
HAL Id: hal-02391813
https://hal.science/hal-02391813

Submitted on 19 Nov 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Actin shells control buckling and wrinkling of
biomembranes

Remy Kusters, Camille Simon Simon Chane, Rogério Lopes dos Santos,
Valentina Caorsi, Sangsong Wu, Jean-François Joanny, Pierre Sens, C. Sykes

To cite this version:
Remy Kusters, Camille Simon Simon Chane, Rogério Lopes dos Santos, Valentina Caorsi, Sang-
song Wu, et al.. Actin shells control buckling and wrinkling of biomembranes. Soft Matter, 2019,
�10.1039/C9SM01902B�. �hal-02391813�

https://hal.science/hal-02391813
https://hal.archives-ouvertes.fr


Actin shells control buckling and wrinkling of
biomembranes

Remy Kusters1 , Camille Simon2, Rogério Lopes Dos Santos2,3, Valentina Caorsi2, Sangsong Wu2, Jean-Francois Joanny4,
Pierre Sens2 �, and Cecile Sykes2 �

1University Paris Descartes, Center for Research and Interdisciplinarity (CRI), 8bis Rue Charles V, Paris, France
2 Laboratoire Physico Chimie Curie, Institut Curie, PSL Research University, CNRS UMR168, Paris, France

3LAMBE, Université Evry Val d’Essonne, CNRS, CEA, Université Paris-Saclay, Evry, France
4Collège de France, Paris, France

Global changes of cell shape under mechanical or osmotic exter-
nal stresses are mostly controlled by the mechanics of the cor-
tical actin cytoskeleton underlying the cell membrane. Some
aspects of this process can be recapitulated in vitro on recon-
stituted actin-and-membrane systems. In this paper, we inves-
tigate how the mechanical properties of a branched actin net-
work shell, polymerized at the surface of a liposome, control
membrane shape when the volume is reduced. We observe a
variety of membrane shapes depending on the actin thickness.
Thin shells undergo buckling, characterized by a cup-shape de-
formation of the membrane that coincides with the one of the
actin network. Thick shells produce membrane wrinkles, but
do not deform their outer layer. For intermediate micrometer-
thick shells, wrinkling of the membrane is observed, and the
actin layer is slightly deformed. Confronting our experimental
results with a theoretical description, we determine the transi-
tion between buckling and wrinkling depending on the thick-
ness of the actin shell and the size of the liposome. We thus
unveil the generic mechanism by which biomembranes are able
to accommodate their shape against mechanical compression,
through thickness adaptation of their cortical cytoskeleton.

Correspondence: cecile.sykes@curie.fr, pierre.sens@curie.fr

Introduction
Cellular deformations are produced by a wealth of active
dynamical processes occuring near the cell membrane, lo-
cally curving the membrane inwards or outwards. Most
cells display a cytoskeleton underneath their lipidic mem-
brane. Such composite objects are able to adapt to vari-
ous external stresses by changing their shape and mechan-
ics, and therefore optimize their movement within the body.
The "simplest" example of a membrane-cytoskeleton cell is
the red blood cell (RBC), with its thin spectrin cytoskele-
ton. RBC shapes can vary among discocyte, stomatocytes
and echinocytes by possible changes of spontaneous curva-
ture of the membrane (1). Different RBC shapes display dis-
tinct mechanical behaviors, as revealed by an analysis of their
temporal undulations (1, 2).
The spherical volume enclosed by a thin elastic shell can be
reduced, for example, by an osmotic shock. In that case,
compressive stresses build up that cause the formation of
sharp points and bends to develop. An initial spherical shell
can undergo "buckling", and a bowl- or cup-like shape is
reached if the bend is localized. In the case of multiple sharp
points that form at the same time, the final shape appears

wrinkled or crumpled. Buckling, crumpling and wrinkling
by volume reduction are therefore unambiguous signatures
of the solid elastic properties of the shell material. Exact
buckled shapes can be described by an energy optimization
of bending and stretching (3–5) and such a mechanism ap-
plies to thin polymer shells or fluid droplets coated with solid
colloidal particles (Pickering emulsions) (6–8). The obtained
cup-like shapes are reminiscent of stomatocytes and provide
a conceptually simple way to produce colloids with two dif-
ferent sides (Janus colloids) (6). Buckling of thin elastic
polymer shells occurs under a critical osmotic shock that in-
creases when the shell is thicker (9).

