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Actin polymerization provides a major driving force
for eukaryotic cell motility. Successive intercalation of
monomeric actin subunits between the plasma mem-
brane and the filamentous actin network results in
protrusions of the membrane enabling the cell to
move or to change shape. One of the challenges in
understanding eukaryotic cell motility is to dissect the
elementary biochemical and biophysical steps that
link actin polymerization to mechanical force genera-
tion. Recently, significant progress was made using
biomimetic, in vitro systems that are inspired by the
actin-based motility of bacterial pathogens such as
Listeria monocytogenes. Polystyrene microspheres
and synthetic phospholipid vesicles coated with pro-
teins that initiate actin polymerization display motile
behavior similar to Listeria, mimicking the leading
edge of lamellipodia and filopodia. A major advantage
of these biomimetic systems is that both biochemical
and physical parameters can be controlled precisely.
These systems provide a test bed for validating theo-
retical models on force generation and polarity estab-
lishment resulting from actin polymerization. In this
review, we discuss recent experimental progress
using biomimetic systems propelled by actin poly-
merization and discuss these results in the light of
recent theoretical models on actin-based motility.

Introduction
Cell locomotion is a highly complex process involving
various biochemical and biophysical elements. Eukary-
otic cells move by coordinating changes in shape and
adhesivity to the substrate in response to environmen-
tal stimuli [1]. Motion is usually associated with motor
proteins that convert chemical energy into mechanical
work. However, there is increasing evidence that poly-
merization of proteins itself generates mechanical
forces. Actin is an ubiquitous protein polymer in eukary-
otic cells and its polymerization alone is thought to
provide the force required to deform cell membranes in
order to change their shape or to propel the cell body
[2,3]. Within the cell, actin polymerization is tightly reg-
ulated by a host of actin associated proteins. As actin
is involved in diverse cellular phenomena and signaling
pathways, identifying the biochemical steps that lead to
force generation has been difficult. To obtain a better
understanding about the nature of the forces and the
biophysical mechanism of force generation, it is impor-
tant to use a system that facilitates quantitative investi-
gation of the key processes.

The past 10 years have seen remarkable advances
in our understanding of the molecular basis of actin-
driven cell motility [4,5]. A major breakthrough was the
discovery that intracellular bacterial pathogens, such
as Listeria, use the actin machinery to propel them-
selves [6–8]. Notably, a single bacterial protein, ActA,
is sufficient to induce motility of Listeria in a medium
containing a few other actin associated proteins from
the host cell’s cytoplasm [9,10]. Listeria has, therefore,
become a preferred model system that has been
instrumental in determining the biochemistry and bio-
physics of the actin machinery. A further degree of
simplification was achieved by the reconstitution of
Listeria motility with purified proteins [10]. These
experiments provide strong evidence that polymeriza-
tion suffices to push a load in the absence of any
motor proteins.

The in vitro motility system of Listeria was further
simplified when polystyrene beads coated with ActA
[11,12] or similar proteins [13–15] were shown to
exhibit the same characteristic motion as Listeria. It
appears that actin polymerization can be used to
move any object coated with any of such proteins
[16]. This finding paves the way for biophysical exper-
iments to study the mechanism of force generation, as
it allows for a systematic variation of parameters and
direct comparison with models. More recently, exper-
iments using phospholipid vesicles propelled by actin
polymerization have provided a conceptual advance in
our understanding of the force generation mechanism
[17,18]. Figure 1 shows a schematic representation of
the three different kinds of cargo used in biomimetic
studies of actin driven motility.

One of the key challenges is to understand how actin
polymerization on the single filament level can lead to
force generation on the mesoscopic level. Theoretical
models, which can be compared to experiments, are
crucial in unraveling the exact biophysical mechanisms.
Several models have been proposed over the years,
each of them addressing phenomena on different
scales. One class of models is microscopic in nature
and describes polymerization on the level of single fila-
ments or populations of filaments over a scale of tens
of nanometers near the surface of the load ([19–22],
Mogliner and Oster, this issue). On a larger scale
models describe the entire actin as a continuous elastic
gel [23] that deforms due to stress induced by growth
and interactions with the load. Biomimetic experiments
with artificial cargo will be instrumental in testing the
predictions of these different models.

Here, we will review the recent advances in the
study of actin based motility with artificial cargo or
biomimetic systems: (i) actin polymerization alone can
generate sufficient force to push a load; (ii) the poly-
merization motor is an extremely strong propulsive
engine not limited by the hydrodynamic drag; (iii) the
actin gel is connected to the surface; (iv) mechanical
properties of flexible loads can play an important part
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in regulating the dynamics. In the light of these studies
we will attempt to integrate all the information about
the physical basis of the force generation and raise
questions for future research.

Reconstitution of Motility: Polymerization Can Push
In the 1980s, it was discovered that actin is responsi-
ble for the intracellular movement of some bacterial
pathogens. Listeria invades the cell and hijacks the
actin machinery of the host cell to propel itself through
the cytoplasm. Actin polymerizes on the surface of the
bacterium, forming a dense cloud around it. Subse-
quently, the actin cloud becomes polarized into a
comet tail made of an oriented, cross-linked network
of actin filaments, with their fast growing, barbed ends
pointing towards the bacterium. As the comet tail
elongates, it pushes the bacterium forward at a fairly
large speed, approaching 1 µµm/s.

