1 mM. According to single molecule force 
measurements (Debold et al., 2005; Finer et al., 1994), the duty ratio 
of skeletal muscle myosin II is about 4% at mM levels of ATP, and ca. 
4-fold larger at 0.1 mM ATP, which was used in the standard bu!er used 
in Chapter 5. When we increase [ATP] to 1 mM, we again observe a 
marked increase in the sizes of contracting clusters (Fig. 1d) compared 
to the standard bu!er conditions, consistent with a weaker in%uence of 
myosin motor forces on network connectivity.

To further investigate the e!ect of weakening motor activity, we also 
varied the KCl concentrations in networks that contract macroscopically 
in the standard bu!er (Fig. 2a). $is condition is attained by increasing 
the fascin concentration (from 260 nM in Fig. 1 to 1.2 µM in Fig. 2). 
When we increase [KCl] to 75 mM, we observe macroscopic network 
contraction, resembling the contraction at 50 mM KCl (Fig. 2b, top). 
However, increasing [KCl] further to 100 mM prevents contraction: 
the network remains static on macroscopic length scales (Fig. 2c, top). 
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Figure 2. Degree of actin bundling around myosin foci depends on 
monovalent salt concentration. a. [KCl] = 50 mM. b. [KCl] = 75 mM. c. 
[KCl] = 100 mM. Top row. Time-overlay images of network contractions 
based on actin "uorescence. Color corresponds to time (calibration 
bar, le#) and scale bars are 1 mm. Times (tstart, tend) of color overlays, 
given as time a#er initiating actin polymerization: a: (45 sec, 6 min) b: 
(30 sec, 3 min) c: (1 min, 13 min). Middle row. Close-up of network 
structures corresponding to the areas indicated by the black squares 
in the top row. Actin is shown in red, myosin in cyan. Snapshots were 
acquired 2  hr a#er initiating actin polymerization. Scale bars 30  µm. 
Bottom row. Further close-up of network structures corresponding 
to the areas indicated by the white squares in the middle row. Note in 
panel C the presence of small myosin puncta, likely corresponding to 
individual myosin $laments (white arrows). Scale bars 5 µm. For all 
panels, [actin] = 12 µM, [myosin] = 120 nM, [fascin] = 100 nM.
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Apparently, the motors are not su!ciently processive to cause network 
contraction.

To investigate how the network microstructure is in"uenced 
by variations in KCl concentration, we acquire confocal snapshots of 
the actomyosin networks 2 hr a$er initiating actin polymerization by 
a high-NA microscopy objective (middle and bottom row). For the 
standard KCl concentration of 50 mM, we %nd a heterogeneous network 
of clearly distinguishable actin bundles in the contracted network (Fig. 
2a). &is network is decorated with myosin foci of variable size, which 
appear alongside actin bundles but do not appear to be integrated in 
the network. Increasing [KCl] to 75 mM results in a %ner meshwork of 
actin without pronounced actin bundles (Fig. 2b). Myosin foci appear 
to be integrated in the actin network, o$en surrounded by shell of 
locally enhanced actin "uorescence intensity indicative of local network 
condensation. &e foci have similar sizes as at [KCl] = 50 mM, but 
they exhibit more irregular and non-convex shapes. Further increasing 
[KCl] to 100 mM, where the network does not contract, results in a 
homogeneous network of actin bundles (Fig. 2c). Large myosin foci 
seldom occur in these networks, although small puncta of myosin 
"uorescence (potentially single myosin %laments) are present all across 
the network (Fig. 2c, bottom, white arrows).

Rotating foci of myosin in dense actomyosin networks. During 
high-resolution imaging, we observed a striking phenomenon in 
strongly crosslinked contractile active gels (RF = 0.1): about 5% of the 
myosin motor foci exhibited rotations within the dense actin networks 
formed a$er macroscopic contraction. Typical rotation speeds varied 
from 2–9 rotations per minute. With foci sizes varying from 2–6 µm (Fig. 
3a), these rotation speeds correspond to linear speeds of approximately 
0.1–1 µm s-1 at the surface, which is lower than the velocities of 3–4 µm 
s-1 reported for motor-driven sliding of actin %laments in gliding assays 
(Kron and Spudich, 1986). Some rotations continued uninterrupted 
with a well-de%ned rotational velocity, as shown in the %rst two and the 
last kymograph in Fig. 3b. &ese kymographs reveal regular patterns in 
foci trajectories. However, other foci exhibited pauses during rotation, 
as shown in the kymographs in columns 3–7, which reveal patches 
of regular patterns interspersed with straight sections indicating 
lack of movement. Foci were found to rotate both clockwise as well 
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Figure 3. Rotating myosin foci. a. Snapshots of foci. Color images depict 
actin signal in red, myosin in cyan. Grayscale images depict myosin 
signal. Time, in minutes, a!er initiating actin polymerization, from le! 
to right: 39, 25, 100, 46, 63, 70, 30, 3. Scale bars 5 µm. b. Kymographs. 
Horizontal direction: Fluorescence intensity of myosin along a line 
running through foci (between dashed yellow lines, panel a). Myosin 
intensity is shown in a “Fire” lookup table. Vertical direction: Time. 
Scale bars 5 µm x 10 s. Note that the #rst two columns were acquired at 
a 10x faster frame-rate.



221

as counterclockwise. However, foci were never observed to change 
rotation direction. !e lack of preferred directionality is expected 
due to the apparent lack of an external axis from which le" and right 
can be de#ned. Such an axis exists in developing embryos, where it is 
required to establish chiral symmetry breaking (Brown and Wolpert, 
1990). Interestingly, we observed that preparing contractile networks in 
thin $ow cells with a thickness of ~20 µm (see Methods) increased the 
likelihood of #nding rotating foci.

Two potential scenarios could contribute to the rotation of myosin 
foci (Fig. 3 c). In one scenario, the actin #laments surrounding myosin 
foci are perfectly ordered, allowing motors on the surface of these foci 
to rotate processively along circular tracks of actin. In such a scenario, 
chiral symmetry breaking could arise from the inherent chiral pitch of 
actin #laments (Claessens et al., 2008; Shin et al., 2009). In a second 
scenario, actin #laments are disordered around myosin foci. Motors at 
the surface of the cluster would exert random forces, which could still 
give rise to rotations in the absence of actin #lament chirality. !is kind 
of behavior has been reported in suspensions of Escherichia coli bacteria 
in the presence of high concentrations of non-adsorbing polymers. 
Depletion interactions drive aggregation of bacteria into clusters, which 
were surprisingly observed to rotate around a single axis (Schwarz-Linek 
et al., 2012). Such rotations are understood to arise by hydrodynamics: 
bacterial $agella on the surface of the cluster exert randomly directed 
force dipoles on the surrounding $uid, which can give rise to uniaxial 
rotations. Whether such a mechanism could apply to rotating myosin 
clusters is not yet known.

Recent continuum models have begun to address the emergence 
of global chiral $ows from local chiral activity (Fürthauer et al., 2012a; 
2012b). Current evidence clearly points to the existence of a microscopic 
chirality arising from cytoskeletal components. Actin #laments exhibit a 
variable chiral pitch along the #lament axis (Egelman et al., 1982; Galkin 
et al., 2010b), while fascin crosslinks appear to overtwist actin #laments 
by 1° per monomer (Claessens et al., 2008). Meanwhile, myosin motors 
have been shown to exhibit torques on actin #laments, evident from 
twirls with a le"-handed pitch of ~1  µm in gliding assays (Beausang 
et al., 2008). A thorough understanding of how these e&ects can give 
rise to the rotations of myosin foci we report here currently remains 
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lacking. But such an understanding could help address the currently 
unanswered question of the origin of chiral symmetry breaking in 
developing embryos (Spéder et al., 2007). Mouse embryos have been 
shown to break symmetry by a le!ward nodal "ow (Nonaka et al., 
2002), plausibly established by cilia pointed towards the posterior axis 
(Cartwright et al., 2004). Meanwhile, evidence from Xenopus (Adams 
et al., 2006; Levin et al., 2002) and chick (Adams et al., 2006) embryos 
demonstrate that ion pumps and channels are asymmetrically expressed, 
possibly resulting in L/R gradients in pH and membrane potential. 
#e origin of this polarized expression remains elusive, though actin 
$laments or microtubules are thought to be essential (Qiu et al., 2005; 
Shibazaki et al., 2004). Perhaps most strikingly, myosin motors have 
been directly implicated in establishing chiral rotations in the genital 
disc of developing Drosophila embryos (Spéder et al., 2006). Mutants 
lacking myosin 1D surprisingly reverse the direction of rotation. 
Understanding how motor activity establishes such rotations remains 
poorly understood.