Cancer cells are sensitive to their external mechanical en-
vironment and, under stress, activate changes in their cy-
toskeleton (10). Conversely, the cytoskeleton, and in particu-
lar the cell cortex, the thin actin network underneath the cell
membrane, can monitor cell shape changes (11). In all cases,
global shape changes are directly impacted by the mechan-
ics of the cytoskeleton and small perturbations of the cortex
structure may deeply change the equilibrium shape and me-
chanical properties of the cells. Examples are alterations in
the cross-linked spectrin network of red blood cells (12) or
perturbations of the cortical actin layer of eukaryotic cells
(13).

Here, we use a model experimental system of a liposome
coated on its external surface by a dynamic actin layer orga-
nized in a branched filamentous network. This system mim-
ics the cell cortex but in the absence of any myosin molecular
motor. Our experimental setup allows for a fine control of the
branched, polymerized, actin layer. Under spontaneous evap-
oration of the solution, water leaks out of liposomes and we
observe both buckling and wrinkling under spontaneous vol-
ume loss. A controlled change of liposome volume is applied
through a fixed hyper-osmotic shock which led us to observe
a buckling of the actin network layer that matches the shape
of the liposome membrane. We interpret our experimental
observations in light of theoretical developments in the con-
text of thin polymer shell buckling.

We further study how the shape of the liposome-shell system
changes upon a volume decrease, when the thickness of the
grown actin layer is varied. Wrinkling is favored for thicker
shells over buckling. In cells with an underlying cytoskele-
ton, the thickness of the cytoskeletal network is therefore a
way of protecting from, or providing, buckling.
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Methods
Reagents, lipids and proteins. Chemicals are pur-
chased from Sigma Aldrich (St. Louis, MO, USA)
unless specified otherwise. L-alpha-phosphatidylcholine
(EPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[biotinyl polyethylene glycol 2000] (biotinylated lipids).
TexasRed © 1,2-dipalmitoyl-sn-glycero-3-phosphocholine,
triethylammonium salt is from Thermofisher (Waltham,
Massachussetts, USA). Actin is purchased from Cytoskele-
ton (Denver, USA) and used with no further purification.
Fluorescent Alexa Fluor 488 actin conjugate is obtained
from Molecular Probes (Eugene, Oregon, USA). Porcine
Arp2/3 complex is purchased from Cytoskeleton and used
with no further purification. Mouse α1β2 capping protein
(CP) is purified as in (14). Untagged human profilin and
Streptavidin-pVCA (S-pVCA, where pVCA is the proline
rich domain-verprolin homology-central-acidic sequence
from human WASP, starting at amino acid Gln150) are
purified as in (15). A solution of 30 µM monomeric actin
containing 15% of labeled Alexa Fluor 488 actin conjugate
is obtained by incubating the actin solution in G-Buffer (2
mM Tris, 0.2 mM CaCl2, 2 mM ATP, 0.2 mM DTT, pH 8.0)
overnight at 4◦C. The isotonic (resp. hypertonic) working
buffer contains 95 mM (resp. 320 mM) sucrose, 1 mM Tris,
50 mM KCl, 2 mM MgCl2, 0.1 mM DTT, 2 mM ATP, 0.02
mg/mL β-casein, adjusted to pH 7.4. Osmolarities of the
isotonic and hypertonic working buffers are respectively
200 and 400 mOsmol, as measured with a Vapor Pressure
Osmometer (VAPRO 5600). All proteins (S-pVCA, profilin,
CP, actin) are mixed in the isotonic working buffer.

Preparation of liposomes with actin cortices. Lipo-
somes are prepared using the electroformation technique
(16). Briefly, 10 µL of a mixture of EPC lipids, 0.1% biotiny-
lated lipids and 0.5% TexasRed lipids with a concentration
of 2.5 mg/ml in chloroform/methanol 5:3 (v/v) are spread
onto indium tin oxide (ITO)-coated plates under vacuum for
2 h. A chamber is formed using the ITO plates (their conduc-
tive sides facing each other) filled with a sucrose buffer (0.2
M sucrose, 2 mM Tris adjusted at pH 7.4) and sealed with
hematocrit paste (Vitrex Medical, Denmark). Liposomes are
formed by applying an alternating current voltage (10 Hz, 1
V rms) for 2 h.
Liposomes are incubated for 15 min with 350 nM of S-
pVCA, the activator of the Arp2/3 complex, which binds to
the biotinylated lipids of the membrane through the strepta-
vidin tag. Actin polymerization starts instantaneously when
S-pVCA-coated liposomes are placed in a mix containing a
final concentration of 3 µM monomeric actin (15% fluores-
cently labeled with Alexa Fluor 488), 3 µM profilin, 37 nM
Arp2/3 complex and 25 nM CP. Different thicknesses of actin
shells are obtained depending on the polymerization time, set
from 5 to 30 min.

