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Active tension and membrane friction mediate cortical flows and blebbing
in a model actomyosin cortex
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Blebs, spherical membrane bulges of the cell membrane, are ubiquitous structures observed in various bio-
logical phenomena, including apoptosis, cell division, to bleb-based cell migration. The mechanics of blebbing
have been characterized in terms of the actin cytoskeleton beneath the cell membrane. However, how changes in
cortical mechanics relate to changes in the physical behaviors of the cell remains unclear. Here, we reconstitute
a minimal model of the actomyosin cortex within liposomes. Upon laser ablation of the cortex, myosin-induced
mechanical stresses are relaxed by different mechanisms—either cortical flows or membrane blebbing. For
cortical flows, the cortex-membrane composite behaves as a viscoelastic fluid. By contrast, for ablation-induced
blebbing, elastic stresses are accumulated, and the cortex behaves as a solid with a stress yield. These results
highlight pivotal roles for membrane elasticity, cytoskeleton, and pressure in the mechanical responses of the
actomyosin cortex.

DOI: 10.1103/PhysRevResearch.6.033024

I. INTRODUCTION

Blebbing, an outward spherical protrusion of cell plasma
membrane, is a ubiquitous phenomenon observed in apoptosis
[1], cell division [2,3], and bleb-based cell migration [4–7].
The actin cytoskeleton comprises actin filaments (F-actin) and
myosin II motors, driving various morphological changes of
cells from division to migration by transmitting contractile
forces to the plasma membranes through actin-membrane
links [8,9]. Blebs play pivotal roles in achieving many bi-
ological functions, such as releasing intracellular pressure
to stabilize cell shape symmetry during division [10], and
directional guidance during cell migration by finding least
friction pores under confined environments such as extracel-
lular matrices [11,12]. The mechanism of blebbing has been
well documented in terms of the mechanics of the actin cy-
toskeleton beneath the cell plasma membrane: the actin cortex
detaches from the membrane or is dissociated, creating a hole,
generating a pressure gradient across the membrane to drive
outward membrane protrusion [13–16]. Recent experimental
studies suggested that the expansion of the bleb membrane
introduces the Ca2+ into the cytosol through activating ion
channels, suggesting that membrane mechanics may also play
a vital role in regulating ion channel function [17].
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Although the formation process of blebbing has been well
characterized, how different cortical and membrane behaviors
emerge is not well understood. For example, laser ablation
techniques, in which high-power lasers locally dissociate the
cortex, have been used as useful tools to probe cortex me-
chanics [18]. Ablation of a single rounded cell cortex induces
local blebbing [15], while laser ablation can also induce
cortical flows [19]. Thus, it remains elusive what mechani-
cal parameters determine the diverse responses of the cortex
and membrane upon external mechanical stimuli. To address
this, we developed a biomimetic model of cell blebbing
comprising actomyosin networks encapsulated within giant
unilamellar vesicles (liposomes) [20–29]. Here, we employed
laser ablation of the actin cortex along with light-activated
actomyosin contractility, enabling precise control of mechan-
ical responses. The laser ablation induces diverse responses,
including cortical actomyosin flow and membrane blebbing.
Combining experiments with physical modeling, we identified
that active tension and friction between the cortex and the
membrane determine the dynamics and propensity for flowing
and blebbing. This study elucidates the interplay between
myosin-induced active tension, the mechanical properties of
the actin network, and membrane shape changes, providing
insights into the coordination between cytoskeletal forces and
membrane mechanics in cells.

II. RESULTS

A. Laser ablation induces various morphological responses

Purified actin, myosin, and actin-associated proteins were
encapsulated into liposomes using the inverted emulsion
method (Methods) [20,27,30]. His-tagged VCA is anchored
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FIG. 1. Morphological changes of the actomyosin cortex liposomes upon laser ablation. (a) Schematic of a liposome encapsulating
actomyosin and actin-associated proteins. A branched actin network is polymerized by the Arp2/3 complex via His-VCA-mediated activation.
(b) Snapshots showing midplane and z projection of an actomyosin cortex liposome (actin in green, myosin in magenta). (c)–(e) Time-lapse
images showing morphological responses of actomyosin cortex liposomes upon laser ablation exhibiting retraction (c), rupture (d), and
blebbing (e) (actin in green, myosin in magenta, and membrane in red). (f) Percentage of liposomes showing no change (blue), retraction
(orange), blebbing (yellow), and rupture (gray) upon ablation. n is the total number of liposomes (N = 3 independent experiments in [actin]
= 6 µM, [myosin] = 0 nM, [NiNTA] = 5%; N = 13 in [actin] = 6 µM, [myosin] = 0 nM, [NiNTA] = 5%; N = 18 in [actin] = 6 µM,
[myosin] = 30 nM, [NiNTA] = 5%; N = 6 in [actin] = 6 µM, [myosin] = 15 nM, [NiNTA] = 5%; N = 4 in [actin] = 6 µM, [myosin]
= 30 nM, [NiNTA] = 10%). Top lines denote p values comparing morphological responses between two conditions. (g) Percentage of
liposomes with blebs in different conditions. *, **, *** stand for p < 0.05, p < 0.01, p < 0.001, respectively. n.s.: not significant. Scale
bars, 10 µm.