Basic Biochemistry of Listeria Motility
Listeria is a good model system to study actin based
motility, as the comet tail represents a simplified
lamellipodium and the bacterial surface imitates the
plasma membrane at the leading edge. The only bac-
terial protein required for motility is ActA, which is dis-
tributed asymmetrically on the bacterial surface [9].
ActA is functionally similar to the WASP family of pro-
teins, which are associated with the lamellipodia of
moving eukaryotic cells. Beads coated with ActA
[11,12], WASP [13], N-WASP [15], or the VCA domain
of WASP [14] show similar motility. Remarkably, only
a set of five purified proteins is required for reconsti-
tution of sustained Listeria and bead motility. ActA
and N-WASP are activators of the Arp2/3 complex,
which initiates polymerization at the barbed end of fil-
aments by branching. The regulatory domains of
WASP proteins associate with several signaling mole-
cules, such as small GTPases [24–26]. The binding of
such signaling molecules regulates the localization of
WASP proteins to sites on the plasma membrane, at
which the Arp2/3 mediated actin response is initiated.
The only additional proteins required for formation of
the comet tail are capping protein and ADF/cofilin.
Elongation of filaments occurs at the barbed ends and
pushes the load forward. Capping protein caps free
barbed ends and inhibits further elongation. Actin
depolymerizing factor (ADF) or cofilin causes dis-
assembly of actin polymers from the older parts of the
comet tail, thus supplying a steady pool of monomers
for elongation of the leading edge (see Figure 2,
Mogilner and Oster, this issue). Further details of the
molecular mechanism of actin polymerization can be
found in several recent reviews [4,5,8,16].

Polymerization Can Push
Even though the biochemistry of the actin machinery is
well understood, the biophysics of the force generation
are yet to be resolved. One of the most important con-
clusions from experiments on non-biological loads
moving in cell-free assays is that actin polymerization
is sufficient to generate a force that can move micron-
sized loads. In vitro, actin filaments are long and flexi-
ble [27–29] and incapable of generating a significant

pushing force without buckling. To generate a force
that can push forward, the polymerizing filaments must
be bound to the substratum or be cross-linked in some
way, otherwise polymerization would result merely in a
rearward movement of the filaments. 

In cells, most of the actin near the lamellipodium
forms a dense cross-linked meshwork [30]. The comet
tail of Listeria or beads also consists of an oriented,
cross-linked network of actin filaments with their
barbed ends pointing towards the load [31]. The
Arp2/3 complex initiates filament branching and serves
as a cross-linker, as is shown by experiments using a
fluorescently labeled version of the Arp2/3 complex
[15]. A preferred 70 degree angle between branches
results in filaments being tilted with respect to the
membrane rather than being perpendicular [32–34].
The typical spacing between branches is tens to a few
hundred nanometers. Capping of the growing barbed
ends limits filament length and ensures that filaments
are short and stiff rather than long and flexible and,
therefore, more effective at exerting a force. From the
bending stiffness of actin filaments, it was theoretically
shown that the length of the ‘pushing’ filament must be
in the range of 30–150 nm [19]. For efficient force gen-
eration and optimum motility, there must be a balance
between the relative rates of elongation, branching,
capping and disassembly.
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Figure 1. Biological and biomimetic cargo transported by actin
polymerization.

The gray comet tails depict the actin gel and the red symbols
denote the protein ActA. For Listeria (A), ActA is asymmetrically
distributed on the cell membrane, whereas on microspheres (B)
ActA is uniformly distributed. Phospholipid vesicles (C) coated
with ActA are deformed from their spherical equilibrium shape
by the squeezing of the actin gel (Box 1).

A
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Force-Velocity Relations
The main biophysical objective is to understand the
nature and magnitude of the forces that actin based
polymerizing structures can generate. Theoretical
studies predict the force-velocity relation for an elon-
gating polymer [35] and the force produced by a poly-
merizing microtubule has also been measured [36].
However, the force generated by a growing actin fila-
ment is yet to be measured. Because the polymeriza-
tion of an ensemble of actin filaments can convert
chemical energy to mechanical work, it can be con-
sidered a ‘motor’. To probe the energetics of the poly-
merization motor, recent experiments have obtained
the first measurements of a force-velocity relation.

McGrath et al. [37] studied Listeria motion in a
highly viscous environment. Increasing the viscoelas-
tic modulus by 500-fold only slowed down the bacte-
ria by a factor of about 20. They measured the
force-velocity curve of Listeria motility, and found it to
be highly curved, almost biphasic, i.e. displaying two
distinct behaviors at small and large loads. With small
loads (10–20 pN), there was a significant decrease in
velocity (from ~70 nm/s to ~10 nm/s), whereas large
loads (up to ~200 pN) decreased the velocity slowly
with force. This force-velocity curve limits the theoret-
ical models that can be used to explain the data, as
will be discussed in a later section. Furthermore, the
density of the actin tail increased with increasing vis-
cosity or external load. A small increase in actin
density (1.6-fold) corresponded to a much larger force
generation (20-fold increase). These results suggest
that force generation depends sensitively on the
structure of the actin tail. This increase in actin density
also suggests possible ‘self-strengthening’ of Listeria
in environments of high resistance. Listeria trajectories
consist of molecular-sized steps, the duration of the
steps correlates with speed, while the step-size is not
correlated with speed. In other words, with increasing
external load the stepping frequency decreases, but
the distance per step remains unaffected.

Another study by Wiesner et al. [15] investigated the
motility of N-WASP coated beads in a reconstituted
motility assay and observed no slowing down of the
beads even when the viscosity was increased 4000-
fold. The beads slowed down by less than a factor of
2, if the viscosity was increased by a factor of 105. The
resulting force-velocity curve is very shallow compared
to the steeper, highly curved force-velocity relation of
McGrath et al. As the velocity is barely decreased by
external load, it appears that extremely large forces are
developed by actin polymerization. The authors inter-
pret their results in terms of a strong internal force that
opposes the motion. Forces of up to 50 pN fail to slow
down the bead, indicating that the forces (propulsive
as well as retarding) must be larger than 50 pN and
possibly in the nanonewton range.

The apparent differences between the observations
by McGrath et al. [37] and Wiesner et al. [15] must be
resolved to obtain a consistent picture of actin driven
motility. Indeed, many of the details of the two experi-
ments are quite different, as for instance the former was
done in a complete cell extract, whereas the latter  used
a chemically well defined medium with purified proteins.