Osmotic shock on liposomes after actin polymeriza-
tion. The actin polymerization reaction is stopped by di-
luting liposomes twice either in isotonic working buffer
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Fig. 1. A. (Left) Scheme of the experimental system; proteins not to scale. (Right)
Merged example of membrane (magenta) and actin network (green) under isotonic
conditions. Scale bars, 5 µm. B. (Top) Time lapses of membrane buckling and
wrinkling induced by evaporation-based osmotic shock, at room temperature, on
liposome covered with an actin shell. Time indicated is the time after actin polymer-
ization stops. (Bottom) Time lapse of membrane deflation induced by evaporation-
based osmotic shock on a naked liposome. C. Buckling and wrinkling induced by
controlled osmotic shock on liposome covered with an actin shell. Epifluorescence
images of membrane (magenta) and actin (green). Scale bars, 5 µm. D. Fre-
quency of liposomes displaying buckling or wrinkling as function of the actin thick-
ness h0. Segmented lines are guides to the eyes. E. Wrinkled (red) and buckled
(blue) shapes displayed as a function of volume change δv and the ratio of the actin
thickness h0 over the liposome radius R0.
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(200 mOsmol, control) or in hypertonic working buffer (400
mOsmol, osmotic shock) and incubated for 15 min. After the
osmotic shock, the final solution is at 300 mOsmol resulting
in a 100 mOsmol osmotic pressure difference.

Image acquisition of liposomes and actin shells. Epi-
fluorescence (GFP: LED with wavelength 460nm (CoolLED
pE-4000), emission filter: ET542/20x; Texas red: LED
with wavelength 580nm (CoolLED pE-4000), emission fil-
ter: ET610LP) and phase contrast microscopy are performed
using an IX70 Olympus inverted microscope with a 100x oil-
immersion objective. Images are acquired by a charge cou-
pled device CCD camera (CoolSnap, Photometrics, Roper
Scientific).

Liposome morphology and actin shell analyses. Image
analyses are performed with ImageJ software and data are
processed on Matlab and Python. The position of the lipo-
some surface is defined by the peak of the membrane fluores-
cence profile. The actin network thickness, h0, is defined as
the distance between the position of the membrane and the
one of the half maximum amplitude of the actin fluorescence
profile. Liposome shapes are automatically tracked with the
ImageJ plugin: JFilament 2D, where the tracking parame-
ters “beta”, “deform iterations” and “weight” are respectively
set to 6000-10000, 50 and 10.5. The shape is manually seg-
mented for the plugin to track boundaries. From these tracks,
we evaluate the curvature at each point along the curvilinear
abscissa, s, using the method of interpolating splines. We
then infer the maximal curvature, Cmax. From the tracks,
we also evaluate the mean radius of the deformed liposome
R. We suppose that the liposome area is constant and we
use the method of least squares, i.e. fitting a circle that min-
imizes the square deviation. We estimate the un-deformed,
reference, radius of the liposome as R0 =

√
s/(2π). Once R

and R0 are determined, we estimate the relative reduction of
volume due to the osmotic shock δv ≈

(
R3

0−R3)/R3
0. Note

that this approximation is valid for small values of δv. To
classify the shapes into either buckled or wrinkled, 93 vesi-
cles were analyzed and manually categorized 1. Wavelengths
of wrinkled shapes are obtained by applying a Fourier trans-
form to the shape radius as a function of angle (examples in
Supplementary Figure). The chosen wavelength is then the
one with highest spectral energy.