Modulating network connectivity. In Chapter 5, we modulated 
the network connectivity solely by varying the concentration of 
fascin crosslinks. However, network connectivity also depends on the 
concentration of actin $laments as well as their length. In semidilute 
solutions of long actin $laments, above the overlap concentration, steric 
entanglements can e%ectively act as crosslinks (MacKintosh et al., 1995). 
To test how actin concentration in"uences connectivity, we perform 
contraction assays at three di%erent actin concentrations, keeping the 
myosin concentration and fascin concentration constant ([myosin] = 
120 nM, [fascin] = 500 nM). At the largest actin concentration (12 µM), 
we observe macroscopic contraction, consistent with the high crosslink 
concentration and low motor density used (Fig. 4a). When we decrease 
the actin concentration to 6 µM, the network is instead ruptured into 
multiple large clusters, indicative of lower network connectivity (Fig. 
4b). Further decreasing actin concentration to 3 µM results in the 
formation of many more, much smaller clusters (Fig. 4c), indicative of a 
further reduction of network connectivity. 

To test the in"uence of $lament length, which also in"uences 
connectivity, on network contraction, we polymerize actin in the 
presence of the protein gelsolin, which caps actin $laments at the barbed 
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end. We use 120 nM gelsolin, which is expected to result in an average 
"lament length of ~300 nm (Janmey et al., 1986). #is drastic reduction 
in "lament length abolishes network connectivity. Instead of a connected 
network, we observe isolated foci of myosin motors surrounded by a 
halo of actin "laments/bundles (Fig. 5a). #e foci freely di$usive and 
coalesce to form larger foci when they collide, as demonstrated in 
the kymograph in Fig. 5b, where the arrow points to the coalescence 
event. #e coalescence events are irreversible (Fig. 5c). #is coalescence 
behavior is in marked contrast to the coalescence of actomyosin foci in 
the absence of gelsolin, where the actin "laments are su%ciently long to 
form a connected network (Fig. 5d). In connected networks, coalescing 
foci do not di$use, but move in a directed manner towards one another 
at typical velocities of ~ 2 µm min-1 (Fig. 5e). In this case, coalescence is 
also irreversible (Fig. 5f).

Onset of network contraction in weakly-crosslinked contractile 
active gels. So far, we have investigated the e$ect of myosin-mediated 
network structure on large (mm) scales and identi"ed the onset of 
large-scale network contraction as a function of motor and crosslink 
density. However, even at lower crosslink densities, we observe local 

a b c

[actin] = 12 µM [actin] = 6 µM [actin] = 3 µM
tstart

tend

Figure 4. Reducing the network connectivity by decreasing the actin 
concentration causes network contraction into smaller clusters. 
a. Time-overlay image of a macroscopically contracting network 
([actin] = 12 µM). Color corresponds to time (calibration bar, le&. b. 
Decreasing [actin] to 6 µM. c. Decreasing [actin] further to 3 µM. For all 
panels, [myosin] = 120 nM, [fascin] = 500 nM. Times (tstart, tend) of color 
overlays, given as time a&er initiating actin polymerization: a: (40 sec, 
20 min) b: (1 min, 14 min) c: (1 min, 1.5 hr).
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contraction into clusters that are only a few micrometers in size. !is 
observation raises the question what is the minimum crosslink density 
required to initiate micron-scale contraction. To identify this onset, 
we perform confocal imaging of weakly crosslinked networks with a 
high-NA objective, 1  hr a#er initiating actin polymerization. In the 
absence of fascin crosslinks, we observe many small myosin foci (shown 
in blue) with sizes of a few µm (Fig. 6a, le#). !ese foci are isolated 
and surrounded by an actin background network (shown in red) of 

d e f

a b c

– gelsolin: connected network

+ gelsolin: disconnected network

di!using foci, local adhesion

slow, directed motion

actin
myosin

t
x
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x

Figure 5. Shortening actin $lament length by co-polymerizing with 
gelsolin results in disconnected actomyosin foci which freely di%use 
and coalescence when they collide. a. In the presence of 120  nM 
gelsolin, foci of actin and myosin are freely di%using in solution. [actin] 
= 12 µM, [myosin] = 120 nM, [fascin] = 260 nM. Scale bar 10 µm. b. 
Kymograph, as in b. Scale bar 10 µm x 20 sec. c. Snapshot of actomyosin 
foci a#er coalescence. d. In dense networks of long $laments ([actin] = 
12 µM, no gelsolin, [myosin] = 120 nM, [fascin] = 120 nM), foci of actin 
and myosin are connected by a background meshwork of crosslinked 
actin $laments. Actin is shown in red, myosin in cyan. Scale bar 10 
µm. e. Kymograph showing time along the horizontal direction and 
&uorescence intensity along the dashed yellow line from panel a along 
the vertical direction. Scale bar 10 µm x 20 sec. f. Maximum-z-projection 
over 17 µm of actomyosin foci a#er coalescence.
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homogeneous density. Line scans across the foci show that the actin 
and myosin !uorescence intensity co-localize, but there is no obvious 
enrichment of actin around the myosin foci (Fig. 6a, right). When we 
add a small amount of fascin (RF = [fascin] / [actin] = 0.001 and 0.002), 
we still observe small myosin foci without an obvious actin coat (see 
snapshots and line scans in Fig. 6b and c). However, when we increase 
RF further to 0.005, the myosin foci are surrounded by a coat of actin 
(Fig. 6d, le#), which is especially evident from the increasing width of 
the actin !uorescence signal in line scans (Figure 6d, right). Apparently, 
the threshold fascin crosslink density required to initiate local network 
contraction is around RF = 0.005 for networks composed of [actin] = 12 
�M and [myosin] = 120 nM. Increasing RF to 0.01 results in foci with 
even thicker coats of accumulated actin (Fig. 6e). 

In order to pinpoint the onset of local contraction, we plot the 
average thickness of the actin coat of myosin foci in each sample 
condition as a function of crosslink density. We quantify the coat 
thickness by $tting Gaussian peaks to line-scans of the actin and myosin 
!uorescence intensity, and taking the ratio of the standard deviations 
(peak widths) !a and !m of the actin and myosin peaks, respectively. 
Figure 6f summarizes the dependence of the width ratio !a / !m on fascin 
crosslink concentration. Up until RF = 0.002, the width ratio is around 
1, indicating that there is no network contraction. Above RF = 0.002, 
the width ratio starts to increase above 1, indicating the onset of local 
contraction. 

At the highest crosslink density in Fig. 6f (RF = 0.01), we start 
to observe contractile coalescence of myosin foci. Time-lapse imaging 
reveals that contractile motions sometimes result in permanent 
coalescence (Fig. 7a), whereas at other times, foci initially move towards 
one another in a directed manner but ultimately do not succeed in 
joining (Fig. 7b). Close inspection of kymographs shows periods of 
unidirectional motion, as well as reversal events (see arrows in Fig. 7b).

Since weakly crosslinked networks (RF ≤ 0.01) contract only on a 
microscopic scale, we can measure their global viscoelastic properties 
by shear rheology. In the absence of motors and crosslinks, the actin 
networks have a low elastic modulus G’ of ~0.1 Pa (Fig. 8), in agreement 
with previous studies (Xu et al., 1998). When we add motors but no 
crosslinks, G’ is increased by a factor of 20, suggesting that the motors 
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Figure 6. Accumulation of an actin coat onto myosin foci depends 
on fascin concentration. Le! Column. Snapshots of actomyosin foci 
taken 1 hr a"er initiating actin polymerization. Scale bars 20 µm. Right 
Column. Fluorescence intensity of actin (red points) and myosin (cyan 
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themselves act as (transient) crosslinks. Adding a small number 
of crosslinks (RF  =  0.001) in the presence of motors results does not 
appreciably change G’. Interestingly, when we further increase the 
crosslink concentration, we observe a marked reduction of G’, which 
decreases approximately as RF

-0.5. "e reduced sti#ness may originate 
from local condensation of the actin network around actomyosin foci, 
which reduces the actin (and myosin) concentrations in the background 
network. 