Characterization of Bead Velocities
Apart from external drag, several other factors in the
experimental system may affect the velocity of beads.
In particular, modulating parameters that affect the
structure of the actin tail will be important. Cameron et
al. [11] found that ActA coated beads in cell extract
move at about 0.1 µµm/s, comparable to Listeria move-
ment in similar extracts. In vivo, Listeria move with
velocities of about 0.3 µµm/s . For beads in the range of
0.2 µµm to 1 µµm, they observed that smaller beads were
moving more slowly with the velocity being indepen-
dent of the surface density of ActA. The fluorescence
intensity of the actin tail, corresponding to its actin
content, increased with increasing ActA density. Bern-
heim-Groswasser et al. [14] used beads coated with
VCA (the active subdomain of WASP) at saturating
density and showed that the mean bead velocity (the
fastest being 0.01 µµm/s) is inversely proportional to the
bead diameter, in contrast to Cameron et al.’s observa-
tions. Bernheim-Groswasser et al. used a defined
medium with purified proteins. Studying beads of sizes
that ranged from 1–7 µµm, they observed qualitatively
different kinds of motion ranging from smooth to salta-
tory. Wiesner et al. [15] characterized the motion of N-
WASP coated beads, also in purified protein buffer. A
steady-state velocity (between 0.01 and 0.05 µµm/s) was
reached after about 10 min of incubation. The bead
velocity increased with N-WASP density until it reached
a plateau in the range of 2.8–5.6 nm spacing between
N-WASP molecules. This could signify that a minimum
spacing is required between N-WASP molecules for the
most efficient propulsion. The amount of actin in the tail
also increased with N-WASP density on the bead
surface. Wiesner et al. inferred from their results the
existence of a force that opposes bead propulsion. As
they find that bead velocity does not decrease upon
large increases in external viscosity, they postulate that
the opposing force is an internal force, which also
increases with increasing filament number. Increasing
the concentration of the capping protein (gelsolin)
caused a steep decrease in bead velocity at any given
N-WASP and Arp2/3 complex density. Actin structures
were found to be poorly branched at low gelsolin and
highly branched at high gelsolin concentrations. It is
interesting to note that the bead velocities are much
smaller in the purified medium as compared to the
extracts. The extracts potentially contain additional
factors that might increase the propulsion speed. 

Forces Generated by Actin
Stress in the Actin Gel
Over the last four years, experiments on Listeria and
beads have allowed for a systematic variation of para-
meters and have led to a better understanding of the
biophysical mechanism of actin based motility. It is
clear that the structure of the actin tail will be an
important determinant of the motion. Gerbal et al. [38]
found that the actin filament tail behaves like an
elastic gel, which is consistent with the densely cross-
linked structure observed in electron microscopy
images [31]. The mechanical properties of the actin
gel are important in determining the nature of the
forces that will be generated. The elastic properties of



the comet tail have been studied by measuring its
response to stress applied with optical tweezers [38].
The elastic modulus of the tail was estimated to be in
the range 103–104 Pa, but further experiments are
required to characterize how the elastic properties of
the gel are altered by changing parameters such as
actin density or cross-linking density. The forces that
are generated are constrained by the elasticity of the
gel and the mechanical properties of the load. Some
theoretical models have focused on the elastic nature
of the actin gel and postulated a build-up of significant
stress in the gel during growth of actin filaments
around beads or Listeria [23,39] (Figure 2). The first
evidence of stress in the gel was provided by
Noireaux et al. [39], who showed that actin shells grow
on ActA coated beads only up to a limited thickness
and that the thickness of the shells increases with the
bead radius. Calculations demonstrated that the gel
must sustain elastic stress as a consequence of the
spherical geometry and that this limits the growth of
the filaments. An elastic model [23] of the comet tail
describes how the addition of filaments to the tail pro-
duces strains that distort the actin gel. The relaxation
of these strains propels the bacterium (Figure 2) and
the scale of the predicted elastic forces is in the range
of nanonewtons. Thus, these analyses highlight the
importance of the collective behavior of a network of
actin filaments working together to generate a force.

Vesicles as Model Systems
As the response of the actin gel to stress is difficult to
measure, experimental validation of these concepts
was lacking and the spatiotemporal distribution of
forces had not been observed directly. Because bac-
teria and beads do not change their shape in response
to an external force, it became important to develop a
biomimetic system that would deform under an
applied force. Phospholipid bilayer vesicles are an
obvious choice, as they resemble the plasma mem-
brane at the leading edge of cells.

Physically, lipid membranes are fluid under shear,
but can resist bending and stretching forces. This
gives rise to measurable elastic moduli which have

been well characterized [40,41]. Vesicle membranes
deform significantly upon external forces and several
experiments have demonstrated that actin polymeriza-
tion can deform a membrane [42–44]. Miyata and
Hotani [42] encapsulated actin inside vesicles and
recorded the membrane protrusions resulting from
polymerization of actin. These observations show that
elongation of proteins by polymerization is sufficient to
deform a membrane. As the shape changes can be
used to deduce the forces acting on a vesicle, vesicles
can be used as sensitive spatial and temporal force
transducers. Actin polymerization has been observed
to power the motility of lipid membrane structures
such as endocytic vesicles [45], endosomes and lyso-
somes in the cytoplasm of fertilized Xenopus extracts,
and synthetic vesicles containing phosphatidylinositol-
4,5-biphosphate [46,47]. Membrane vesicles propelled
by major sperm protein have also been observed in
cell-free extracts [48]. However, these lipid vesicle
systems were not used to obtain a quantitative
measure of the forces.

Vesicles as Force Sensors
Experiments by Upadhyaya et al. [17] and Giardini et
al. [18] showed that vesicles coated with ActA move by
generating Listeria-like comet tails and are deformed
into tear-drop shapes. The force stretches the vesicle
surface, establishing a membrane tension, and causes
a decrease in vesicle volume by squeezing water out,
which generates an osmotic pressure. The competition
between the stretching stress (inward) and the osmotic
pressure (outward) as well as the stress due to poly-
merization determine the shape of the vesicle. The
authors found that a measure of the polymerization
stress can be obtained by analyzing the curvature of
the vesicle contour, a purely geometric quantity (see
Box 1). The characteristic teardrop shape implies that
the sides of the vesicle experience strong compression
or squeezing forces, whereas the trailing edge of the
vesicle is pulled backwards by retractile forces at the
center of the comet tail. It is important to note that the
forces shown in Figure 3 are exerted by the actin gel to
maintain the deformed shape of the vesicle. These
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Figure 2. The build-up of elastic stress
during growth of the actin gel around a
curved surface.