to the membrane via DOGS-NiNTA lipids, polymerizing the
actin cortex beneath the membrane through the activation of
the Arp2/3 complex [Figs. 1(a) and 1(b)]. These liposomes
are referred to as actomyosin cortex liposomes. Gelsolin and
cofilin were included to maintain the dynamics of F-actin
assembly and disassembly [20,27,30]. Myosin was initially
inactivated by adding blebbistatin, an inhibitor of myosin
ATPase activity [31], before the preparation of liposomes to
allow the formation of the actomyosin cortex without induc-
ing contraction. The liposomes were then illuminated with
488 nm light to inactivate blebbistatin before the laser abla-
tion [27,32,33]. Light-activated actomyosin contractility was

confirmed by observing the contraction of actin networks
polymerized within the liposome volume that does not contain
His-VCA and Arp2/3 (Supplemental Material Fig. 1 [34]).

To probe the mechanical properties of the actomyosin
cortex, we performed laser ablation of the actomyosin cortex,
a method previously established in cells [15,19]. We ablate the
actomyosin cortex using an N2 pulsed dye laser (λ = 435 nm,
26 µJ). Notably, we observed three distinct morphological
responses immediately after local ablation: retraction of
the actomyosin cortex from the ablated area [Fig. 1(c) and
Supplemental Material Movie S1 [34]], rupturing of the lipo-
some [Fig. 1(d) and Supplemental Material Movie S2 [34]],
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and blebbing of the membrane [Fig. 1(e) and Supplemental
Material Movie S3 [34]]. Specifically, 48% of liposomes
exhibited retraction of the actomyosin cortex without
generating blebs, while 13% displayed the growth of cell-like
blebs, 16% ruptured, and 23% showed no change [Fig. 1(f)].

B. Characterization of blebbing behavior

Blebbing was characterized by an outward bulge of the
membrane protruding from the opened-up actomyosin cortex,
reminiscent of “blebs” observed in cells [Fig. 1(e) and Sup-
plemental Material Fig. 2 [34]). Blebs exhibited a spherical
shape protruding from the surface of the mother liposomes,
where the bleb diameter DB = 3.7 ± 2.3 µm (mean +/− stan-
dard deviation; n = 27) was always smaller than the mother
liposome diameter DML = 21.8 ± 5.3 µm. Some mother li-
posomes exhibited slight deviations from a spherical shape
during bleb expansion (Supplemental Material Fig. 2 [34]).
Notably, when a second ablation is performed at the op-
posite side of the first bleb, the height of the second bleb
was approximately two to three times smaller than the first
bleb (Supplemental Material Fig. 3 [34]). This observation
supports a pressure-driven mechanism for cell-like bleb for-
mation, where the first bleb relaxes the accumulated pressure,
thereby the second bleb becomes smaller [15].

We compare the probability of bleb formation upon laser
ablation among different myosin concentrations and NiNTA
lipid fractions [Fig. 1(f)]. The blebbing probability increased
from 1.6% at [myosin] = 0 nM to 13% at [myosin] = 30 nM
[Fig. 1(g)]. However, it decreased from 13% to 4% when
the myosin concentration was reduced from 30 to 15 nM,
indicating the contribution of actomyosin contractility to the
generation of blebs [Fig. 1(g)]. The small fraction of actin
cortex liposomes at [myosin] = 0 nM exhibiting a bleb-like
structure may be attributed to stress built up by actin polymer-
ization [35]. More than 95% of bare liposomes lacking actin
and myosin exhibited no morphological changes upon laser
ablation. In contrast, the probability of rupture increased at ac-
tomyosin cortex liposomes (20%) and actin cortex liposomes
lacking myosin (15%). This observation suggests the potential
contribution of the actin cortex to liposome rupturing.