Di!erent crosslinks can a!ect the phase behavior of contractile 
active gels. So far we characterized the contractile behavior of active 
actin-myosin networks crosslinked by the actin-binding protein fascin. 
To test the generality of our results, we also test the ability of other 
physiological crosslink proteins to assist motor-driven contraction. 
When we crosslink networks with human α-actinin 2, we observe only 
local contraction over a broad range of α-actinin concentrations, up to 
260 nM (Fig. 9a). However, increasing [α-actinin] to 560 nM results 
in a drastic change: the entire network contracts to one large cluster 
in a macroscopic contraction. "is behavior is strikingly di#erent 
from contractile active gels crosslinked by fascin, which exhibit a wide 
distribution of cluster sizes for intermediate crosslink concentrations. 

points) along a line running through foci (between dashed yellow lines, 
le% column). When foci are elongated (as in panel e), the line was chosen 
to run perpendicularly to focus axis. Solid lines denote &ts of median-
subtracted 'uorescence data to Gaussian peaks. Text labels indicate 
values of the peak-width ratio σa / σm, de&ned as the ratio of the standard 
deviations σa and σm (given in pixels) from &tting actin and myosin line 
pro&les, respectively. A value greater than one indicates the actin peak 
is wider than the myosin peak. a. RF = 0. b. RF = 0.001. c. RF = 0.002. 
d. RF = 0.005. e. RF = 0.01. f. Box-plot of peak-width ratios σa / σm as a 
function of RF. Points indicate individual foci (N = 32, 25, 30, 32, and 32 
for RF = 0, 0.001, 0.002, 0.005, and 0.01, respectively). Red lines denote 
mean ratio. Pink boxes denote 95% con&dence interval (CI). Blue boxes 
denote interquartile range. Two datasets are statistically signi&cantly 
di#erent from each other (p < 0.01) if their CIs do not overlap.
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When we crosslink networks with Arabidopsis !mbrin 2, we !nd local 
contraction at low concentrations of !mbrin (120 nM), larger clusters at 
260 nM !mbrin, and macroscopic contraction at 560 nM !mbrin (Fig. 
9b). #ese three contractile regimes qualitatively resemble the phase 
behavior we observed for contractile active gels crosslinked with fascin. 
When we crosslink actin networks with Drosophila septin complexes, 
we observe only local contraction, even at the highest concentration of 
septins we could attain in our assay (500 mM) (Fig. 9c). Furthermore, 
we crosslinked networks with 10 mM magnesium chloride (MgCl2), 
which is known to drive attractive interactions between actin !laments 
by counterion condensation (Tang et al., 1996). Interestingly networks 
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Figure 7. Fluctuation and coalescence of actomyosin foci showing 
snapshots of foci 50 sec a$er initiating actin polymerization (le$ column, 
scale bars 30 µm), kymographs with time along the horizontal direction 
and %uorescence intensity along the vertical direction (middle column, 
scale bars 30 µm x 20 sec), and snapshots of foci 18 min a$er initiating 
actin polymerization (right column, scale bars 30 µm). Kymographs are 
taken along the yellow dashed lines shown on the le$. a. Fluctuation 
event showing motion of foci towards each other followed by relaxation. 
b. A coalescence event, where multiple foci merge to form a larger focus. 
In both cases, [actin] = 12 µM, [myosin] = 120 nM, [fascin] = 120 nM. 
Actin is shown in red, myosin in cyan.
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contracted macroscopically in the presence of magnesium chloride in a 
manner similar to physiological crosslinks.

In order to quantify the e!ect of α-actinin on the macroscopic 
phase behavior of contractile active gels, we determine cluster size using 
the techniques developed in Chapter 5. Figure 10a shows the result of 
this analysis for the four contractions shown in Figure 9a. For crosslink 
concentration ratios up to Rα = [α-actinin] / [actin], we $nd only small 
clusters. Increasing Rα to 0.05 results in one large cluster, with smaller 
clusters occurring at the boundary of the chamber. Figure 10b shows 
the average sizes of the largest (!1) and second-largest (!2) clusters 
as a function of Rα for twelve experiments. Plotting the results of all 
twelve experiments in !1-!2-space shows that most experiments occupy 
either the local-contraction or global-contraction regime (Fig. 10c). As 
expected, samples in the local-contraction regime exhibit short-tailed 
cluster size distributions, while samples in the global-contraction regime 
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Figure 8. Apparent network sti!ness decreases with increasing fascin 
concentration. Elastic shear modulus G’ at 0.1 Hz is plotted against 
RF = [fascin] / [actin] for experiments in the presence of motors 
([myosin] = 120 nM) at a $xed actin concentration, [actin] = 12 µM. 
For comparison, one experiment in the absence of motors and fascin is 
plotted (“no motors”, [actin] = 12 µM). For reference, dashed lines show 
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Figure 9. Contractions with di!erent crosslinks. Time-overlays of 
contractile active gels with a. human α-actinin 2, b. Arabidopsis #mbrin 
2, c. Drosophila septin hexameric complexes, and d. fascin with added 
MgCl2. Color corresponds to time (calibration bar, below). Times (tstart, 
tend) of color overlays, given as time a$er initiating actin polymerization, 
from top to bottom: a: (1 min, 27 min); (1 min, 20 min); (1 min, 17 min); 
(1 min, 12 min) b: (1 min, 12 min); (1 min, 19 min); (1 min, 8 min) c: 
(9 min, 44 min) d: (35 sec, 8 min). Scale bar 1 mm.
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crosslinked networks and global contraction for highly crosslinked 
networks. a. Result of cluster-size analysis for the four contractions 
shown in panel a of Figure 8. "e largest cluster is shown in blue, the 
second-largest cluster is shown in pink. Scale bar 1 mm. b. Mean values 
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exhibit a bimodal cluster-size distribution with two well-separated 
length scales (Fig. 10d).

However, one sample prepared at Rα = 0.05 did appear to exhibit 
clusters with a wide size distribution (Fig. 10e). "is network was the 
only experiment performed with α-actinin that yielded !1  ~  !2  ~  L, 
where L is the system size. (see “Large Clusters”, Fig. 10c). Its cluster 
size distribution is shown in Fig. 10d (“Large Clusters”), which shows a 
long-tailed distribution.

In order to investigate further the di$erence in macroscopic 
contractile phase behavior between fascin and α-actinin, we investigate 
its microscopic behavior. We perform experiments where we observe 
actomyosin-foci crosslinked with α-actinin in the presence of gelsolin. 
Surprisingly, α-actinin foci appear to exhibit foci where an actin core is 
surrounded by a myosin coat. "is is in strong contrast to fascin foci, 
which exhibit a myosin core surrounded by an actin coat (Fig. 11).

of the sizes of the largest and second largest clusters, !1 and !2 respectively, 
as a function of Rα = [α-actinin] / [actin]. Error bars denote standard 
error of the mean for N = 1, 2, 3, and 5 experiments for Rα = 0.005, 0.01, 
0.02, and 0.05, respectively. Dashed lines are guides to the eye. c. !1-!2-
space with three regimes: local contraction, large clusters, and global 
contraction. Symbol color and shape corresponds to Rα (legend, top-
le%). Note that we observed a network with large clusters only once, in 
sharp contrast with fascin-crosslinked networks (Chapter 4). d. Cluster 
size distributions for the three regimes from panel c, represented 
as histograms (circles) and complementary cumulative probability 
distribution functions (lines).
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6.3 Discussion

Motor-driven patterning of actin-fascin networks. Our results for 
motor-driven actin-fascin networks complement a growing body of in-
vitro work on this system.