(A) A bead coated with ActA initiates the
growth of an actin gel layer (red). As the
polymerization progresses, a second layer
(yellow) is created between the bead
surface and the preexisting actin gel layer,
resulting in stretching of the initial gel (L2 >>
L1). The stretching results in a build-up of
stress σσ at the bead surface. As the thick-
ness of actin gel around the bead
increases (L3>>L2), the stress increases,
ultimately leading to a vanishing actin
polymerization rate at the bead surface
(red circle) [39]. (B) In the case of Listeria
the build-up of the elastic stress results in
a resultant propulsive squeezing force
(Fsqueeze) that is balanced by a friction
force (Ffriction) due to the attachment of the
actin gel to the bacterium body.

L1
L2 L3

Ffriction

A

B

Fsqueeze

σ

σ
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forces are in the frame of reference of the vesicle and
do not represent the forces required to move the
vesicle forward. The actin gel grows in the forward
direction and the net growth of the tail due to polymer-
ization of filaments pushes the vesicle forward.

The forces generated by the comet tail at the mem-
brane surface are relatively large. According to Giardini
et al., the total force generated by the comet tail is 0.4–4
nN. Most of the forces are exerted perpendicular to the
direction of motion and contribute to the deformation of
the vesicle; less than 10% of the force is translated into
forward motion. Upadhyaya et al. found that the
maximum compressive or protrusive forces on the sides
of the vesicle are in the range of 3–4 nN/µµm2 while the
maximum retractile forces are 6–8 nN/µµm2. The esti-
mated magnitudes of these forces are consistent with
other observations. Elastic analysis of the comet tail
[23,38] predicts forces in the nanonewton range. Forces
on the order of tens of piconewtons are not able to slow
down Listeria motion. It has been impossible to stall
moving Listeria or beads, either by using an optical trap
or by increasing the viscosity of the medium by several
orders of magnitude. Also lamellipodial stall forces are
simliar and in the range of 2 nN/µµm2 [49]. The forces
generated by actin polymerization are much larger than

the force required to overcome hydrodynamic drag. A
spherical vesicle with a radius of 1 µµm moving through
water at a speed of 1 µµm/min experiences a drag force
of only 3 ×× 10–7 nN. This drag force is 50 ×× 106 times
smaller than the typical propulsive force due to actin
polymerization. Even in the presence of a highly
viscous cytoplasm and cytoskeleton the drag force is
more than four orders of magnitude smaller than the
polymerization force. Furthermore, bacterial pathogens
move with a similar velocity inside the cytoplasm as
they do in vitro in the much less viscous motility
medium. Thus, the actin polymerization engine is an
extremely strong motor with significant power in
reserve. The full strength might be utilized, for
example, by invading pathogens that have to penetrate
the host cell’s plasma membrane.

Actin is Connected to the Surface
Stepping of Vesicles
The spatial segregation of compressive and retractile
forces on the vesicle surface suggests that there must
be two populations of filaments: those that push the
membrane and others that pull the membrane. The
presence of a retractile force that pulls on the surface
of the vesicle is not intuitive. How can we understand
the existence of a ‘pulling’ force? The filaments that pull
must be bound to the surface. There can be an effec-
tive force arising from the tensile stress that tethered
actin filaments exert on the membrane surface. As a
vesicle moves, its shape changes over time and, con-
sequently, the spatial distribution of forces is not con-
stant. The vesicle slowly elongates due to an increase
in retractile stress exerted by the actin gel. A computa-
tional model [17] indicates that the squeezing as well as
retractile forces increase as the vesicle elongates.
These observations led to the conclusion that the
deformed vesicle shape is maintained, because the
vesicle is bound to the actin gel. The elongation is fol-
lowed by a rapid relaxation into a spherical shape as
the vesicle appears to be released from the comet tail.
Repeated elongation and release lead to a remarkable
stepping motility of vesicles. This discontinuous motil-
ity could be explained by strong binding to the tail and
rapid release due to a catastrophic breaking of bonds.
The forces estimated from vesicle shapes can be used
to obtain an approximate strength of the binding
between the comet tail and the membrane. Maximum
retractile forces on the order of 5–10 nN/µµm2 imply
rupture forces of 10–20 pN per filament [17].

Experiments using fluorescently labeled ActA
[17,18] reveal an affinity between surface bound ActA
and the actin comet. Even though it is apparent that
the actin tail must be attached to the surface of the
load, the details of this attachment are unknown.
Neither the protein that must mediate the binding
between ActA coated surfaces and actin, as F-actin
has not been shown to bind ActA, nor the timescale
over which such binding occurs are known. An
actively polymerizing filament must be in contact with
the surface as the ActA-Arp2/3 conjugate along with
G-actin is required to initiate branching. These
attachments might be transient, such that the
growing filament is free to elongate. Simultaneously,
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Box 1

Phospholipid Vesicles as Force Transducers.