A large fraction of actomyosin cortex liposomes (47%)
exhibited cortical retraction, whereas the probability of retrac-
tion decreased in actin cortex liposomes (19%) [Fig. 1(f)].
We confirmed the effect of reduced myosin concentration
by observing a reduction in the number of myosin puncta
incorporated within a liposome (Supplemental Material Fig. 4
[34]). Moreover, increasing the NiNTA lipid fraction from
5% to 10% reduced the blebbing probability from 12% to
2% [Fig. 1(g)], indicating that stronger membrane-to-cortex
attachment may prevent bleb formation, as observed in cells
[36]. We confirmed the influence of a higher NiNTA lipid
fraction through the observation that 10% NiNTA lipid frac-
tion leads to higher actin fluorescence at the cortex compared
to 5% NiNTA lipid fraction. This indicates that the higher
NiNTA lipid fraction enhanced the localization of His-VCA,
thereby enhancing actin polymerization beneath the mem-
brane (Supplemental Material Figs. 5 and 6 [34]).

C. Cortical retraction is controlled by myosin concentration
and membrane-to-cortex attachment

First, we analyze the cortical retraction dynamics to esti-
mate the mechanical parameters of the actomyosin cortex. The
arc length of the opened-up region upon ablation is defined as
L, and the retraction speed is defined as vret [Fig. 2(a)]. No-
tably, both the maximum arc length Lmax and initial retraction
speed v0 significantly increased with higher myosin concen-
tration, changing from v0 = 0.12 ± 0.09 to v0 = 0.52 ± 0.32
µm s−1, confirming the contribution of actomyosin contractil-
ity to cortical retraction [Figs. 2(b)–2(e)]. Of note, the cortical
retraction speed is comparable to the reported myosin puncta
walking speed vmyo ∼ 0.1–1.0 µm s−1 within the F-actin net-
work nucleated by the Arp2/3 complex on a two-dimensional
lipid bilayer [37,38].

On the other hand, increasing the membrane-to-cortex
attachment by using the larger fraction of NiNTA lipids re-
sulted in slower cortical retraction v0 = 0.22 ± 0.10 µm s−1

at [NiNTA] = 10% compared to v0 = 0.52 ± 0.32 µm s−1

at [NiNTA] = 5% (Supplemental Material Fig. 7 [34]), in-
dicating that the strength of the physical link between the
cortex and membrane determines the cortical retraction speed
through the friction between the cortex and membrane [21].
We confirmed that there is no significant liposome size depen-
dence on the retraction speed and arc length (Supplemental
Material Fig. 7 [34]). It is worth noting that the contraction of
Arp2/3 networks was minimal in two-dimensional systems,
consistent with the result that the typical arc length in the
present system is typically less than 10% of the circum-
ference length of the liposome [37]. Together, these results
suggest that actomyosin contractility and the membrane-to-
cortex attachment determine the mechanical response upon
laser ablation.

D. Active tension and cortex-membrane friction determine
cortical retraction dynamics

To understand how changes in the mechanical properties
of the cortex lead to changes in cortical retraction behavior,
we employed the Kelvin-Voigt (KV) model, incorporating
an active component as used in previous studies [18,19,39].
The membrane acts as a damper, while actomyosin serves as
an active elastic component connected in parallel, describing
the elastic response upon sudden stress release via ablation
[Fig. 3(a)]. The dynamics of retraction induced by laser abla-
tion is described by ζdL/dt = −kL − γa + γ0, where L is the
arc length, γa is the active tension due to actomyosin contrac-
tility within the cortex, ζ is the frictional damping coefficient
due to the interaction between the cortex and membrane which
absorbed the cortex thickness for dimensional correctness, k
is the stiffness of the cortex, and γ0 is the mechanical ten-
sion present in the system before ablation [19,21,39]. Upon
ablation, γ0 = 0, and the cortical retraction proceeds until
the system reaches a mechanical equilibrium. Analysis of the
KV model gives the retraction speed as a function of time
t after ablation, vret (t ) = v0exp(−t/τ ), where v0 = γa/ζ is
the initial retraction speed and τ = ζ/k is the characteristic
retraction time [Figs. 3(b)–3(e)]. Thus, the KV model relates
the mechanical parameters of the actomyosin cortex to exper-
imentally measurable quantities.
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FIG. 2. Cortical retraction is controlled through actomyosin contractility. (a) Schematic depicting cortical retraction, defining arc length L,
and retraction speed vret . (b) and (c) Arc length over time (b) and maximum arc length Lmax boxplots (c) with varying myosin concentrations
(n = 16 actomyosin cortex liposomes and N = 4 independent experiments at [myosin] = 0 nM; n = 21 and N = 4 at [myosin] = 15 nM;
n = 26 and N = 5 at [myosin] = 30 nM). Time = 0 s corresponds to 3 s after laser ablation. (d) and (e) Retraction speed vret over time (d)
and initial retraction speed v0 boxplots (e). (f) Initial retraction speed v0 dependence on myosin puncta density nm within liposomes, varying
myosin concentration and NiNTA fraction (N = 4 at [myosin] = 30 nM, [NiNTA] = 10%). Broken lines are linear regression v0 = (α/ζ )nm,
with (α/ζ ) = 6.46 at [myosin] = 15 nM, [NiNTA] = 5%; (α/ζ ) = 6.50 at [myosin] = 30 nM, [NiNTA] = 5%; and (α/ζ ) = 2.96 at [myosin]
= 30 nM, [NiNTA] = 10%. (g) Boxplot showing active tension γa obtained from the Kelvin-Voigt model. Curves and error bars are mean ±
standard deviation. **, *** stand for p < 0.01, p < 0.001, respectively. n.s.: not significant.