First, a set of experiments by Backouche et al. (2006) focusing on 
well-connected (1 mg/ml) actin networks reported strikingly ordered 
patterns consisting of asters of actin-fascin bundles. !ese ordered 
patterns resemble previously reported asters and vortices of microtubules 

fascin !-actinin
a

b

c

d

Figure 11. !e organization of actin and myosin in freely-di"using 
actomyosin foci formed in solutions of actin ([actin] = 12 µM) shortened 
with gelsolin ([gelsolin] = 120 nM) depend on the nature of the crosslink 
protein. a. Snapshot of actomyosin-gelsolin foci crosslinked by fascin 
(260 nM), acquired 40 min a$er initiation of actin polymerization. Scale 
bar 30 µm. Note that actin (in red) is on the outside of myosin (in cyan) 
foci. b. Close-up of the area indicated by the white box in panel a. Scale bar 
5 µm. c. Snapshot of actomyosin-gelsolin foci crosslinked by α-actinin 
(560 nM), acquired 40 min a$er initiation of actin polymerization. Scale 
bar 30 µm. d. Close-up of the area indicated by the white box in panel 
c. Note that actin (in red) is sometimes on the inside. Scale bar 5 µm.
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driven by kinesin and dynein motor proteins (Nédélec et al., 1997), but 
are completely di!erent from the disordered contractions reported in 
this thesis. "is di!erence is likely a consequence of a di!erence in ionic 
strength of the bu!ers used in the two cases: Backouche et al. used a high 
KCl concentration (130 mM), whereas we used a low KCl concentration 
(50 mM). We showed in this chapter that the KCl concentration has a 
strong in#uence on the microstructure of actin-myosin-fascin networks 
as well as on the ability of motors to contract these networks. At low 
KCl concentration (50 or 70 mM), the actin networks are only partially 
bundled (in contrast to control samples with fascin but without myosin) 
and motors can e$ciently contract the networks. At the highest KCl 
concentration studied here (100 mM), we observed that networks were 
more bundled, resembling control samples without myosin. Moreover, 
we found that contraction was inhibited (cf. Fig. 2). We propose that 
this KCl dependence is a consequence of changes in the binding a$nity 
of myosin for F-actin, which determines the motor processivity. At 
low ionic strength, the motors are more processive and cause (more) 
forced-unbinding of fascin crosslinks, which inhibits actin bundling 
but promotes network contraction. At high ionic strength, the motors 
are less processive and leave actin bundles more intact (though at high 
myosin concentration, they are still capable of bundle disruption (Haviv 
et al., 2008)).

Second, a set of experiments on dilute (< 0.3 mg mL–1) suspensions 
of actin-fascin bundles in a low-salt bu!er by Köhler et al. (2011a) showed 
that driving by myosin motors can give rise to a dynamic steady state. 
Speci%cally, they observed clusters of bundles that continuously grow 
and shrink. Furthermore, they showed that these dynamic steady states 
can give rise to pulsatile collective transport modes (Köhler et al., 2011b). 
"ey ascribed this fascinating behavior to an interplay between motor-
activity and forced crosslink unbinding, somewhat reminiscent of the 
mechanism we propose for rupture and contraction in highly connected 
(0.5 mg/ml) active contractile gels. At actin concentrations higher than 
0.3 mg mL-1, Kohler et al. observed network contraction instead of 
dynamic steady states (Köhler et al., 2011a; 2012), consistent with our 
observations. In a third set of experiments, by Schaller et al. (2011), 
quasi-2D layers of actin %laments were transported by nonprocessive 
myosin motors immobilized on a glass coverslip. "is assay is a high-
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density version of a conventional gliding assay. !ese authors were 
able to demonstrate the emergence of a frozen active steady state that 
consisted either of constantly rotating rings or collectively moving 
elongated "bers. !is assay is di#erent from our assay in di#erent ways. 
First, the geometry is 2D, in contrast to our 3D conditions. Second, 
the motors are immobilized, whereas in our assay myosin "laments 
substantially reorganize in the course of network contraction, forming 
large foci. Prior work showed that myosin foci are particularly e#ective 
in driving network contraction by generating large compressive forces 
that cause actin "lament buckling (Soares e Silva et al., 2011b).

Phase behavior of active contractile gels. In this chapter as well 
as Chapter 5, we performed experiments on contractile active gels in 
which we systematically varied network connectivity and motor activity. 
In Chapter 5, we focused on actin-fascin networks in which we varied 
fascin and myosin concentration but held other parameters (actin 
density and "lament length, bu#er conditions, ATP concentration) 
"xed. We discovered that the length scale of network reorganization 
due to motor-driven contraction depends sensitively on the physical 
properties of the network, in particular the network connectivity and 
motor activity. Based on the distribution of contracting cluster sizes, 
we identi"ed three contraction regimes, which we indicate as local, 
critical, and global contraction regions. In this chapter, we showed that 
transitions between these three regimes can be achieved in di#erent 
ways. !e network connectivity increases with increasing actin "lament 
length and density as well as increasing crosslink density, promoting 
larger-scale contraction. !e myosin activity increases with decreasing 
ATP and salt concentration, promoting network contraction and 
rupture into multiple clusters. 

Based on all our own data in combination with prior data on 
contractile actin-myosin networks, we propose a schematic phase 
space diagram of contractile active gels that summarizes the contractile 
behavior as a function of these two parameters (Fig. 12). We distinguish 
six di#erent regimes: I. Dissipative networks; II. Local contraction; III. 
Critically connected networks; IV. Global contraction; V. Prestressed 
networks. O. Passive networks.

In the dissipative networks regime (region I), motor activity is high 
but connectivity approaches zero. In this regime, motors locally exert 
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pulling forces on actin !laments, but the lack of connectivity prevents 
build-up of contractile stress. Instead, motor-driven sliding results in 
mainly dissipative processes such as the dynamic cluster reorganization 
reported in dilute suspensions of actin-fascin bundles (below 0.3 mg 
mL-1 actin) (Köhler et al., 2011a) or the coalescence of freely di"using 
actomyosin foci we report in Fig. 5. In the local contraction regime 
(region II), su#cient connectivity is present to allow motor-induced 
sliding of !laments to locally deform the surrounding network. At 
low crosslink concentrations, we observed that motors mostly induce 
contractile $uctuation events, whereas permanent coalescence events 
were rare (cf. Fig. 7). %is agrees with previous !ndings: in the absence of 
(passive) crosslinks, motor activity $uidizes actin networks (Humphrey 
et al., 2002) and increases the apparent temperature (Le Go" et al., 2002a; 
Liverpool, 2003; Morozov and Pismen, 2010), and in weakly crosslinked 
networks motor activity mainly generates contractile $uctuations 
(Mizuno et al., 2008; Soares e Silva et al., 2011b; Stuhrmann et al., 2012). 
At high enough crosslink density, the interplay between connectivity 
and force can give rise to net contraction. Net contractile stresses may 
result from the asymmetry in the mechanical response of actin !laments, 
which support tension but not compression (Lenz et al., 2012a; 2012b; 
Murrell and Gardel, 2012; Soares e Silva et al., 2011b) or from active 
reorganization of motors in the network (Dasanayake et al., 2011). 
We showed that motors contract networks that are weakly crosslinked 
with fascin or !mbrin into clusters with a mean size that increases with 
increasing crosslink concentration, qualitatively consistent with earlier 
observations on networks crosslinked by biotin-neutravidin (Soares e 
Silva et al., 2011b).

In the critically connected regime (region III), motor activity 
contracts connected network to clusters with a scale-free size 
distribution. Experimentally, we have shown that this critical behavior 
occurs for contractile active gels crosslinked by fascin (cf. Chapter 5). 
We have also observed qualitatively similar behavior for gels crosslinked 
by !mbrin (cf. Fig. 9). Interestingly, networks crosslinked by &-actinin 
do not appear to exhibit robust critical behavior (cf. Fig. 9). Only 
one network assayed exhibited a broad distribution of cluster sizes, 
suggesting that &-actinin suppresses the robustness of critical behavior. 
We do not yet know why &-actinin produces a qualitatively di"erent 
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behavior. Possibly, the crosslink responds di!erently to an applied force 
than fascin and "mbrin. #ere are reports of catch-bond behavior of 
human $-actinin-4 (Yao et al., 2013; 2011) as well as rabbit skeletal-
muscle $-actinin (Ferrer et al., 2008), but the force-responsiveness of the 
human $-actinin-2 used here is unknown. In contrast, there is strong 
evidence that fascin exhibits slip-bond behavior in response to motor-
driven forces (Ishikawa et al., 2003). #e geometry of the crosslink 
protein may also play a role: $-actinin forms actin bundles of mixed 
polarity whereas fascin and "mbrin are smaller crosslink proteins that 
form unipolar actin bundles (see below). Furthermore, the microscopic 
organization of the actomyosin foci appear to be di!erent in the presence 
of $-actinin compared to fascin (cf. Fig. 11). In the presence of gelsolin, 
we observed that actomyosin foci had an actin core surrounded by a 
thin coat of myosin in the presence of $-actinin, whereas they have a 
myosin core and an actin shell in the presence of fascin. #is di!erence 
in microscopic organization may contribute somehow to the di!erence 
in macroscopic phase behavior.