The equilibrium shape of a vesicle under external load is
determined by minimizing the energy required to bend and stretch
the membrane and to change the volume of the vesicle against an
osmotic pressure. As the bending energy is much smaller than the
energies required to stretch the membrane and to decrease the
vesicle volume, the bending of the membrane can be neglected
[37]. In the absence of the actin gel, most vesicles assume a
spherical shape. In response to polymerization of the actin gel the
vesicles are significantly deformed into more elongated, tear-drop
shapes as sketched in Figure 3.
As the vesicle deforms, an outward osmotic pressure ΠΠ develops
due to a decrease in volume. The volume decrease is
accompanied by an increase in area, as the membrane surface
stretches, creating a membrane tension ττ that induces stress
pulling the membrane inward and restoring its original area. This
tension is constant in the membrane, because the phospholipid
bilayer is fluid. The stress due to stretching is given by:
σσ=ττ(κκ1+κκ2)
where κκ1 and κκ2 are the principal curvatures of the membrane.
At the spherical cap (Figure 3) this stretching stress is balanced by
the osmotic pressure:
ΠΠ=–σσcap=ττ κκcap

However at any other point of the membrane, the sum of the
osmotic pressure ΠΠ and the stress induced by stretching σσ is
balanced by the pressure exerted by the actin polymerization ΣΣ.
This leads to the simple result that the stress due to actin
polymerization is the product of the tension ττ and the curvature
difference ∆∆κκ between the actin-free region and any other point on
the vesicle surface:
ΣΣ=ΠΠ+σσ=–ττ ∆∆κκ
Because the curvature at the side of the vesicle is less than the
curvature of the spherical cap, the actin pressure is directed
inward and squeezes on the vesicle. However, at the trailing edge
of the vesicle the curvature is larger than at the spherical cap and,
thus, the actin gel pulls on the vesicle (Figure 3).



there may be a fraction of strongly tethered filaments
that are under increasing tensile forces as the surface
is pushed forward by the ‘free’ elongating filaments.
The unbinding might then be caused by ‘fracture’
after a critical tensile stress is exceeded. Alterna-
tively, continuous binding and unbinding might be
occurring at a shorter time scale, such that there is
always a population of tethered filaments and one of
non-tethered filaments. In this scenario, individual fil-
aments would switch between the two states.

Stepping of Listeria
These ideas are supported by experiments on Listeria
and beads, which indicate that actin must bind to the
surface of the load. Analysis of Listeria motility with
high spatial and temporal resolution using laser track-
ing [50] has revealed a step-like motion with steps of
about 5 nm on average. This corresponds to the
spatial periodicity of actin filaments and the size of an
actin monomer. Moreover, within the cytoplasm,
motile bacteria fluctuate about 20 times less than
organelles or structures of similar size. This implies
that the bacteria do not ‘sense’ the local cytoplasmic
viscoelasticity and, therefore, must be attached to
their actin tails. The authors propose that bacterial
motion may be limited by binding to a few filaments
that are under tension. Then ‘slipping’ would occur
along these yielding a 5 nm periodicity [50]. Given that
hundreds of filaments are involved, it is remarkable
that such small steps are observed.

At a larger length and time scale, some mutants of
Listeria are observed to undergo a ‘hopping’ motion
with micron sized jumps and intervals of minutes
between the jumps [51]. A similar stepping motion has
been observed for VCA-coated beads [14]. Changes in
the surface density of VCA or in the bead size caused
a transition from smooth to ‘hopping’ motility. Increas-
ing the bead size or decreasing the VCA concentration
induced stepping motion. Direct experiments using
optical tweezers have unsuccessfully tried to separate
beads from the trailing comet tail, thus demonstrating
the strong attachment between the bead and the tail
[38]. Recent electron microscopy images have also

provided clear evidence that filaments of the comet
tail are indeed attached to the beads, as they show
only a few filaments in contact with a bead at any
given time and high variability between beads [52].

Symmetry Breaking and Polarization
One of the fundamental puzzles in cell motility is the
origin of cell polarization to achieve directional motion,
especially in the absence of any external signals.
Directed motility requires actin filaments to be distrib-
uted asymmetrically and to polymerize in a spatially
controlled manner in association with the cell mem-
brane [53]. Experiments with reduced systems may
provide us with important insight into how polarity
develops, as the effects of external signals and the
role of intrinsic mechanisms can be decoupled.

Symmetry Breaking in Beads
All examples of movement of artificial cargo show a
preferred directionality of motion, as is evident in the
formation of a single comet tail. In some cases there
is an intrinsic asymmetry in the system: wild type Lis-
teria, for instance, are covered only on one side with
ActA. Hence, actin polymerizes on the part of the
surface where ActA is present and spontaneously
generates a comet tail in that direction (Figure 1). A
few minutes after the addition of motility ingredients,
motion is initiated. However, intrinsic asymmetry is
not required for directional motion. Beads that are
homogenously coated with ActA over their entire
surface also move with a single comet tail [11–15].
The bead is encased in a meshwork of polymerizing
actin filaments, which is observed as a ‘cloud’ around
it. The bead fluctuates within this cloud and then sud-
denly shoots out in one direction.

There are some important differences between
beads in extract [11] and beads in media containing
purified proteins [14]. In extracts, the bead is
entrapped in the actin cloud for about an hour after
incubation before symmetry is broken, while in recon-
stituted media it takes only about 5–25 minutes,
depending on bead size. In extracts, beads larger than
0.5 µµm in diameter do not spontaneously generate a
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Figure 3. The stress exerted by the actin
gel (blue arrows) on the membrane to
balance the osmotic pressure and
stretching stress is determined by the
geometrical properties of the vesicle. As
the vesicle deforms, its surface
stretches, inducing a membrane tension
that sets up stretching stresses that pull
the membrane inward to restore its
original surface area. Simultaneously, an
osmotic pressure develops due to a
decrease in volume. The stretching
stresses depend on the local curvature
of the membrane, whereas the osmotic
pressure is global and independent of
the membrane curvature. The local
stress is the sum of the osmotic pressure
and the stress induced by stretching.
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comet tail and only a small fraction of the beads were
motile [11,14]. In purified protein buffer, beads larger
than 5 µµm were able to move and all of the beads gen-
erated comet tails [14]. However, in extracts, asym-
metric coating with ActA made larger beads (1–2 µµm)
motile and increased the probability of small beads
forming comet tails [11] and smaller concentrations of
ActA were required for movement when the coating
was asymmetric.

