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We present a theoretical and computational analysis of the rheology of networks made up of bundles of
semiflexible filaments bound by transient cross-linkers. Such systems are ubiquitous in the cytoskeleton
and can be formed in vitro using filamentous actin and various cross-linkers. We find that their high-
frequency rheology is characterized by a scaling behavior that is quite distinct from that of networks of the
well-studied single semiflexible filaments. This regime can be understood theoretically in terms of a length-
scale-dependent bending modulus for bundles. Next, we observe new dissipative dynamics associated with
the shear-induced disruption of the network at intermediate frequencies. Finally, at low frequencies, we
encounter a region of non-Newtonian rheology characterized by power-law scaling. This regime is
dominated by bundle dissolution and large-scale rearrangements of the network driven by equilibrium
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thermal fluctuations.
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The mechanical properties of cells are largely deter-
mined by the cytoskeleton, a dynamic network of biopol-
ymers, and its bundles, held together by transient linker
proteins. The principal constituent of the cytoskeleton is
the biopolymer filamentous actin (F-actin) [1]. In F-actin
networks, the thermal persistence length of the constituent
filaments is much longer than the typical distance between
consecutive cross-links along a given filament, leading to
the formation of a semiflexible network, with mechanical
properties distinct from the better known gels of synthetic
and highly flexible polymers [2]. In addition to their having
implications for cellular mechanics, the study of F-actin
networks has served as the standard model for examining
the basic physics of such semiflexible networks, in part,
because of the ability to reconstitute purified F-actin
networks under controlled in vitro conditions and precisely
measure their mechanical properties. As a consequence, the
theoretical understanding of the elastic properties of these
networks in thermal equilibrium is well advanced [3-7].

One of the key insights was that small transverse thermal
fluctuations dominate the single-filament compliance and
the high-frequency rheology of permanently cross-linked
networks of single filaments, leading to a universal power-
law rheology [5], which was confirmed experimentally
[8,9]. Another consequence was that the networks’ elastic
moduli depend nonlinearly on the filament concentration
[3,10,11]. There is, however, increasing evidence that this
theory cannot account adequately for the rheology of
networks composed of bundles of semiflexible filaments
cross-linked by transient linkers (e.g., [12]). These are the
types of networks that are generally encountered in in vitro
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systems at higher linker concentrations [13,14], and they
are also frequently observed in the cytoskeletons of
eukaryotic cells. Networks of bundles with higher concen-
trations of transient linkers are generically in a nonequili-
brium state: the networks’ geometry slowly evolves
towards, but is never observed to reach, the equilibrium
state of minimum free energy [15]. One would expect such
transient networks to have a low-frequency rheology that is
history and sample dependent with crossover to Newtonian
rheology at very low frequencies. For high frequencies, one
would expect to recover the universal single-filament
rheology. In this Letter, we present the results of finite
element Brownian dynamics simulations of transient bun-
dle networks formed from semiflexible filaments linked by
isotropic, transient linkers that show that transient bundle
networks are characterized by unique rheological proper-
ties that violate these expectations.

The mechanics of the filaments were treated using finite
elements to discretize a nonlinear beam model that fully
accounts for bending, torsion, shear, and extension of the
filaments. Initially straight filaments of equal length [, =
4 ym and persistence length [, = 9.2 ym were inserted
into the cubic simulation box with sides of length 6 ym and
having periodic boundary conditions. Linkers, introduced
at fixed concentrations, were treated as short, stiff, stretch-
able rods (spring constant k, = 0.122 pN/nm) of length
€ = 100 nm, also discretized with finite elements. Each
linker terminates at two reactive sites that were allowed to
interact with complementary reactive sites spaced periodi-
cally along the filaments via chemical reactions modeled by
Poisson processes with fixed, force-independent rate

© 2014 American Physical Society
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FIG. 1 (color online). Example of a bundle network as prepared
for rheological measurements. The simulation cube
(V =216 ym?) has periodic boundary conditions and 360
filaments (c; = 4 yM) that are in chemical equilibrium with a
solution of linkers at a concentration ¢; ~ 0.07 uM. Singly bound
linkers (blue) and doubly bound linkers (red) are shown.

constants k., and k.g. Including force-dependent unbind-
ing rates [16] did not appreciably alter the results, at least
at small imposed strains. The rate constants were given
values typical for F-actin linker protein binding or unbind-
ing. The details of the Brownian dynamics finite element
code can be found in Refs. [17,18] and in the Supplemental
Material [19].