In the global contraction regime (region IV), connectivity is strong 
enough to allow motor activity across the entire network to uniformly 
contract it into one dense cluster. Finally, in the prestressed networks 
regime (region V), connectivity and/or network sti!ness is too high to 
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Figure 12. Proposed schematic phase diagram of active contractile 
actomyosin gels, showing six di!erent phases and their proposed 
dependence on connectivity and motor activity. #e conductivity 
percolation threshold in the absence of motor activity is shown as a 
black circle on the connectivity axis. 
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allow motors to macroscopically deform the network. We did not !nd 
a prestressed regime with fascin, !mbrin, and human α-actinin-2, but 
this regime was reported for actin networks crosslinked by !lamin or by 
α-actinin puri!ed from chicken gizzard and also for human !lamin A 
(Bendix et al., 2008; Janson et al., 1991; Koenderink et al., 2009). 

A transition to the global contraction region (IV), likely from 
regions II or V, has been suggested by  simulations accounting for 
correlated motor kicks (Wang and Wolynes, 2012a; 2012b). Although 
a contraction phase was evident above a certain connectivity threshold, 
the nature of the threshold  itself remained poorly characterized. Our 
own experiments and numerical modeling revealed a scale-free cluster-
size distribution that characterizes region III, which is consistent with 
a conductivity percolation transition (Stau$er and Aharony, 1994). 
Simulations of a crosslinked network of !laments internally stressed 
by contractile motor activity showed that force-induced crosslink 
unbinding is required in combination with a !nite viscosity to obtain 
critical behavior (cf. Chapter 5). Interestingly, motor activity can drive 
networks with a wide range of initial conditions to this critical state, 
when either fascin or !mbrin is used as a crosslinker. %is robustness 
may explain why the critically connected regime is experimentally 
accessible. %e relationship between region III and the transition 
between regions IV and V has not yet been addressed.

At low fascin crosslink density, we observed a transition between 
regions I and II: speci!cally, we showed that at RF = 0.002 and above, 
myosin foci accumulate a coat of actin (cf. Fig. 6), indicating that 
the network connectivity is high enough to allow for local network 
contraction. Furthermore, we found that G’ decreases with increasing 
crosslink concentration, likely due to increased local compaction of the 
actin network into dense actomyosin foci. %e transition from region 
I to region II may represent a rigidity percolation transition, similar to 
the rigidity percolation observed in passive actin networks as a function 
of crosslink density (Tempel et al., 1996).

In the limit of diminishing force and connectivity, we should 
expect networks that are not observably active (Region O). %e physical 
properties of contractile active gels in this “passive regime” remain 
poorly understood experimentally. Previous experiments and theory 
have demonstrated an order-disorder transition which depends on a 
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critical motor activity in the presence of small amounts of permanent 
crosslinks (Peter et al., 2008; Smith et al., 2007). It will be interesting to 
investigate whether this transition relates to a boundary between region 
O and the other regions we propose.

We showed that modulating motor forces by addition of KCl 
and ATP allows transitioning between di!erent contractile phases by 
in"uencing myosin motor activity. Both KCl and ATP a!ect myosin 
activity in several ways. Higher KCl concentrations decrease the 
binding a#nity of myosin II to actin $laments (Brenner et al., 1982) 
and prevent sliding of actin $laments in gliding assays (Takiguchi et 
al., 1990). Furthermore, monovalent salts in"uence the size of myosin 
$laments (Davis, 1988; Kaminer and Bell, 1966; Katsura and Noda, 1973; 
Koretz, 1979; Pinset-Härström and Tru!y, 1979; Pollard, 1982; Reisler 
et al., 1980). Myosin $lament length has been shown to strongly a!ect 
contraction velocity in reconstituted actomyosin bundles (%oresen et 
al., 2013). As discussed above, the KCl-dependence of myosin motor 
activity may explain why prior experiments on actin-myosin-fascin 
networks at high salt (130 mM KCl) gave rise to ordered patterns, 
including networks of actin bundles and asters (Backouche et al., 2006). 
We anticipate that these patterns are only possible when motor activity 
is weak enough to allow polar bundles of fascin to form and remain 
intact. At 100 mM KCl, we found that macroscopic contraction could 
be prevented and the actin networks consisted of bundles, qualitatively 
consistent with the study of Bakouche et al. performed at 130 mM KCl 
(Backouche et al., 2006). In contrast, we never $nd ordered patterns at 
intermediate salt concentrations (50 or 70 mM KCl) in the presence of 
any of the crosslinks we studied. Similarly, prior studies using biotin-
neutravidin crosslinks also observed only disorganized actomyosin foci 
(Soares e Silva et al., 2011b). At 75 mM KCl, we found a $ne meshwork 
of actin, rather than a network of well-de$ned bundles around myosin 
foci (cf. Fig. 2). 

Increasing concentrations of ATP also reduce myosin processivity, 
but at the same time the ATP concentration in"uences the motor 
velocity. In dilute (<0.3 mg/ml) actin suspensions, an ATP concentration 
window of 0.05–0.1 mM was found to yield a maximum in motor-
driven collective pulsatile behavior (Köhler et al., 2011b), consistent 
with experiments on glycerinated rabbit psoas $bers showing that 
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motor-induced tension was maximized at ATP concentrations of 0.05 
mM (Cooke and Bialek, 1979). Higher ATP concentrations in these 
studies resulted in higher velocities but lower tensions, due to decreased 
binding a!nity between myosin motors and actin "laments, which in 
turn decreases processivity and hence motor activity. Our results are 
consistent with this interpretation, where we found that added ATP 
shi#ed networks to the macroscopic contraction regime.

 A number of microscopic e$ects could signi"cantly alter the 
phase-space diagram we propose. %e e$ect of di$erent crosslink 
proteins on the phase behavior of contractile active gels remains poorly 
understood. A particularly interesting open question is the role of the 
geometry of crosslinks. In the absence of a connected network, myosin 
motors contract only "laments of opposite polarity (Reymann et al., 
2012). In this light, it may appear surprising that actin-fascin and 
actin-"mbrin networks can contract, since both crosslinks are known 
to induce polar bundles of actin "laments (Courson and Rock, 2010; 
Ishikawa et al., 2003). Both proteins possess two actin-binding domains, 
which contain tandem calponin-homology domains in case of "mbrin 
(Klein et al., 2004) and &-trefoil domains 1 and 3 in case of fascin 
(Jansen et al., 2011). However, in a connected network, contraction does 
not necessarily require antiparallel "lament pairs since the asymmetric 
force-extension behavior of actin "laments can break symmetry 
(Dasanayake et al., 2011; Lenz et al., 2012a; 2012b; Soares e Silva et 
al., 2011b). Indeed, recent contraction assays that directly compared 
the in'uence of fascin and cortexillin (which creates mixed polarity 
bundles) showed that networks in both cases contract above a critical 
crosslink density (Köhler et al., 2012). However, cortexillin-networks 
contracted more dramatically than fascin-networks (to 3% compared to 
15% of the original volume), indicating a subtle in'uence of the type of 
crosslink used. We did not observe a clear di$erence between the degree 
of contraction of networks crosslinked by the polar crosslink fascin and 
"mbrin compared to the apolar crosslink (-actinin. However, we did 
observe a more narrow critical regime for (-actinin. It remains to be 
seen whether this is related to the geometry of (-actinin. In contrast to 
"mbrin and fascin, (-actinin possesses only one actin-binding domain, 
but it dimerizes to simultaneously bind two actin "laments and form 
crosslinks (Broderick and Winder, 2005). Alternatively, the binding 
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kinetics and the responsiveness to force may be di!erent for the di!erent 
crosslinks. Previous work has shown that human "-actinin 4 exhibits 
catch-bond behavior (Yao et al., 2013; 2011), which could drastically 
a!ect the propagation of myosin-induced contractile stresses. 