Results and discussion
Buckling and wrinkling of actin shells. The growth of a
branched actin network from the surface of liposomes forms
a spherical actin shell that thickens over time, as previously
characterized (Fig. 1A and (15)). Whereas stresses may de-
velop within the actin shell and eventually break the shell
open and develop a comet for motility (15, 17), here, we fo-
cus our observations on homogeneous actin shells. We ob-
serve liposomes before they undergo a symmetry breaking

1The python/numpy notebooks containing the analysis are available on
Github: https://github.com/remykusters and are based on the SciPy cook-
book, https://scipy-cookbook.readthedocs.io/

event of the actin network. A typical liposome covered with
an actin shell made of a branched network is given in Fig. 1A.
When the preparation evaporates spontaneously, we observe
that liposomes covered with an actin shell tend to deform irre-
versibly either into a "buckled" shape or a "wrinkled" shape,
and this happens progressively within hours (Fig. 1B, top).
In the absence of actin, liposome deformations differ drasti-
cally: thermal fluctuations varying in space and time appear
around the spherical shape of the liposome that never irre-
versibly deforms (Fig. 1B, bottom and Supplementary movie
1). The latter case is well known and monitored by the bend-
ing energy (or bending rigidity) of lipid membranes, of the or-
der of a few kT , close to thermal energy (18). Here, evapora-
tion provokes an osmotic unbalance by increasing solute con-
centration outside the liposomes, water leaks out to restore
the osmotic balance and the liposome volume decreases. As
a consequence, liposome membrane tension decreases and
therefore the amplitude of thermal fluctuations increases. As
soon as actin covers liposomes, thermal fluctuations are not
visible. Instead, buckled and wrinkled shapes are observed
that continue to develop when spontaneous evaporation is
maintained. In order to control the volume change of lipo-
somes, we now apply a quantified osmolarity change to the
external solution.

Effect of an osmotic shock on liposomes coated with
an actin shell. We apply a controlled osmotic shock of 100
mOsm (corresponding to 25 kPa) by diluting twice the lipo-
somes surrounded by an actin shell (solution at 200 mOsm) in
a hypertonic solution (400 mOsm). After the osmotic shock,
we obtain the same two types of shapes as observed under
spontaneous evaporation: either a cup or a wrinkled shape
(Fig. 1C). Cup shapes are reminiscent of the ones of buck-
led spherical capsules under an osmotic shock (5, 9) and the
wrinkled shapes are reminiscent of that of a liposome un-
der acto-myosin contraction (19, 20). Again, we confirm
that naked liposomes subjected to a decrease in volume (os-
motic shock) display dynamical thermal shape undulations
(Supplementary movie 2). In contrast, actin-covered lipo-
somes do not display visible thermal shape fluctuations, but
instead, once deformed, their shapes remain over time. Their
morphological response to the osmotic shock is a signature
of the elasticity of the actin shell surrounding the liposome
and the thickness of the elastic shell determines its capac-
ity to undergo buckling (9). Our experimental system allows
for a perfect control of actin network thickness by varying
the actin polymerization time, which monitors the quantity
of actin that polymerizes within the growing network (17).
We obtain an actin shell thickness, h0, ranging from 250 nm
to 3 µm. We observe that liposomes with a thin actin shell
are more likely to undergo buckling under an osmotic shock,
whereas wrinkling is favored for thick actin shells (Fig. 1D).
We represent the occurrence of buckling and wrinkling for
all the analysed liposome shapes after osmotic shock in the
2-dimensional space (h0/R0, δv) in Fig. 1E. We find indeed
a clear separation between the two families of shapes (buck-
ling and wrinkling). To rationalize these findings, we study
theoretically the two types of deformations.
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Fig. 2. Analysis of buckled and wrinkled shapes. Example epifluorescence images of buckling (A) and wrinkling (D) with membrane (magenta) and actin (green). Scale
bars, 5 µm. Schematic representation of buckling (B) and wrinkling (E) induced by controlled osmotic shock, with shape parameters. C. Buckled shapes, maximal radius
of curvature multiplied with the shell thickness, Cmaxh0 as function of the osmotic compression δv. The dashed line represents the analytic prediction of Eq. 3, with a
proportionality factor 3. F. Wavelength (microns) of wrinkled shapes as function of (h0/R).