First, we test the model prediction that the initial retraction
speed v0 is determined by the active tension γa and the
friction between the cortex and membrane ζ , following the
relation v0 = γa/ζ . We assumed that the active tension γa is
proportional to the myosin puncta density: γa = αnm, where α

is a proportionality coefficient independent of myosin density
[39–41]. Thus, the initial retraction speed is proportional
to the myosin density: v0 = (α/ζ )nm, which was used to
fit the experimental data to extract mechanical parameters
[Fig. 2(f)]. The slope of the v0 − nm relation is (α/ζ ) = 6.46
at [myosin] = 15 nM, which is comparable to (α/ζ ) = 6.50
at [myosin] = 30 nM [Fig. 2(f)]. Therefore, we estimate the
ratio of the active tension to be γ

Myo 30 nM
a /γ

Myo 15 nM
a =

ζv
Myo 30 nM
0 /(ζv

Myo 15 nM
0 ) � v

Myo 30 nM
0 /v

Myo 15 nM
0 � 2.0

[Fig. 2(e)], consistent with the ratio of the active tension
estimated from myosin density, γ

Myo 30 nM
a /γ

Myo 15 nM
a =

αnMyo 30 nM
m /(αnMyo 15 nM

m ) = nMyo 30 nM
m /nMyo 15 nM

m � 2.1
(Supplemental Material Fig. 4 [34]). This theoretical analysis
suggests that the faster retraction speed at higher myosin
concentrations is induced by the higher active tension (i.e.,
contractility) within the actomyosin cortex.

On the other hand, the linear relationship between
v0 and nm was also observed under the condition of
stronger membrane-to-cortex attachment at [NiNTA] = 10%
[Fig. 2(f)]. Thus, the theoretical relationship v0 = (α/ζ )nm

holds in this condition. However, the slope of the v0 − nm

relation is (α/ζ ) = 2.96 at [NiNTA] = 10%, which is 2.2
times smaller than the slope (α/ζ ) = 6.50 at [NiNTA] = 5%
[Fig. 2(f)]. Assuming that the proportionality coefficient α is
independent of membrane-to-cortex attachment, we estimate
the ratio of the friction between the cortex and membrane to be
ζ 10% NiNTA/ζ 5% NiNTA ∼ 2.2. Therefore, this theoretical analy-
sis suggests that the stronger membrane-to-cortex attachment
causes larger friction between the cortex and membrane dur-
ing cortical retraction. Moreover, the characteristic retraction
time τ was obtained by fitting vret (t ) to the time course of the
retraction speed by varying v0 and τ [Figs. 3(b)–3(e)]. The
characteristic retraction time τ = 12.0 ± 6.3 s at [NiNTA]
= 10% was longer than that of τ = 5.5 ± 6.0 s at [NiNTA]
= 5%, indicating that the larger friction due to stronger
membrane-to-cortex attachment delayed the retraction. To-
gether, the theoretical analysis using the KV model provides
a mechanical understanding that actomyosin contractility and
friction via membrane-to-cortex attachment determine the dy-
namics of cortical retraction upon laser ablation.