#e microscopic properties of myosin will also likely in$uence the 
contractile phase space diagram. Myosin motors were recently shown 
to cause rupture of actin %laments by introducing high-curvature 
bends (Murrell and Gardel, 2012; Vogel et al., 2013), which provides 
an additional mechanism to actively reduce the network connectivity 
in the course of myosin-driven network remodeling. Di!erent isoforms 
of myosin have rather di!erent processivities and velocities, which also 
strongly in$uences contractility of actin-myosin systems (#oresen et 
al., 2013). Motors themselves may also introduce network connectivity, 
acting as active crosslinks, an e!ect which is probably particularly 
relevant for highly processive motors such as nonmuscle myosin IIB 
(Norstrom et al., 2010; Wang et al., 2003) and in highly connected 
networks due to the catch bond response of myosin to high loads 
(Guo, 2006; Luo et al., 2012). In isotropic networks, motors only cause 
contraction at extremely low ATP concentrations, a phenomenon 
known as superprecipitation (Mizuno et al., 2007). However, when actin 
%laments are pre-organized into bundles before motors are activated, 
motors can cause bundle contraction in the absence of crosslinks 
(Stachowiak et al., 2012; #oresen et al., 2011; 2013).

In conclusion, we have shown that the physical properties 
of contractile active gels can tune the length scale of motor-driven 
contraction. #ere is evidence that physical interactions also contribute 
to regulation of actomyosin contraction during diverse physiological 
processes in living cells and organisms, in combination with biochemical 
regulation. For instance, recent observations of Dictyostelium amoeba 
showed that a cooperative interaction between motors and crosslinks 
aids mechanosensation (Kee et al., 2012; Luo et al., 2012; Ren et al., 
2009). During cytokinesis in Drosophila S2 cells, cortical $ows deliver 
myosin II to the cell equator, which contributes to local contractile ring 
formation in concert with biochemically regulated myosin activation and 
%lament formation (Uehara et al., 2010). Large-scale cortical $ows have 
also been shown to aid segregation of membrane-bound cell polarity 
factors in embryos (Goehring et al., 2011), and local contractions of the 
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actin-myosin cortex in hamster ovary cells have been shown to cause 
clustering of cell surface proteins (Goswami et al., 2008; Gowrishankar et 
al., 2012). !ese observations suggest a strong link between the physical 
properties of active gels and the regulation of the plasma membrane. 
Such a link could allow for a direct role for contractile active gels in 
the regulation of biochemical signaling networks (Bois et al., 2011; 
Goehring et al., 2011; Howard et al., 2011).

6.4 Methods

Protein Preparation. Monomeric (G-) actin and myosin II were puri"ed 
from rabbit psoas skeletal muscle (Soares e Silva et al., 2011b). G-actin 
was puri"ed with a Superdex 200 column (GE Healthcare, Waukesha, 
WI, USA) and stored at −80 °C in G-bu$er (2 mM tris-hydrochloride pH 
8.0, 0.2 mM disodium adenosine triphosphate, 0.2 mM calcium chloride, 
0.2 mM dithiothreitol). Myosin II was stored at −20 °C in a high-salt 
storage bu$er with glycerol (25 mM monopotassium phosphate pH 6.5, 
600 mM potassium chloride, 10 mM ethylenediaminetetraacetic acid, 1 
mM dithiothreitol, 50% w∕w glycerol). Creatine phosphate disodium and 
creatine kinase were purchased from Roche Diagnostics (Indianapolis, 
IN, USA), all other chemicals from Sigma Aldrich (St. Louis, MO, USA). 
Magnesium adenosine triphosphate was prepared as a 100 mM stock 
solution using equimolar amounts of disodium adenosine triphosphate 
and magnesium chloride in 10 mM imidazole pH 7.4. Myosin II was 
labeled with Alexa Fluor 488 NHS ester (Invitrogen, Paisley, UK); actin 
was labeled with Alexa Fluor 594 carboxylic acid, succinimidyl ester 
(Soares e Silva et al., 2011b). Recombinant mouse fascin was prepared 
from T7 pGEX E. coli (Gentry et al., 2012). !e mouse fascin plasmid was 
a kind gi& from Scott Hansen and R. Dyche Mullins (UC, San Francisco). 
Arabidopsis "mbrin-2 tagged with GFP and 6xHis was prepared from T7 
pET28 E. coli. Lysate from cells expressing GFP-His-Fim2 was clari"ed 
by centrifugation at 10,000 g and applied to Ni-NTA Agarose beads (GE 
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Healthcare). Eluted protein was stored in 20 mM imidazole, 50 mM 
potassium chloride, 5% sucrose, and 1 mM dithiothreitol. !e "mbrin 
plasmid was a kind gi# from Tijs Ketelaars (Wageningen UR). Human 
$-actinin 2 protein was a kind gi# from Balász Visegrády (U Pécs).

Sample Preparation. Samples were mixed to yield a "nal 
bu%er composition of 20 mM imidazole pH 7.4, 50 mM potassium 
chloride, 2 mM magnesium chloride, 1 mM dithiothreitol, and 0.1 
mM adenosine triphosphate (ATP). Furthermore, 1 mM trolox, 2 mM 
protocatechuic acid, and 0.1 µM protocatechuate 3,4-dioxygenase were 
added to minimize photobleaching. Networks lacking protocatechuate 
3,4-dioxygenase and protocatechuic acid contracted with a length scale 
that was indistinguishable from control experiments. !e ATP level was 
held constant by addition of 10 mM creatine phosphate disodium and 
0.1 mg mL-1 creatine kinase. !e actin concentration was held constant 
at 12 µM (0.5 mg mL-1) unless otherwise indicated. Freshly mixed 
actomyosin solutions were loaded into polyethylene-glycol-passivated 
&ow cells with a square geometry measuring 2.5 x 2.5 x 0.1-mm3 
and sealed with either Baysilone silicone grease (Bayer, Leverkusen, 
Germany) or uncured PDMS (Dow Chemicals, Midland, MI, USA). 
!e time evolution of the network structure was observed with a Nikon 
PlanFluor 4x objective (NA 0.13), which allows the network to "t entirely 
within the objective’s "eld of view.

Rheology. Networks were sheared by a stress-controlled rheometer 
(Physica MCR 501, Anton Paar). Samples were polymerized at room 
temperature between a top cone plate (CP-20-1) and a bottom planar 
plate. A wet tissue was placed around the sample and a surrounding 
hood was lowered to maintain humidity. Network evolution was 
monitored by probing the samples at low strains (0.5 %, 0.5 Hz) for one 
hour. Next, network mechanical properties were probed by a frequency 
sweep (frequencies 1–0.01 Hz) using a strain amplitude 5% which was 
still within the linear viscoelastic regime.

Sample Preparation. Fresh myosin solutions were prepared by 
overnight dialysis into myosin bu%er (20 mM imidazole pH 7.4, 300 mM 
potassium chloride, 4 mM magnesium chloride, 1 mM dithiothreitol) 
and used within four days. All frozen protein stocks (actin, myosin, 
fascin) were clari"ed of aggregated proteins upon thawing at 120,000 g for 
at least 5 min and used within four days. !e proteins’ concentrations in 
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the supernatant were determined by measuring the solution absorbance 
with a NanoDrop 2000 (!ermoScienti"c, Wilmington, DE, USA) 
and using extinction coe#cients, in M-1 cm-1, of 26600 (280 nm, actin 
(Pardee and Spudich, 1982)), 66280 (280 nm, fascin, computed from 
amino acid sequence (Artimo et al., 2012)), and 55000 (488 nm, GFP-
"mbrin (McRae et al., 2005)). Fluorescently labeled proteins were mixed 
with unlabeled proteins to yield a 10% molar ratio of dye to protein. 
During sample preparation, myosin and Alexa-488-myosin were mixed 
at high salt and then mixed into a tube containing fascin and bu$er. 
!is solution was mixed into a second tube containing actin and Alexa-
594-actin to initiate polymerization and immediately inserted into glass 
%ow cells passivated by adsorption of poly-L-lysine-polyethylene-glycol 
(Surface Solutions AG, Dübendorf, Switzerland).