Figure 1 shows a typical network comprised of 360
filaments, corresponding to an F-actin concentration of
¢y =4 puM. Linkers with a concentration of ~0.07 uM are
shown as blue and red dots when bound to one filament or
to two filaments (green), respectively. Most doubly bound
linkers form intrabundle connections, while only a few link
two different bundles. The system was initially allowed to
relax at a temperature of 7 = 293 K over time intervals
corresponding to ~25 min in physical F-actin and linker
solutions. None of the resulting bundle network systems
were in thermal equilibrium, which would be a single large
bundle [20]. The observed structures were closely similar
to bundled F-actin networks [21], and bundle thicknesses
were comparable to the ones found in experiments [22,23].

After this initial evolution, all networks were exposed to
a sinusoidal shear strain with an amplitude of 1% and with a
frequency range of 1072-10° rad/s; we verified a linear
stress-stress relation for this strain amplitude. The resulting
stress was then measured to obtain the rheological spec-
trum, as shown in Fig. 2, which features two sets of
simulation data corresponding to different linker off
rates. The higher off-rate simulation agrees well with a
rheological study of actin—a-actinin-4 networks [24].
The lower off-rate simulation agrees well with the

6

FIG. 2 (color online). Comparison of simulated rheological
spectra to experiments. Simulation parameters are ¢y = 4 uM,
c1/cy =0.017, koy =90 s7!, and ko = {2,0.07} s~ '. We en-
counter three distinct regimes. At high frequencies (o > @), we
see scaling behaviors G’ ~ @ and G" ~ @°>. The inset shows
G’ and G’ of the same system without linkers. The expected @/
scaling relation is recovered. At intermediate frequencies
(w, < w < wy), there is a local maximum in G and large
sample-to-sample variations. At low frequencies, there is again
a power-law regime.

intermediate-frequency data of an actin-fascin network
[13]. For each experimental data set, we made a single
adjustment to the modulus scale to account for differences
in network density and a single adjustment to the frequency
scale to fit the mean off rate of the physiological linkers.

For a given linker off rate, the rheological spectrum
may be usefully divided into three frequency ranges
corresponding to different dynamical regimes of the net-
work. Beginning at the highest frequencies, one encounters
aregime where the rheology is dominated by single-bundle
dynamics where the cross-linkers may be considered to be
fixed because w/ky; > 1. Importantly, the rheology of
single-bundle dynamics differs fundamentally from the
rheology of single-chain dynamics that is characterized
by universal power-law behavior. At intermediate frequen-
cies, dissipation is dominated by shear-induced bond
breaking, leading to a peak in G'(w) reminiscent of a
simple Maxwell fluid [25]. Important features of this
intermediate regime are large, nonuniversal, sample-to-
sample variations of G'(w) for networks having the same
filament and cross-linker concentrations [19]. Finally, at
even lower frequencies, a new rheology regime is encoun-
tered where G'(w), G'(w) ~ ®'/%. This regime is charac-
terized by bundle dissolution and large-scale collective
thermal fluctuations of the network, possibly related to
broken orientational symmetry of the network. We now
discuss separately these three regimes.

High-frequency regime.—The high-frequency scaling
regime of single-filament networks is understood as a form
of entropic elasticity with the applied stress stretching out
thermally excited transverse undulations on the filaments,
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which leads to the w*/* scaling relation [3,5,6,9]. Since the
same dynamics should apply to bundles, one imagines that
the same scaling relation would apply, albeit with a higher-
frequency scale due to the longer effective persistence
length /,(N) of N-filament bundles. The bending modulus
of such bundles linked by harmonic springs, however, is
scale dependent [26-28]. When such a scale-dependent
bending stiffness is incorporated into the single-filament
formalism of Ref. [5], a new high-frequency scaling regime
results, reflecting the bundled nature of the network.
Following that formalism, we compute the complex modu-
lus G(w) of a network of nodes connected by equal-sized
composite bundles in terms of the frequency-dependent
complex extensional compliance a(w) of single bundles.
Given these assumptions and a network with mesh size &
(and length density p~&72), the complex modulus is
given by