It should be noted that the proportionality coefficient α

introduced in γa = αnm could take larger values at stronger
membrane-to-cortex attachment, because myosin II under
higher load is known to perform larger mechanical work
[42–44]. However, the larger α indicates a steeper slope
of the v0 − nm relation, which contradicts the experimental
observation of the smaller slope at stronger membrane-to-
cortex attachment. Hence, we concluded that the myosin load
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FIG. 3. Kelvin-Voigt model of the laser ablation-induced cortical retraction. (a) Schematic showing the KV model parameters, active
tension γa, friction between the cortex and the membrane ζ , elasticity of the cortex k, and γ0 is the mechanical tension present in the system
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[NiNTA] = 10%). (d) and (e) Theoretical curves of the arc length (d) and retraction speed (e) plotted using the mean values of v0 and τ

obtained from the experimental data. *, **, *** stand for p < 0.05, p < 0.01, p < 0.001, respectively. n.s.: not significant.

dependence is not significant in the present system and the
influence of the larger friction ζ outweighed the myosin load
dependence.

E. Estimation of the cortex tension during cortical retraction

We next estimated the mechanical parameters of the
actomyosin cortex. During cortical retraction, the retracting
cortex experiences the friction force by the lipid bilayer
membrane. The friction force per unit area applied to the gel
by the membrane is given by ffric = ζ ′vret = ηmnlinkvret [21],
where ηm is the membrane viscosity, typically on the order of
10−6–10−5 Pa s m [21,26,30], and nlink is the number density
of membrane-to-cortex links, estimated as follows. Assuming
all the Arp2/3 complex is bound to the membrane-bound VCA
sites and Arp2/3 concentration of 0.3 µM, for an actomyosin
cortex liposome with a radius R = 10 µm, the total number
of membrane-to-cortex links is Nlink ∼ 105, calculated by
multiplying the Arp2/3 concentration and the volume of
the liposome [21,26]. We ignored the viscous resistance
of the actin network (∼ηcvretR−2) as it is expected to be
orders of magnitude smaller than the friction force, given the
two-dimensional viscosity of actin ηc = ηh ∼ 10−9–10−6

Pa s m, where the actin viscosity η ∼ 10−2–101 Pa s [30,45]
and the cortex thickness h = 0.31 ± 0.13 µm (Supplemental
Material Fig. 5 [34]), assuming Arp2/3 does not affect the
gel viscosity [46]. Using the relationships v0 = γa/ζ and

γa = hσa [34,47], where σa is active stress, the initial
force balance is written as (ζ/h)v0 = σa. Comparing
this with the friction force, the frictional coefficient is
written as ζ = ηmnlinkh. Using ηmnlink = ηmNlink/(4πR2),
the cortex thickness h = 0.31 ± 0.13 µm (Supplemental
Material Fig. 5 [34]), and the initial retraction speed
v0 = 0.52 ± 0.32 µm s−1, the active tension γa is estimated
as γa = ζv0 = (ηmnlinkh)v0, yielding γa ∼ 10−6–10−5 N m−1

[Fig. 2(g)]. This value is comparable to the active tension
estimated from the number of myosin puncta within an
actomyosin cortex liposome (Supplemental Material Fig. 4
[34]) [27], and the reported actomyosin cortical tension
estimated for cell-sized liposomes [21].

The estimated active tension is one order of magnitude
larger than the membrane tension of the bare liposomes γm =
(5.8 ± 8.1) × 10−7 N m−1 measured by membrane fluctua-
tion spectroscopy (Supplemental Material Fig. 8 [34]). This
result confirms that our theoretical estimates are based on
the “active” contribution that outweighs the “passive” mem-
brane tension. Indeed, thermal fluctuation of the membrane
was suppressed upon polymerization of the actin cortex (Sup-
plemental Material Fig. 8 [34]). The membrane tension of
the bare liposomes behaves like liquid surface (interfacial)
tension, which is related to the Laplace’s pressure through

P = 2γm/R [48]. It should be noted that there is a minimal
retraction speed at [myosin] = 0 nM, even though the model
assumes active tension as a source of retraction after ablation.
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FIG. 4. Laser ablation-induced blebbing is driven by actomyosin
contractility. (a) Snapshot of a laser ablation-induced bleb in an
actomyosin cortex liposome (actin in green, myosin in magenta, and
membrane in red). (b) Time course of the hole size and bleb height of
the liposome in (a). (c) Boxplot comparing bleb and mother liposome
diameters (n = 27, N = 16). (d) Liposome blebbing fractions upon
laser ablation at different myosin concentrations (n = 78, N = 6 at
[myosin] = 0 nM; n = 192, N = 13 at [myosin] = 15 nM; n = 196,
N = 18 at [myosin] = 30 nM). (e) Bleb size dependence on myosin
puncta density nm within a liposome (n = 27, N = 16). Inset: myosin
spot tracking (yellow circles). Scale bars, 10 µm. *, **, *** stand for
p < 0.05, p < 0.01, p < 0.001, respectively. n.s.: not significant.