Preparation of !ow cells. Glass %ow cells were assembled by 
sandwiching strips of ParaFilm between a long cover slip (24 mm 
x 60 mm) and 2.5-mm-narrow glass strips which were manually cut 
from 40-mm-long cover slips. !is yielded 2.5 x 2.5 x 0.1-mm3-large 
chambers (corresponding to ~0.6 µL). For thinner chambers (~20 
µm), ParaFilm was "rst stretched before cutting into strips. All glass 
was cleaned with a base piranha solution (5:1:1 water to ammonium 
hydroxide to hydrogen peroxide), rinsed in MilliQ water, and stored 
in isopropanol. Assembled %ow cells were then passivated by applying 
1M potassium hydroxide for 5 min, rinsing with MilliQ, drying in a 
%ow of N2-gas, applying 0.2 mg mL-1 poly-L-lysine-polyethylene-glycol 
(Surface Solutions AG, Dübendorf, Switzerland) for 30 min, rinsing with 
MilliQ, and drying in a %ow of N2. Networks in passivated chambers are 
free to contract macroscopically (Fig. 13a, top). A&er the experiment, 
confocal stacks reveal that proteins are distributed homogeneously in 
the z-direction (Fig. 13a, bottom). However, in the presence of sticky, 
nonpassivated surfaces, networks do not contract macroscopically (Fig. 
13b, top). Furthermore, surfaces appear to be uniformly coated in actin 
and myosin (Fig. 13b, bottom).
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6.5 Outlook: Light scattering of contractile 
active gels

Until now we investigated the phase behavior of contractile active gels 
exclusively by optimal microscopy. However, the spatial resolution of 
images obtained by conventional !uorescence microscopy methods is 
limited by the di"raction of light. We are thus able to observe changes 
in network structure on micron and millimeter length scales, but we 
can obtain only limited insight into the microscopic processes that 
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Figure 13. Sticky surfaces decrease the cluster size of contractile 
networks. a. A macroscopically-contracting network with passivated 
glass surfaces. b. A macroscopically-contracting network with non-
passivated, sticky glass surfaces. Top row: Time-overlay images. 
Color corresponds to time (calibration bar, below). Scale bars 1 mm. 
Times (tstart, tend) of color overlays, given as time a#er initiating actin 
polymerization: a. (1  min,  38  min), b. (1  min,  30  min). Bottom row: 
Average-y-projections of confocal stacks corresponding to dashed cyan 
boxes of top row. Vertical direction: z-direction, horizontal direction: 
x-direction. In sticky chambers, myosin is clearly localized on the 
bottom and top surfaces.



246

determine the dynamics of networks before and during contraction. 
Here we investigate the dynamics of an active gel undergoing contraction 
using light scattering techniques, which can quantitatively probe the 
microscopic structure and dynamics of so! condensed matter systems 
(Pine, 2000). Light scattering techniques can probe a large sample 
volume, yielding better ensemble averages than standard microscopy 
techniques (Cipelletti and Weeks, 2010). However, the analysis of 
light scattering experiments assumes ergodic behavior (time averages 
correspond to ensemble averages), and therefore cannot accurately 
probe spatially heterogeneous or nonequilibrium samples. However, 
recent light scattering techniques have been developed to overcome 
this limitation by resolving (rather than averaging) data over time 
(Cipelletti et al., 2002), or over both time and space (Duri et al., 2009). 
Such space- and time-resolved techniques were employed to measure a 
decrease of the relaxation timescale as a function of sample age for actin 
networks crosslinked by fascin, which demonstrated out-of-equilibrium 
dynamics in networks previously assumed to be in equilibrium (Lieleg 
and Bausch, 2007).

In this Outlook Section, we employ these space- and time-
resolved light scattering techniques to probe the sample-age-dependent 
dynamics of contractile active gels. We simultaneously measure four 
di"erent scattering vectors and show that actomyosin networks exhibit 
a length-scale-dependent relaxation timescale. Furthermore, we #nd 
sudden bursts of microscopic de-correlation which occur just moments 
before contraction.

Phase behavior of contractile active gels. Actin networks were 
prepared with varying amounts of myosin and fascin and loaded into 
cylindrical glass NMR tubes with a 5-mm outer diameter and a wall 
thickness of 0.4 mm (see Methods). $e dependence of contractile 
behavior on myosin and fascin concentrations is shown in Figure 14. 
Phase behavior was determined by visual inspection: stationary samples 
(blue) did not exhibit observable contractions and appeared clear 
or turbid. Clustered samples (green) exhibited small, ~1-mm-large 
clusters suspended throughout the sample, suggesting the existence 
of a background network that keeps clusters suspended. Samples that 
contracted macroscopically (pink) collapsed into one large, 2–3-mm-
large cluster, which o!en remained suspended in the middle of the 
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solution or attached to the sides of the tube. !e phase behavior observed 
here is largely consistent with microscopy experiments. In particular, the 
existence of the cluster regime was also observed at RF = 0.02 and RM = 
0.01, where the network broke up into many small clusters. Macroscopic 
contractions were also observed at RF = 0.05 and RM = 0.01. !e only 
inconsistency with microscopy experiments occurred at RF = 0.02 and 
RM = 0.005. With microscopy we saw macroscopic contractions, whereas 
here we found a stationary sample.

Time-resolved dynamics. In order to probe microscopic 
dynamics of contractile active gels, we "rst measured speckle dynamics 
using the 4xCCD setup (see Methods). We compute the correlation 
function c(t, !) between time-points t and t+!, where t is sample age 
and ! is lag time (see Methods). Figure 15 shows how c(t, !) evolves for 
a sample that contracts macroscopically. At t = 0 s, just a$er the proteins 
are mixed, we "nd fast dynamics with relaxation times below 1 s, as 
evidenced by the correlation functions which take values close to zero 
for all time-lags. Up till t ≈ 2500 s (42 min), c(t, !) increases, suggesting 
slower dynamics. Slower dynamics are consistent with the formation of 
a space-spanning network and may also re&ect the build-up of stresses 
across the network due to tension driven by myosin motor activity. At 
t ≈ 2500–3000 s (42–50 min), c(t, !) experiences a drop, suggesting a 

Figure 14. Contraction phase diagram as a function of fascin and myosin 
concentration (given by RF = [fascin] / [actin] and RM = [myosin] / 
[actin], respectively). Numbers indicate the number of experiments 
performed. Parentheses denote three additional experiments under 
altered conditions (150 mM KCl; no ATP, CP, CK; 1 mM ATP). “+G” 
denotes an additional goniometry measurements.
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Figure 15. Correlation function c(t,!) as a function of sample age t and 
lag time ! for " = 22.5°. Colored lines denote di"erent values of ! (see 
legend, right) for all sample ages observed, up to 9000 s (2.5 h). Actin 
network (0.5 mg/ml) with RM = 0.01 and RF = 0.05.