__pE
~ 15a(w)

G(w) — inw, (1)

where 7 is the background solvent viscosity. The exten-
sional compliance of a bundle produced by the stretching
out of overdamped transverse bending fluctuations can
be written as a sum over modes with wave number

qn = nﬂ/é [5326]

w@/a0) =Y @)

nt - 2a(n)

with a(0) = (£*/90kpT1,(N)*) being the zero-frequency
compliance of a bundle with effective persistence length
1,(N) = N1, and @(n) the relaxation rate of the nth mode.
The specific form of @(n) is in general contingent upon the
model used for the composite bundle but in the limit of
large N and for fixed bundle diameter D = bN'/2, where b
is the filament diameter and @(n) in general approaches the
Timoshenko limit form [29]

N2

oln/or =115

(3)

The frequency scale @, = (kn*/¢{E%) is the relaxation rate
of the n = 1 mode of a single filament with length £ and
friction coefficient per unit length of filament . The
dimensionless constant A = N(z?/12)(Eb?/5k,)(5/&)?
depends on the Young’s modulus E of the filaments, the
filament radius b, the distance J between linker molecules,
and the linker spring constant k,. The parameter A
determines the high-frequency rheology. For A =0,
G(w) reproduces single-filament scaling with G(w)
w’/* (inset of Fig. 2). For A > 1, the single-filament
scaling regime disappears and only the asymptotic high-
frequency bundle scaling of G'(w) = »'/? and G (») = @
remains. At intermediate values of A, numerical evaluation

produces a frequency range with intermediate scaling
exponents due to a crossover from the single-filament
scaling to the asymptotic high-frequency bundle behavior.

The parameter A thus can be viewed as a rheologically
accessible measure of the degree of bundling in the
network. If we use A as a fitting parameter, then the
high-frequency dynamics displayed in Fig. 2 would be
consistent with 1.5 > A > 0.4. An evaluation based on the
filament and linker elasticity and an estimate of the net-
work’s mesh size yield Ax2 [19]. The comparison
between simulation, experiment, and theory, as shown in
Fig. 2, reveals that current rheological studies are in a
crossover regime and have not yet reached the true high-
frequency power-law regime characteristic of transient
bundle networks.

Intermediate-frequency  regime.—For  frequencies
w < w;, Eq. (2) predicts a frequency-independent plateau
modulus G'(w) = (p&/15a(0)) and a decreasing “fluid-
like” G'(w)  w, but neither is observed in Fig. 2. The
reason is that even weak oscillatory shear strains have a
highly destructive effect on the ability of the transient
linkers to establish double bonds. Even at frequencies well
above the off rate k., the interval distribution between
binding sites initially bound by cross-linkers is already
being affected (see Fig. 3), although the overall network
geometry remains intact. As shown in the inset, network
bundles do eventually peel apart at sufficiently low
when the low-frequency regime is approached. In the
Supplemental Material [19], we show that the key features
of the intermediate regime can be understood on the basis
of a simple model of two parallel filaments connected by an
array of doubly bound linkers similar to that of Ref. [24]. A
striking feature of the intermediate regime is that different

—2I><1047r rad/s
—2x10%7 rad/s
2x10%7 rad/s
——2x10'7 rad/s ]
2x10%7 rad/s
—2x107 %7 rad/s

FIG. 3 (color online). The distribution of distances between
pairs of initially cross-linked binding sites during oscillatory
shear at frequencies of @ € [20000x; 0.027] rad/s showing that
the network becomes more sparsely cross-linked at low frequen-
cies. Inset: Binding site pairs (red and blue) with highlighted
distances (green) between ruptured cross-links at sites of bundle-
bundle detachment for the @ = 0.027 rad/s case.
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FIG. 4 (color online). (a) Shear stress relaxation and
fluctuations after a step strain at 1 =0s. The G' ~G ~w'/?
scaling relation predicts a 1/¢/2 stress decay. For ¢ > 200 s,
spontaneous large-amplitude fluctuations overwhelm the mean
stress and are accompanied by subdiffusion of the principle axes
of the moment of inertia tensor (inset). (b) Frequency-dependent
mean square amplitude of the stress fluctuations (red squares)
in the low-frequency regime at k.4 = 0.01 s~' compared to
the prediction of equilibrium fluctuation from the fluctuation-
dissipation theorem [Eq. (4)] (dashed blue line). (c) The
nonequilibrium fluctuation enhancement disappears at an in-
creased ko = 0.1 571,

samples with the same parameters produce significantly
different complex moduli G(w), in agreement with the
expectation that at lower frequencies, the system becomes
increasingly dependent on preparation history.
Low-frequency regime.—In the limiting regime
o < ko, we did not observe the expected terminal
Newtonian rheology with G'(w) « nw. Rather, Fig. 2
shows a low-frequency power-law rheology where G,
G~ w'/%. This behavior has been previously observed
in simulation [24] as well as in experiment [30,31] and is
related to transient cross-linking [32]. It was interpreted as a
consequence of single-filament dynamics connected to a
background of other filaments by transient linkers [24].
According to this scaling relation, one would expect that,
after a step strain, the stress should relax as a power law
1/t'/2. The computed stress relaxation following a step
strain, shown in Fig. 4(a), presented us with a first surprise.