Polarization of Lipid Vesicles
Interestingly, ActA coated lipid vesicles moving in cell
extracts develop polarity very efficiently. Using fluo-
rescently labeled ActA, images of moving vesicles
show that the spatial distribution of ActA is highly
polarized and is closely correlated with the position of
the actin cup on the vesicle surface [17,18]. The ActA
localizes on the posterior half of the vesicle and, as
the actin changes its orientation around the vesicle,
ActA redistributes to remain always associated with
the actin. Because the lipid bilayer is fluid, diffusion of
ActA conjugated lipids would be expected to create
an initial uniform distribution of ActA on the surface.
Subsequently, lateral movement of ActA bound lipids
on the bilayer surface might facilitate the establish-
ment of asymmetry. As the initial stages of this polar-
ization have not been visualized, it is not clear whether
part of the asymmetry is due to intrinsic self-aggrega-
tion properties of ActA and when the asymmetry is
established. What is the active role of the actin fila-
ment dynamics as it interacts with the fluid mem-
brane? The experimentally observed polarization
indicates an affinity between ActA and actin filaments.
This could be mediated by a third protein, such as
Arp2/3 complex or VASP. Although there is no evi-
dence of direct binding between F-actin and ActA,
ActA has been shown to bind to actin filaments via the
Arp2/3 complex and VASP [54–56]. Giardini et al. [18]
found that the membrane deformation is not directly
responsible for asymmetric ActA localization as also
lipid monolayer coated beads showed ActA accumu-
lation at the rear half of the beads. The polarization of
ActA seems to be an actin-dependent process and
may contribute to the establishment of a persistent
directional motion. Further experiments are required
to understand the mechanism of the generation of

polarity and will be useful in deciphering the onset and
maintenance of polarity in real cells.

Branching of Lipid Tethers
An unusual phenomenon observed in the vesicle motil-
ity system points to a novel example of symmetry
breaking (A.U. and A.v.O., unpublished). Some vesicles
draw out tubular lipid extensions, or tethers, as they are
pushed forward by the actin tail. The tethers are drawn
out behind the vesicle and they elongate in the same
direction as the vesicle movement. The clump of lipids
acts as a reservoir for the elongating tethers and mem-
brane tubules of some tethered vesicles developed
new tethers from the sides of pre-existing ones (Figure
4A). The branched membrane tubules are completely
enclosed by a sheath of actin gel. Initially, the tether is
uniformly covered by actin along its length. The forma-
tion of a branch is marked by the budding of a vesicle
from one side of the tether (Figures 4B,C). In turn, the
budded vesicle is propelled by actin and elongates as
a tether. What triggers the nucleation of a branch from
a smooth actin tail is unclear. It is probably due to small
inhomogeneities on the actin sheath leading to a local
weakening of the gel; this could enable the lipids to flow
out of the sheath and the resulting asymmetry would
propel the newly released lipids. Tether formation and
branching are interesting analogs to the reticulation of
the endoplasmic reticulum and to the tubulation of the
Golgi apparatus during vesicle transport. Understand-
ing the mechanism of their formation will be useful in
completely recognizing the role of actin and actin
dependent structures within the cell.

Modeling Actin Driven Motility
A major advantage of using biomimetic cargo to study
the actin machinery is that it allows for quantitative
experiments and systematic variation of parameters.
This has facilitated comparison with predictive models
and the testing of different hypotheses. The earliest
models trying to explain how polymerization can push
a load elaborated a Brownian Ratchet mechanism,
building on thermodynamic ideas by Hill and Kirschner
([35], see Mogilner and Oster, this issue). The first
implementation of this model by Peskin et al. [57] con-
sidered polymerization of filaments near a fluctuating
load. The fluctuations of the load provide enough

Review
R740

Figure 4. Spontaneous branching of a
lipid tether.

(A) Fluorescence image of a branched
tether. A fraction of the lipids was labeled
with Oregon Green. The actin was labeled
with rhodamine (red). Differential interfer-
ence contrast microscopy (B) and fluores-
cently labeled actin (C) images illustrating
a branching event. Images were taken at
30 s intervals.

A B

C
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space for monomers to intercalate at the tip of the
growing polymer. As the filament elongates, it prevents
(ratchets) the backward motion of the load and thus
moves it forward. Modifications of this basic model
include the effect of fluctuating elastic filaments [19].

The Tethered Filament Model
Subsequent experimental evidence on the structure
and properties of the actin tail has allowed for a refine-
ment of these models. Currently, two alternative sce-
narios are used to describe the growth and branching
of actin filaments at the leading edge of a pre-existing
array: the dendritic nucleation scheme, in which the
rate of filament nucleation does not depend on the
number of existing filaments and the autocatalytic
branching model, in which the filament generation rate
explicitly depends on the current filament density. The
‘tethered’ Brownian ratchet model [20] considers a den-
dritic nucleation scheme and accounts for the experi-
mental fact that the load must be attached to the
filaments. There are two populations of filaments:
attached filaments are under tension and grow by de
novo nucleation, whereas detached filaments are
formed when the attached filaments dissociate. The
detached filaments are the ‘working’ filaments which
can generate a protrusive force and are lost by
capping. The predictions of this model compare well
with several experimental observations. The predicted
propulsion velocity of 70 nm/s, for the nominal parame-
ters, is in the same range as that obtained experimen-
tally by Cameron et al. for ActA coated beads moving in
cell extract. Furthermore, the bead velocity is almost
independent of the density of ActA on the surface or
the viscoelasticity of the cytoplasmic extract [11].

The model predicts that the velocity depends on the
ratio of working to attached filaments rather than the
total number of nucleation sites. A change in either the
ActA or Arp2/3 concentration would affect the overall
number of sites rather than the ratio and does, there-
fore, not affect the velocity. The model also predicts
that smaller beads will move more slowly, concurrent
with Cameron et al.’s observation. On the contrary,
Bernheim-Groswasser’s experiments [14] show that
bead velocity is inversely proportional to bead radius.
This apparent contradiction needs to be resolved. The
force-velocity curve predicted by this model is steeply
biphasic, as the velocity drops very fast for low forces
below 20 pN and decreases more slowly with higher
loads. Qualitatively this may be explained by the con-
sideration that at high velocities filaments can detach
rapidly and offer little internal resistance. At higher
loads, and hence slower velocities, the attachments
are more persistent and increase the internal resis-
tance, thus further slowing down the bacterium. This
is consistent with the force-velocity relation obtained
by McGrath et al. for Listeria moving in extract [37]. In
the model, the bead velocity is proportional to actin
density and, therefore, the curve becomes shallower
as the nucleation rate is increased. This and the sen-
sitivity of the force velocity curve to changes in para-
meter values can be tested experimentally. However,
Wiesner’s flat force-velocity curve [15] cannot be
explained by this model.