We hypothesize such a slight opening without myosin may
be due to a loss of adhesion between the cortex and the
membrane. As shown in the fluctuation spectroscopy analysis
(Supplemental Material Fig. 8 [34]), membrane fluctuation is
suppressed upon polymerization of the cortical actin layer,
which suggests an increase in tension. Upon ablation, there
is a difference in the extent of adhesion between the regions
covered with the actin cortex and without the actin cortex
in the vicinity of the ablated area. This gradient in adhesion
strength may induce a slight opening. Nevertheless, the initial
retraction speed with myosin is significantly faster than with-
out myosin, highlighting the important contribution of myosin
to retraction. The estimated active tension at [myosin] = 0 nM
is comparable to the tension γm = (2.2 ± 2.0) × 10−6 N m−1

of the actin cortex liposome measured by fluctuation spec-
troscopy (Supplemental Material Fig. 8 [34]), which may
be attributed to the tension built up by actin polymerization
[35]. Together, the theoretical estimation further supports that
cortical retraction is driven by actomyosin contractility.

F. Blebbing is controlled through actomyosin cortex tension

We next investigate the impact of cytoskeletal mechanics
on blebbing. Upon laser ablation, bleb expansion is accom-
panied by the increase in bleb height and hole size [Figs. 4(a)
and 4(b), and Supplemental Material Fig. 2 [34]). The bleb di-
ameter DB = 3.7 ± 2.3 µm was consistently smaller than that
of the mother liposome DML = 21.8 ± 5.3 µm [Fig. 4(c)].

The frequency of blebbing increased with the concentration of
myosin [Fig. 4(d)], and the size of the blebs increased with a
higher number density of myosin puncta [Fig. 4(e)], indicating
that actomyosin contractility is crucial to generate blebs.

To understand how actomyosin contractility leads to
blebbing, we estimate the active tension required for bleb
expansion [13–15,49]. The Young-Laplace law in the mother
liposome is written as 
P = 2(γa + γm)/RML, where γa and
γm is the active tension and the membrane tension, respec-
tively. γa vanishes in the region where the actomyosin cortex
is disrupted by the laser ablation, leading to the outgrowth
of the bleb. The maximal pressure in the bleb has previ-
ously been expressed as 
P = 4γm/w, where w is the
width of the laser-ablated region of the cortex [15,49]. Be-
low this pressure, membrane tension limits bleb expansion,
while above it, expansion proceeds until reaching mechanical
equilibrium [15]. Thus, the active tension for bleb expansion
is estimated by the balance between the pressure inside the
mother liposome and the pressure in the bleb, yielding the
active tension γa ∼ γmRML/w ∼ 10−6 N m−1, using the mem-
brane tension of a bare liposome measured by fluctuation
spectroscopy γm = (5.8 ± 8.1) × 10−7 N m−1 (Supplemental
Material Fig. 8 [34]), RML = 10 µm, and w = 1 µm. The esti-
mated active tension γa is comparable to the active tension
estimated from the cortical retraction [Fig. 2(g)], and the
active tension estimated from the number of myosin puncta
within a liposome, γa ∼ (1.1 × 10−6)–(8.3 × 10−6) N m−1

[Fig. 3(d) and Supplemental Material Fig. 4 [34]] [27].

III. DISCUSSION

We developed a biomimetic model cortex exhibiting var-
ious cell-like morphological behaviors, including cortical
retraction, blebbing, and rupture. Combining laser ablation of
the cortex and physical modeling, we determined that myosin-
based active tension and actin-membrane friction are key
factors governing cortical retraction and blebbing. Myosin-
induced mechanical stresses relax through two pathways upon
laser ablation: either through cortical retraction or blebbing.
In the case of cortical retraction, the active tension balanced
within the cortex was disrupted by ablation and dissipated
through actin-membrane friction during retraction, until the
active tension balances with the elastic stresses that build
up during retraction. In blebbing, the active tension balanced
within the cortex was disrupted by ablation, leading to mem-
brane expansion, until the active tension balances the elastic
stresses built up due to the shrinkage of the cortex surface
area. These distinct pathways of the cortical responses, in-
volving either retraction [19] or blebbing [15] in response
to external mechanical stimuli, may be regulated in cells
depending on cellular states and desired cellular functions.
Together, this study established a mechanical link between
cytoskeletal-generated stresses and membrane dynamics.