After an initial relaxation, spontaneous stress fluctuations
were so large that it was difficult to ascertain the expected
t~1/2 decay of the mean stress. To characterize these low-
frequency fluctuations, we computed the principle axes of
the moment of inertia tensor. If the system were fluid, the
principal axes would perform rotational Brownian motion
with a power spectrum |¢(w)|> « 1/@?. For an elastic
network, |¢(w)|?> would be Lorentzian. The best fit to the
measured power spectrum, however, is given by the
subdiffusive form |¢(w)|*  1/w. These slow orientational
fluctuations of structures on the scale of the simulation box
indicate that large-scale collective motion plays a key role
in the low-frequency regime, in contrast to the single-
filament interpretation. We speculate that the slow dynam-
ics of the principal axes could be related to thermally
excited Goldstone modes associated with orientational
symmetry breaking by the bundle network on length scales
of the size of the simulation box.

In order to verify whether or not these stress fluctuations
are enhanced by the nonequilibrium aging of the network,
we evaluated the fluctuation-dissipation theorem (FDT),
which provides a connection between the mean square of
the amplitude of the stress fluctuations and G(w):

kT
_Cl)

(IS(@)) G (). (4)
In Fig. 4(b), we see that the stress fluctuation amplitude
exceeds the value predicted by the FDT at lower frequen-
cies; we detect nonequilibrium, large-scale network reor-
ientations that are associated with its structural aging and
incompatible with equilibrium motion. As expected, if
one speeds up the network’s structural relaxation by
increasing the linker off rate from 0.01 s=! [used in
Figs. 4(a) and 4(b)] to 0.1 s~!, the observed stress fluctua-
tions are reduced and, in fact, now consistent with the FDT
prediction—see Fig. 4(c). The overall structure of these
networks, however, has not yet equilibrated, which is
consistent with experiment [33].

In summary, we have presented an analysis of the
rheology of transiently cross-linked semiflexible networks
made up of bundles. The mechanics of such bundle
networks are quite distinct from those composed of
individual semiflexible filaments. We propose that the
rheology of such systems can be understood in terms of
single-bundle dynamics in the high-frequency regime, in
terms of dissipative bond-breaking dynamics at intermedi-
ate frequencies, and in terms of collective orientational
fluctuations and large-scale network rearrangements at low
frequencies. The altered rheology of bundle networks will
have implications for the mechanics of cells [34] and for
novel synthetic materials [28,35].

K. W.M. and R.E B. thank C. Cyron for useful con-
versations and acknowledge the support by the Institute for
Advanced Study (IAS), TUM. A.J. L. acknowledges Grant

238102-4



PRL 112, 238102 (2014)

PHYSICAL REVIEW LETTERS

week ending
13 JUNE 2014

No. NSF CMMI-1300514. R.F. B. acknowledges Grant
No. NSF-DMR-1006128. K. W. M. acknowledges the sup-
port by the International Graduate School of Science and
Engineering (IGSSE), TUM.

[1] E.L. Elson, Annu. Rev. Biophys. Biophys. Chem. 17, 397
(1988).

[2] J. Wilhelm and E. Frey, Phys. Rev. Lett. 91, 108103 (2003);
D. A. Head, A.J. Levine, and F. C. MacKintosh, Phys. Rev.
Lett. 91, 108102 (2003); X. Mao, N. Xu, and T.C.
Lubensky, Phys. Rev. Lett. 104, 085504 (2010); C.P.
Broedersz, X. Mao, T. C. Lubensky, and F. C. MacKintosh,
Nat. Phys. 7, 983 (2011).

[3] F. C. MacKintosh, J. Kis, and P. A. Janmey, Phys. Rev. Lett.
75, 4425 (1995).