The Autocatalytic Branching Model
A different model by Carlsson [21,22] simulates actin
filaments growing against an obstacle and compares
the autocatalytic branching and dendritic nucleation
schemes. The angular orientations of filaments are
explicitly taken into account, whereas the tethering of
filaments to the surface is not considered. The force-
velocity curve obtained from the autocatalytic scheme
predicts no decrease of velocity with increasing exter-
nal load and is consistent with Wiesner’s experiments
on beads [15]. The physical explanation for this is that
an increase in the external force causes the bead to
slow down transiently. More new filaments can then
be created to increase the filament density and result
in the recovery of the initial velocity. This result
depends entirely on the linear nature of the equations
used and may have limited validity for several experi-
mental situations.

Mogilner and Oster [20] have extended their model
to include the ‘autocatalysis’ behavior. Working fila-
ments become ‘attached’ with a certain association
rate that might be determined, for example, by the
concentration of the Arp2/3 complex. All attached fila-
ments branch instantaneously such that when they
dissociate, two working filaments are created for each
filament that was initially attached. Their modified
model does not explicitly include a branching rate and
gives the same biphasic relation as before. This
appears to be in contradiction to Carlsson’s autocat-
alytic model, which predicts a flat relation. Closer
observation reveals important differences between the
two models. In Mogilner and Oster’s model, the total
rate of filament formation does not explicitly depend
on the density of existing filaments. Furthermore, the
association rate does not depend on the number of
working filaments. In the limiting case of a very low
number of working filaments, this might be a problem.
They also do not consider the angular orientation of
the filaments in the network. On the other hand, the
model by Carlsson does not consider attachment
between filaments and the surface, and thus, the exter-
nal load is balanced by the total force exerted by the
filaments, all of which can push. In contrast, in
Mogilner and Oster’s model there is an additional
tension due to attached filaments. This leads to very
different results for the force-velocity curves. Carls-
son’s model, extended to include the ‘nucleation’
scheme, produces a biphasic force-velocity relation
similar to that in the tethered ratchet model. However,
the physical origin of this type of relation is different for
the two models. Importantly, under conditions of high
filament density or attachment strength the force-
velocity curve for the tethered ratchet model would be
flat, as the velocities would be insensitive to the
applied force. The experiments of Wiesner et al. might
be operating in this regime. This underscores the
importance of quantitative measurements of parame-
ters such as filament densities and binding strengths.

It appears that the balance between branching rate
and capping rate is important in determining the
velocity. Experimentally, these can be controlled by
varying the N-WASP and Arp2/3 concentration, to
determine branching, and the concentration of capping
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proteins, such as gelsolin. Experiments  demonstrate
that the velocity decreases sharply with increasing
gelsolin concentration. Based on Carlsson’s simula-
tions [21], this implies that uncapping is not important
and favors ‘end-branching’ of filaments. Furthermore,
branching structures at low and high gelsolin are con-
sistent with the autocatalytic branching model. Differ-
ent branching versus capping rates can also lead to
the different morphologies of actin arrays in lamellipo-
dia and filopodia. Wiesner et al. [15] also found that
the asymptotic velocity of beads does depend on the
N-WASP surface density (unlike Cameron et al.’s
results with ActA coated beads [11]) in that the bead
velocity increases with N-WASP density up to a
certain maximum.

Elastic Continuum Models
On a completely different scale models operate that
treat the actin gel as an elastic continuum [23,40]
and do not consider individual filaments. In such
models, network growth creates elastic stress in the
tail and deforms the gel, thereby squeezing the bac-
terium. As the stress in the gel is relaxed, the bac-
terium is pushed forward. This leads to a nonlinearity
such that the bacterium can be pushed forward at a
rate much faster than the polymerization rate. The
force-velocity relations are obtained by assuming a
force balance between the external drag, the elastic
forces generated due to gel growth and an internal
opposing force, which behaves like friction at low
velocities in that it is proportional to the velocity. This
opposing force arises from the binding and unbind-
ing of filaments with finite bond elasticity. The model
produces a shallow force velocity curve, such that
the amount of force required to slow down the load
appreciably is around one nanonewton. Based on
the elastic modulus of the actin gel, this is the force
scale required to significantly deform the gel. Forces
of tens of piconewtons will not be sufficient to slow
the moving load, similar to the observations by
Wiesner et al. [15] and contrary to those by McGrath
et al. [37]. As the internal opposing force increases,
the force-velocity curve becomes shallower, the bac-
terium slows down, the filament density increases
and the gel becomes thicker, which increases the
stress buildup and consequently the driving force.
The gel thickness is found to be in agreement with
electron microscopy observations [31].

Further Implications for Models
While the models discussed above account for basic
observations from biomimetic experiments, such as
the force-velocity relations and their dependence on
various parameters, the link between microscopic
and macroscopic models needs to be explored. Two
specific experimental findings, the binding of the
actin tail to the surface of the load and the symme-
try breaking resulting in directional movement, can
be used to make refinements to the models. Recent
experiments with lipid vesicles deformed by actin
polymerization highlight the importance of the
elastic interactions between the actin tail and the
load [17,18].