The cortex tension in the present study system was one
to two orders of magnitude smaller than in cells [15], likely
due to the less defined actin-membrane attachment, lower
myosin concentration, differences in myosin properties, and
contributions from other sources (e.g., ion channels). For com-
parison, based on the estimate of a 43 800 nonmuscle myosin
IIA (NMIIA) clusters participating in the retrograde flow of
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U2OS cell lamellipodia [50], and each detectable myosin
cluster likely containing a minimum of approximately one
to ten myosin filaments [51], along with the typical volume
of a U2OS cell being ∼4000 µm3 [52,53], we estimate the
active NMIIA concentration in a cell to be ∼20–200 nM.
Future studies would be necessary to employ cellular actin-
membrane linkers such as ezrin [54], and NMIIA as in cells
that presumably generates higher stress with a more signifi-
cant load-dependent duty ratio [55].

One could imagine a transition behavior between retraction
or blebbing, depending on the system parameters, such as
active tension or myosin concentration. We observed that bleb
size increases with the number of myosin puncta (Fig. 4),
implying a continuous transition from retraction to blebbing.
However, precise control of the number of myosin molecules
in a liposome is challenging, limiting our capability to quan-
titatively characterize the transition behavior. Investigating
the transition between retraction and blebbing remains an
important future challenge. Additionally, 23% of liposomes
did not exhibit either retractions or blebbing at [myosin]
= 30 nM (Fig. 1), likely because the number of myosin in-
corporated in liposomes was not sufficiently large, limiting
successful outcomes. We display all results from the laser
ablation experiment to clarify experimental reproducibility.
Future studies will focus on improving encapsulation methods
and maintaining myosin activity to increase reproducibility
and achieve well-controlled actomyosin contraction, further
characterizing blebbing and retraction behavior.

While the mechanism determining whether retraction or
blebbing occurs remains unclear, we suggest that the hetero-
geneity of the actin cortex may differentiate between them:
a well-defined, uniform cortex generates pressure effectively,
leading to blebbing, whereas a heterogeneous cortex is inef-
fective in generating pressure, resulting in retraction within
the cortex (Supplemental Material Fig. 9 [34]). A more pro-
found understanding of the diverse mechanical responses of
the actomyosin cortex would be further studied by utilizing
the present experimental system, together with theoretical
modeling encompassing the coupled mechanics of the acto-
myosin cortex and membrane dynamics [56,57].

IV. METHODS

A. Lipid compositions

Liposomes are formed with a combination of L-α-
phosphatidylcholine from egg yolk (Egg phosphatidylcholine
(EPC), 840051C, 58%), cholesterol (ovine wool, 110796,
36%), and 1,2-dioleoyl-sn-glycero-3-[n(5-amino-1-carboxy-
pentyl) iminodiacetic acid]succinyl nickel salt (DOGS-
NTA-Ni, 5%). Lipids were purchased from Avanti Polar
Lipids (Alabaster, AL). For fluorescent contrast, we
use Oregon Green 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine (O12650; Invitrogen) at 1% or
23-(dipyrrometheneboron difluoride)-24-norcholesterol
(TopFluor Cholesterol; 810255; Avanti) at 1%.

B. Preparation of liposomes

Liposomes were prepared by following the previously
published methods [27,30]. First, lipids in chloroform are

combined in a glass vial and dried under Ar gas. The
chloroform is dried, and the lipids are dissolved in mineral oil
(Sigma-Aldrich) at 2 mg/ml. The oil mixture is then sonicated
in a bath sonicator for 2 h at room temperature. The mixture is
stored at 4 °C for up to 1 week. Then 7 µl of final buffer (FB)
is added to 70 µl of mineral oil in a 0.65-ml tube (07200185;
Corning Costar). This mixture is then syringed in a glass
syringe (Hamilton) one to two times and the tube is placed on
ice for 15 min. Separately, in a low absorption 0.65-ml tube,
30 µl of mineral oil is added to the top of 30 µl of outer buffer
(OB). Then, the 60-µl emulsion is added to the top of the
mineral oil layer in the tube. This mixture is then centrifuged
at 100 g for 15 min at 4 °C.