[4] F. Amblard, A.C. Maggs, B. Yurke, A.N. Pargellis, and
S. Leibler, Phys. Rev. Lett. 77, 4470 (1996).

[5] F. Gittes and F.C. MacKintosh, Phys. Rev. E 58, R1241
(1998).

[6] D. C. Morse, Macromolecules 31, 7030 (1998).

[7] B. Hinner, M. Tempel, E. Sackmann, K. Kroy, and E. Frey,
Phys. Rev. Lett. 81, 2614 (1998).

[8] T. Gisler and D. A. Weitz, Phys. Rev. Lett. 82, 1606 (1999).

[9] G. H. Koenderink, M. Atakhorrami, F. C. MacKintosh, and
C.F. Schmidt, Phys. Rev. Lett. 96, 138307 (2006).

[10] P. A. Janmey, S. Hvidt, J. Lamb, and T. P. Stossel, Nature
(London) 345, 89 (1990).

[11] M. L. Gardel, M. T. Valentine, J. C. Crocker, A. R. Bausch,
and D. A. Weitz, Phys. Rev. Lett. 91, 158302 (2003).

[12] Y. Yang, M. Bai, W.S. Klug, A.J. Levine, and M. T.
Valentine, Soft Matter 9, 383 (2012).

[13] O. Lieleg, M. M. A. E. Claessens, C. Heussinger, E. Frey,
and A.R. Bausch, Phys. Rev. Lett. 99, 088102 (2007).

[14] O. Lieleg, K. M. Schmoller, C.J. Cyron, Y. Luan, W. A.
Wall, and A.R. Bausch, Soft Matter 5, 1796 (2009); O.
Lieleg, M. M. A.E. Claessens, and A.R. Bausch, Soft
Matter 6, 218 (2010).

[15] C.J. Cyron, K. W. Miiller, K. M. Schmoller, A. R. Bausch,
W. A. Wall, and R. F. Bruinsma, Europhys. Lett. 102, 38
003 (2013).

[16] A force-dependent off rate using the Bell model [G. I. Bell,
Science 200, 618 (1978)] does not significantly change
the linear response of the bundle networks but modifies
their nonlinear stress softening—see the Supplemental
Material [18,19].

[17] C.J. Cyron and W. A. Wall, Int. J. Numer. Methods Eng. 90,
955 (2012).

[18] C.J. Cyron, K. W. Miiller, A.R. Bausch, and W. A. Wall,
J. Comput. Phys. 244, 236 (2013).

[19] See  Supplemental Material at http:/link.aps.org/
supplemental/10.1103/PhysRevLett.112.238102 for details.

[20] Our filaments were achiral. Bundles of chiral filaments may
have a finite diameter in thermal equilibrium.

[21] J. H. Shin, M. L. Gardel, L. Mahadevan, P. Matsudaira, and
D. A. Weitz, Proc. Natl. Acad. Sci. U.S.A. 101, 9636
(2004).

[22] M. M. A.E. Claessens, C. Semmrich, L. Ramos, and
A.R. Bausch, Proc. Natl. Acad. Sci. U.S.A. 105, 8819
(2008).

[23] The initial evolution rate of our simulations was signifi-
cantly faster than that of actual F-actin networks. This is due
to the fact that steric interactions between filaments were not
included. We then verified that filament-filament overlap
was quite negligible during the later stages of evolution.
This is a consequence of the fact that the length of the linker
molecules is large compared to the filament diameter, which
prevents any close contacts between filaments during the
later stages.

[24] C.P. Broedersz, M. Depken, N. Y. Yao, M. R. Pollak, D. A.
Weitz, and F. C. MacKintosh, Phys. Rev. Lett. 105, 238101
(2010).

[25] L.D. Landau and E.M. Lifshitz, Theory of Elasticity
(Elsevier Butterworth-Heinemann, Oxford, 2005), 3rd ed..

[26] C. Heussinger, M. Bathe, and E. Frey, Phys. Rev. Lett. 99,
048101 (2007).

[27] C. Heussinger, Phys. Rev. E 83, 050902 (2011).

[28] F. Pampaloni, G. Lattanzi, A. Jonas, T. Surrey, E. Frey, and
E.-L. Florin, Proc. Natl. Acad. Sci. U.S.A. 103, 10248
(2006); A. Kis, S. Kasas, B. Babi¢, A. Kulik, W. Benoit, G.
Briggs, C. Schonenberger, S. Catsicas, and L. Forrd, Phys.
Rev. Lett. 89, 248101 (2002).