Figure 16. Correlation valleys in c(t,!) arising from sudden network 
rearrangements. Top row: Close-up of Figure 15 for sample ages t = 
6480–8100 s. Bottom row, le!: Corresponding speckle pattern at 6480s. 
Scale bar 100 µm. Bottom row, right: Kymograph. Horizontal direction: 
sample age t = 6480–8100s. Vertical direction: speckle intensity along 
red line (bottom-le# panel). Scale bar 30 µm x 100 s.
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change in microscopic structure. !e amount by which c(t,  !) drops 
depends strongly on lag time !, and is maximal for ! ~ 28s. At t ≈ 
3000–72500 s (50 min–2 h), c(t,  !) remains constant, suggesting that 
the network remains in a steady state during this time. However, at t ≈ 
7000–7400 s (2 h), we observe three sharp valleys in c(t, !) (Fig. 16, top, 
black arrows). !ese valleys become progressively deeper, and are much 
narrower than the drops in correlation observed at t ≈ 2500 s. !ese 
valleys occur because speckle patterns undergo a sudden change. !is 
is shown in the kymograph in Figure 16, bottom panel (black arrows). 
At t ≈ 6600–7000 s, before the three peaks, speckles appear as straight, 
horizontal streaks on the kymograph. !is feature indicates that the 
microscopic structure of the network slowly rearranges on timescales 
that are comparable to the length of the streaks. However, the network 
remains stationary on a macroscopic scale. At t ≈ 7000–74000, the three 
valleys in c(t, !) occur and the speckle pattern changes abruptly. !is 
is evident in the kymograph, where existing horizontal streaks cease 
and new streaks begin. !ese abrupt changes in speckle pattern indicate 
a sudden rearrangement of the network. A$er these three peaks, at t 
≈  7400–8000, the speckles dri$ed globally, which is evident in the 
kymograph as slanted streaks. !e global dri$ of speckles is very likely 
due to contraction, which results in a macroscopic dri$ of the network. 
A$er the experiment, a large cluster was indeed visible with the naked 
eye. !e three sharp negative peaks may correspond to sudden events 
relating to an abrupt change in microscopic conformation: global loss of 
tension, detachment of the network from a boundary, etc.

Length-scale dependent dynamics. So far, we presented 
correlation function at one %xed scattering angle. We now turn our 
attention to data acquired simultaneously for four di&erent scattering 
angles using four separate CCD detectors (Fig. 17). Qualitatively, we 
observe the same time evolution of the correlation functions at all 
angles. However, c(t, !) decays faster with increasing scattering angle, 
which corresponds to smaller length scales. 

In order to quantify relaxation times, we plot g2(!) – 1 (Fig. 18a) 
and %t with a stretched exponential decay to extract the relaxation time 
!relax (see Methods). Performing this %t for all four scattering angles 
reveals that the relaxation time depends on scattering vector with a 
scaling relation of approximately !relax ~ q-0.7 (Fig. 18b). We do not yet 
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know the physical origin of this scaling relation. Further measurements 
on networks prepared at di!erent myosin and fascin concentrations 
will likely help to understand better how light scattering data may 
complement the microscopy results presented here and in Chapter 5.

Methods. Active gels were prepared under the following 
conditions: [actin] = 12 uM; [myosin] / [actin] = RM = 0, 0.002, 
0.005, 0.01; [fascin] / [actin] = RF = 0, 0.02, 0.05; assay bu!er (20 mM 
Imidazole pH 7.4, 50 mM KCl, 2 mM MgCl2, 0.1 mM ATP, 10 mM 
creatine phosphate disodium, 0.1 mg/mL creatine kinase, 1 mM trolox, 
5 mM protocatechuic acid). "ese conditions are identical to those used 
for microscopy, but a few experimental details are di!erent: actin was 
resuspended from lyophilized powder without centrifugation to remove 
any oligomers, and was not #uorescently labeled, and we did not add 
the anti-photobleaching mix of protocatechuate-3,4-dioxygenase and 
protocatechuic acid. All bu!er solutions were $ltered through 0.22-µm 
$lters to remove dust, which hampers light scattering measurements. 

Figure 17. Correlation function c(t,τ) from Figure 15, acquired at 
di!erent scattering angles θ: Top-le!: θ  =  22.5°. Top-right: θ  =  45°. 
Bottom-le!: θ = 90°. Bottom-right: θ = 120°.
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Networks were prepared by mixing a solution containing bu!ers, salts, 
myosins, and fascins. Polymerization of the network was initiated 
by mixing this solution with actin monomers. "is mixture was 
subsequently loaded into a cylindrical glass NMR tube with a 5-mm 
outer diameter and a wall thickness of 0.4 mm.
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Figure 18. Quantifying relaxation time scales. Top: g2(!) – 1, averaged 
over the time window t = 4000–6000 s for the four di!erent angles shown 
in Figure 17. Red lines denote $ts to a stretched exponential decay. 
Bottom, le!: relaxation time !relax from $t versus scattering vector q. 
Bottom, right: exponent p from $t versus scattering vector q. Error bars 
denote standard error of the mean.
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4xCCD setup. We used a setup with 4 charge-coupled devices 
(henceforth “4xCCD setup”) to measure space- and time-resolved 
scattering of an incident 532 nm laser collimated to a beam width of 1 
mm. !e sample is mounted in a metal housing with four holes drilled 
at 22.5°, 45°, 90°, and 120°. !e four CCDs were mounted to capture 
speckle dynamics simultaneously at all four angles. Each CCD delivers 
space- and time-resolved information, and combining all four CCDs 
allows us to investigate length-scale dependent dynamics. !e intensity 
of each pixel of the CCD corresponds to the microscopic conformation 
of a 3µm x 3µm x 1mm volume of the network. !e value of 3 µm is 
determined by the size of the image projected on the CCD and was 
chosen to coincide with the average speckle size. !e value of 1 mm is 
determined by the width of the beam.

CCD data acquisition was performed using a variable delay 
between images. Acquisitions were triggered with a user-programmable 
transistor-transistor logic (TTL) circuit. All CCDs were triggered 
simultaneously. We acquired pairs of images: the delay between two 
pairs of images varied from ~5ms to 1s using "-order-of-magnitude 
steps, scaled logarithmically; the delay between pairs was #xed at 1s. 
Image exposure time was ~1ms. We cycle through these logarithmically 
separated pairs of images continuously throughout the entire experiment.

Scattering intensity decreases for increasing scattering angle !. In 
order to compensate for this intensity variation and ensure a roughly 
constant intensity on all four CCDs, we placed linear polarizers in 
front of the CCDs corresponding to 22.5° and 45°. We then adjusted 
the gain of the other two CCDs. We found that the scattering intensity 
of contracting samples increases over time; in order to minimize pixel 
saturation, we acquired data using the lowest possible gains.

CCD data processing: Before performing an experiment, we 
acquired so-called “dark data”: ~100 images of each CCD with the laser 
switched on but no sample loaded. We averaged dark data over space and 
frames to obtain the contribution <Nback> of the ambient background, 
which depends on the gain chosen for each CCD. We furthermore 
corrected for intensity variations due to the beam pro#le by calculating 
a normalization factor Nbeam(x,y) equal to the time-average over all 
frames acquired in an experiment. !is average image usually results 
in a smooth image with features occurring only over long length scales, 
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corresponding to the background. However when sample dynamics was 
slow, these average image exhibited intensity variations on the length 
scale of a speckle. In these cases, we further spatially !ltered the average 
image to smooth out features of speckle-length-scales. "erefore, given 
the signal S(x, y, t) from the CCD, we compute the scattered laser 
intensity:

I (x, y, t ) = S(x, y, t )!"Nback#
Nbeam(x, y) .

Correlation between two images A and B is de!ned as

c(A,B) = !AB"
!A"!B" #1

,
where angular brackets denote an average over all pixels. Note that the 
correlation between an image A with itself, c(A, A), can take on values 
less than one. "is value depends on the pixel intensity distribution of 
image A. Well-resolved speckles exhibit a Chi-distribution and c(A, 
A) → 1, whereas poorly-resolved speckles (which are observed when 
speckle dynamics are faster than the acquisition time, or when speckles 
are smaller than the pixel size) exhibit a Gaussian distribution and c(A, 
A) → 0. "e correlation function between two spatial conformations of 
speckle intensities is therefore given by

c(t ,!) =
!

I (x, y, t ) · I (x, y, t +!)
"

x y!
I (x, y, t )

"
x y ·

!
I (x, y, t +!

"
x y

!1
,

where angular brackets denote averages over all pixels of a given time 
frame. In order to extract relaxation times from c(t, !), we average c(t, !) 
over a time window in which it remains constant, yielding the quantity 
g2(!) – 1:

g2(!)!1 = "c(t ,!)#t ,
where angular brackets denote a time average over the chosen time 
window. We then !t g2(!) – 1 with a stretched exponential to recover

g2(!)!1 = Ae
!

!
!relax

"p

+B .
Scattering angle " and scattering vector q are related by
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q = 4!n

"
sin

!
#

2

"

,
where n is the index of refraction of the solvent (we use the refractive 
index of water, which is 1.33), and ! is the wavelength of the incident 
laser beam (here 532 nm).
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