C. Buffers

Buffers are prepared by following the previously published
methods [27,30]. Briefly, myosin storage buffer (MSB) con-
tains 0.5 M KCl, 0.1 M HEPES (N-2-hydroxyethylpiperazine-
N-2-ethane sulfonic acid), and skeletal muscle myosin (rabbit,
MY02; Cytoskeleton Inc.) is 10 µM. This is the buffer myosin
is stored in as dimer, after it has been fluorescently labeled.
The spin-down buffer (SDB) contains 2 µl dark phalloidin,
4.2 µl of 238 µM actin, 40 µl internal polymerization (IP)
buffer, 20 µl myosin (in MSB), and 4.3 µl of 4.6 M KCl.
Spun at 39 000 rpm for 1 h at 4 °C. The IP buffer contains
3.2 mM CaCl2, 3.2 mM MgCl2, 8 mM HEPES, 0.8 mM
DTT, 0.4 mM DABCO, 8 mM ATP, 50 mg/ml dextran,
175 mM sucrose, 0.1 mg/ml glucose oxidase, 0.04 mg/ml
catalase, 0.5% glucose to minimize photobleaching. Protein
mix (PM): Protein is added at the following concentrations:
6.3 µM nonfluorescent actin (AKL99-D; Cytoskeleton Inc.),
0.7 µM rhodamine-actin (AR05-C; Cytoskeleton Inc.), 1.5 µM
VCA-his (1:10 VCA), 0.3 µM Arp2/3 (RP01P-B; Cytoskele-
ton Inc.), 60 nM gelsolin (HPG6-A; Cytoskeleton Inc.), and
70 nM cofilin (CF01-C; Cytoskeleton Inc.). Blebbistatin (1
µl of 0.8 M) was added to keep the myosin inactive until
imaged. Internal, nonpolymerizing buffer (INP buffer) con-
tains 0.1 mM CaCl2, 10 mM HEPES, 6 mM DTT, 0.13 µM
DABCO, 140 mM sucrose, 50 mg/ml dextran, and 0.2 mM
ATP. The OB contains 10 mM HEPES (pH 7.5), 2 mM MgCl2,
0.2 mM CaCl2, 2 mM ATP, 6 mM DTT, 0.13 mM DABCO,
390 mM glucose, and 0.01 mg/ml casein. The FB contains 4 µl
INP, 3.25 µl PM, 13.3 µl IP, and 2 µl SDB buffer supernatant.
The final KCl concentration was kept at 50 mM by adding
an additional amount according to the myosin concentration.
This is the buffer that will encapsulate within the liposome
using the inverted emulsion method. The FB is approximately
355 mOsm. The osmolarity of the OB is adjusted with glucose
such that the osmotic pressure difference between the OB and
the FB is between 20 and 60 mOsm. All the reagents were
purchased from Sigma-Aldrich.

D. Protein concentrations

The final concentration of nonfluorescent actin (AKL99-D;
Cytoskeleton Inc.), rhodamine-actin (AR05-C; Cytoskeleton
Inc.), and myosin within the liposomes is 6.3 µM, 0.7 µM,
and 0–30 nM, respectively. VCA was used at 1.5 µM. Arp2/3
(RP01P-B; Cytoskeleton Inc.) for actin polymerization was
at 0.3 µM. Gelsolin (HPG6-A; Cytoskeleton Inc.) and cofilin
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(CF01-C; Cytoskeleton Inc.) severing proteins were at 60 and
70 nM, respectively. Details of the buffer conditions, protein
purification, and labeling procedures are available in Supple-
mental Material Note 1 [34].

E. Ablation experiments

The ablation is done using the Micropoint laser setup.
The dye laser (435 nm; Andor Technology) ablates a line
shape with 5 µm in length to cut the actin cortex. A 60×
oil-immersion objective (Leica Microsystems) was used for
ablation and the laser power was held at 65% (26 µJ). The
imaging protocol was set to have three frames of dt = 3 s
preablation and dt = 3 s postablation.

F. Microscopy

Images were acquired by a Leica DMi8 inverted mi-
croscope equipped with a 63×1.4 numerical aperture oil-
immersion lens (Leica Microsystems), a spinning-disk con-
focal microscope (CSU22; Yokagawa), and a sCMOS camera
(Zyla; Andor Technology) controlled by Andor iQ3 (Andor
Technology).

G. Image analysis

Quantitative image analysis was performed by using a
custom code written in MATLAB. The fluorescence intensity
of the membrane was detected through the binarization of
fluorescence images after applying a median filter to remove
the shot noise in the images taken by the confocal micro-
scope. The liposome and bleb radius R were estimated from
the projection assumed to be πR2. Myosin spot tracking
was performed by using the Fiji plugin MOSAICSUITE particle
tracker 2D.

H. Statistical analysis

Statistical tests comparing distributions are done with the
Wilcoxon rank sum test. Statistical tests comparing bar plots
are done with Fisher’s exact test. All data displayed as a single
value with an error bar is quoting the mean +/− standard
deviation. The symbols *, **, and *** represent p < 0.05,
0.01, and 0.001, respectively. Fitted lines are shown to reject
the null hypothesis to an extent that depends on the quoted p
value.

The data supporting this manuscript are available from the
contact author upon request.
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