Models for Binding
Experimental evidence of filament attachment con-
strains theoretical models that try to explain polymer-
ization based motility and force generation. The recent
experiments of Wiesner et al. [15] imply the existence of
an internal force that might arise due to the attachment
of filaments to the load surface. One important para-
meter that needs to be determined is the number of
attached filaments that is sufficient to generate the
observed retarding force. Electron microscopy reveals
only a few filaments being attached to the bead [52].
This is consistent with only a few ‘working’ filaments
being required to generate a force and to cause motil-
ity, as was implemented in the ‘tethered Brownian
ratchet’ model [20]. However, the exact nature of the
binding and the time scale of bond formation and dis-
sociation in this system are unknown. The elastic model
by Gerbal et al. [23] was one of the first to explicitly
consider the binding between the tail and the bac-
terium. This model introduces the concept of an effec-
tive force that arises from the binding between the
growing gel and the bacterial surface and opposes the
polymerization force. As the stress increases and
reaches a critical value, catastrophic breakage of
bonds occurs, resulting in the bacterium hopping
forward. A physical analogy is the slipping of a wet bar
of soap when it is squeezed between two hands. An
alternative model of ‘clamped filament elongation’ [58]
also requires binding between actin and the membrane.
Recent experiments with lipid vesicles indicate that the
binding to the load surface should be an important
feature in such models. In both experiments, moving
vesicles deform to a characteristic teardrop shape,
which is maintained as the vesicle moves, implying that
some filaments are strongly bound [17,18]. This binding
is sufficient to overcome the restoring force due to
membrane stretching, which is typically in the range of
a few nanonewtons for the vesicles used. The stepping
motility of some vesicles is an extreme demonstration
of the strength of binding and may be used to quantify
it, if the density of filaments is known [17]. Careful
experiments at the single filament level are required to
directly measure these binding strengths.

Flexible Load
None of the models proposed so far has considered
the effects of a flexible load like a membrane, which
is most relevant at the leading edge of migrating
cells. The elastic properties of the membrane, as well
as its deformations, will affect the dynamics of poly-
merization. Experimental evidence from the study of
actin propelled lipid vesicles suggests that the retrac-
tile forces are acting at the trailing edge and the pro-
trusive forces are located on the sides ([17,18], Box
1). This implies that a majority of ‘attached’ or teth-
ered filaments would be at the trailing edge and most
of the free or ‘working’ filaments would be at the
sides. The fluidity of the membrane may also play a
role in this spatial segregation. Therefore, Brownian
ratchet like models that consider polymerization of
single filaments should be modified to include a flex-
ible membrane. In order to describe the possible cur-
vature dependent distribution of filament populations,
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further experiments that look more closely at the
interface between the actin and the membrane might
provide important insight into the spatial organization
of filaments near the membrane. A deterministic
model [17] simulates the polymerization of actin, the
consequent movement of the membrane and calcu-
lates the stress distribution on the deformed vesicle
based on its stretching and volume change. However,
the stochastic nature of the polymerization, elastic
properties of the actin gel, nature of the viscous
forces between the actin and membrane, and the dif-
ferent types of filament, bound and unbound to the
membrane, remain to be considered.

Mechanism of Symmetry Breaking
A complete and self-consistent model must be able to
explain the mechanism behind the spontaneous sym-
metry breaking that is observed in bead motility. A
stochastic model [12] treating the actin filaments as
elastic Brownian ratchets [19] suggests that the spon-
taneous symmetry breaking is caused by cooperative
polymerization of neighboring filaments. The bead
effectively couples the polymerization of different fila-
ment tips, such that filaments on the same side of the
bead cooperate with each other, whereas filaments on
opposite sides of the bead inhibit each other’s growth.
This arrangement allows for small stochastic fluctua-
tions to be amplified leading to symmetry-breaking in
the system [12]. A stochastic version of the tethered
Brownian ratchet model [20] also displays the sym-
metry-breaking behavior. However, its dependence on
parameters such as bead size was not calculated. The
macroscopic elastic gel model [39] predicts that,
above a critical value, growth induced stress in the gel
will lead to a fracture in the gel, which can induce uni-
directional motion by the development of a comet tail.
The symmetry breaking threshold and the probability
of fracture depend on the material properties of the
gel as well as on the density of nucleators on the bead
and the cross-linking density in the tail. Extending this
idea, the time required to break symmetry was esti-
mated as a function of the bead diameter and com-
pared with experimental data [14]. It appears that
significant stress can build up to induce symmetry
breaking and to decrease the polymerization velocity.
Experiments with phospholipid vesicles show a much
faster symmetry breaking and possibly employ a dif-
ferent mechanism. More detailed experiments that
follow the development of the actin tail around the
vesicle surface would be able to clarify the mecha-
nisms that underlie symmetry breaking, such as lateral
diffusion of actin-associated proteins on the mem-
brane surface. Such experiments may play a vital role
in constructing models to follow the development of
spatial polarity in cells.

Future Directions
The reductionist approach using biomimetic systems
has fostered fruitful interactions between bio-
chemists, cell biologists and physicists to streamline
our understanding of the biophysical mechanisms
and the key biochemical steps governing force gen-
eration by actin polymerization. Biomimetic systems,

although important in their own right, are but a step
towards our understanding of the more complicated
problem of eukaryotic cell motility. The next challenge
is to translate our understanding into events at the
lamellipodium. While several features of biomimetic
systems appear to play a role in a cellular environ-
ment, there are striking differences. Compared to
biomimetic systems, the geometry of a cell is
inverted, with the actin inside. Clearly, the geometry
of biomimetic systems must be inverted into an artifi-
cial lamellipodium whose physical properties are
under experimental control. Observations indicate
that cells may regulate dynamical processes, for
example, spreading and extension, by modulating the
physical properties of the plasma membrane such as
curvature or tension [59]. Alteration of membrane
composition in specific regions of the cell surface
may be controlled by signal transduction cascades,
enabling the cell to initiate motility and maintain
polarization. Biomimetic  vesicles have the potential
to probe how membrane properties couple to molec-
ular networks that control motility or shape changes.
As these reduced systems facilitate modeling to vali-
date assumptions using quantitative experiments and
mathematical analysis, they hopefully will provide
exciting avenues of research that will help us to pin
down the biophysical basis of cell motion.
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