[29] J. M. Gere and S.P. Timoshenko, Mechanics of Materials
(Nelson Thornes, Cheltenham, 2002), 5th ed..

[30] S.M. V. Ward, A. Weins, M. R. Pollak, and D. A. Weitz,
Biophys. J. 95, 4915 (2008).

[31] D. Wachsstock, W. Schwartz, and T. Pollard, Biophys. J. 66,
801 (1994).

[32] C. Heussinger, New J. Phys. 14, 095029 (2012).

[33] O. Lieleg, J. Kayser, G. Brambilla, L. Cipelletti, and A. R.
Bausch, Nat. Mater. 10, 236 (2011).

[34] A. Schmidt and M. N. Hall, Annu. Rev. Cell Dev. Biol. 14,
305 (1998).

[35] A.Kis, G. Csényi, J.-P. Salvetat, T.-N. Lee, E. Couteau, A. J.
Kulik, W. Benoit, J. Brugger, and L. Forr6, Nat. Mater. 3,
153 (2004).

238102-5


http://dx.doi.org/10.1146/annurev.bb.17.060188.002145
http://dx.doi.org/10.1146/annurev.bb.17.060188.002145
http://dx.doi.org/10.1103/PhysRevLett.91.108103
http://dx.doi.org/10.1103/PhysRevLett.91.108102
http://dx.doi.org/10.1103/PhysRevLett.91.108102
http://dx.doi.org/10.1103/PhysRevLett.104.085504
http://dx.doi.org/10.1038/nphys2127
http://dx.doi.org/10.1103/PhysRevLett.75.4425
http://dx.doi.org/10.1103/PhysRevLett.75.4425
http://dx.doi.org/10.1103/PhysRevLett.77.4470
http://dx.doi.org/10.1103/PhysRevE.58.R1241
http://dx.doi.org/10.1103/PhysRevE.58.R1241
http://dx.doi.org/10.1021/ma9803032
http://dx.doi.org/10.1103/PhysRevLett.81.2614
http://dx.doi.org/10.1103/PhysRevLett.82.1606
http://dx.doi.org/10.1103/PhysRevLett.96.138307
http://dx.doi.org/10.1038/345089a0
http://dx.doi.org/10.1038/345089a0
http://dx.doi.org/10.1103/PhysRevLett.91.158302
http://dx.doi.org/10.1039/c2sm26934a
http://dx.doi.org/10.1103/PhysRevLett.99.088102
http://dx.doi.org/10.1039/b814555p
http://dx.doi.org/10.1039/b912163n
http://dx.doi.org/10.1039/b912163n
http://dx.doi.org/10.1209/0295-5075/102/38003
http://dx.doi.org/10.1209/0295-5075/102/38003
http://dx.doi.org/10.1126/science.347575
http://dx.doi.org/10.1016/j.jcp.2012.10.025
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.238102
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.238102
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.238102
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.238102
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.238102
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.238102
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.238102
http://dx.doi.org/10.1073/pnas.0308733101
http://dx.doi.org/10.1073/pnas.0308733101
http://dx.doi.org/10.1073/pnas.0711149105
http://dx.doi.org/10.1073/pnas.0711149105
http://dx.doi.org/10.1103/PhysRevLett.105.238101
http://dx.doi.org/10.1103/PhysRevLett.105.238101
http://dx.doi.org/10.1103/PhysRevLett.99.048101
http://dx.doi.org/10.1103/PhysRevLett.99.048101
http://dx.doi.org/10.1103/PhysRevE.83.050902
http://dx.doi.org/10.1073/pnas.0603931103
http://dx.doi.org/10.1073/pnas.0603931103
http://dx.doi.org/10.1103/PhysRevLett.89.248101
http://dx.doi.org/10.1103/PhysRevLett.89.248101
http://dx.doi.org/10.1529/biophysj.108.131722
http://dx.doi.org/10.1016/S0006-3495(94)80856-2
http://dx.doi.org/10.1016/S0006-3495(94)80856-2
http://dx.doi.org/10.1088/1367-2630/14/9/095029
http://dx.doi.org/10.1038/nmat2939
http://dx.doi.org/10.1146/annurev.cellbio.14.1.305
http://dx.doi.org/10.1146/annurev.cellbio.14.1.305
http://dx.doi.org/10.1038/nmat1076
http://dx.doi.org/10.1038/nmat1076