Buckled shapes. We consider an initially spherical lipo-
some with a radius R0 and an area S0 = 4πR2

0 before the
osmotic shock. Due to the osmotic compression, the mean
radius of the deflated liposome decreases to R and the rela-
tive decrease of its inner volume is δv = (R3

0−R3)/R3
0 or

R ' R0(1− δv/3), to first order in δv. Buckling is char-
acterized by a cup shape with a large concave region (Fig.
1C). The buckling of elastic shells is a well known phe-
nomenon (3, 4), and can be understood analytically as fol-
lows (3). For moderate buckling, the buckled shape remains
axi-symmetric and the deformed (concave) region is almost
the mirror image of its initial, non-deformed shape, with most
of the elastic energy concentrated in a narrow “bending strip”
of width a connecting the convex and concave regions (Fig.
2B). We call r and d the radius and depth of the concave
region respectively and α is the polar angle defining the lati-
tude of the bending strip (Fig. 2B). Assuming r� R0 gives
the following geometrical relations: r/R0 = sinα ∼ α and
d/R0 = 2(1− cosα) ∼ α2. The relative volume decrease is
expressed as δv ∼ dr2/R3

0 ∼ α4. The width a of the bend-
ing strip is then obtained by balancing bending and stretch-
ing stresses in the bending strip. Calling ζ the typical ra-
dial displacement of the shell in the bending strip, the cur-
vature, which is locally maximal, is of order Cmax ∼ ζ/a2.
An actin network is slightly compressible (21), but we con-
sider it here as incompressible for sake of simplicity (Poisson
coefficient equal to 1/2). For thin shells of elastic Young
modulus E and thickness h0, we obtain the bending en-
ergy density ∼ 4

3Eh
3
0(ζ/a2)2. Compression in the bending

strip occurs primarily along circles of constant latitude with a
strain tensor of order ζ/R, giving a stretching energy density
∼ 2Eh0(ζ/R0)2 in agreement with (3). Moreover, matching
the edges of the bending strip with the convex and concave
regions of the buckled shell imposes that Cmax ∼ α/a, or
ζ ∼ αa. Taking this constraint into account and integrating
the energy densities over the area of the bending strip ∼ ra
yields the total buckling energy,

Fbuck =Fs+Fb ∼ 2Eh0
(aα)3

R0
+ 4

3Eh
3
0
R0α

3

a
. (1)

The first term represents the stretching energy whereas the
second term represents the bending energy. Minimizing the
buckling energy with respect to the width of the bending strip
a yields a∼

√
h0R0. This leads to an estimate for the energy

of the buckled actin shell:

Fbuck ∼ Eh3
0

√
R0
h0
δv3/4. (2)

The maximal curvature (located at the edge of the bending
strip) reads,

h0Cmax ∼ h0
α

a
∼
√
h0
R0

δv1/4. (3)

The maximal curvature therefore depends on the liposome
radius and sub-linearly on the volume change δv. In order to
check this scaling, we compare the experimentally obtained
shapes for the buckled shells with Eq. 3 in Fig. 2C. The
shapes of the actin shells follow the predicted scaling of the
maximal radius of curvature. The only unknown in Eq. 3 is a
geometrical constant of order one. In fact, a constant of unity
captures well our data (Fig. 2C). Note that this relation is
valid for h0/R0� 1 and hence it is expected to break down
for thick actin shells, as observed in Fig. 2D.

Wrinkled shapes. Our energy estimates can explain the
generic shape of buckling for thin actin shells. Thick actin
shells display wrinkling. Such a wrinkled shape is remi-
niscent of what is observed in curved multilayered surfaces,
which are common to a wide range of systems and processes
such as embryogenesis, tissue differentiation and structure
formation in heterogeneous thin films or on planetary sur-
faces, or simply, a bilayer system consisting of a stiff thin
film on a spherically curved soft substrate (22). Here, the stiff
thin film is the membrane. Its bending rigidity κ is of the or-
der of a few kT , close to thermal energy (18). The curved
soft substrate is the actin network, characterized by an elastic
Young modulus E of 103-104 Pa (23). One important fea-
ture of wrinkled shapes of such bi-layered substrates is that
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Fig. 3. Buckled (blue dots) and wrinkled (red dots) shapes plotted in a (h0,R0)
diagram. The dashed line is the best fit of data points with Eq. 5 and separates
regions where buckling (blue) or wrinkling (pink) occurs.

their wave length λ only depends on the bending modulus of
the stiff thin film (here the membrane) and the elastic Young
modulus of the soft substrate (here the actin network) and is
therefore independent of the thickness of the actin layer (24):

λ= 2π(3κ
E

)
1/3

(4)

Estimates of the wrinkling wavelength of the membrane in
our experiments for different sizes of liposomes and network
thicknesses reveal that indeed, we find no dependence as a
function of the normalized parameter h0/R0 (Fig. 2F).
There is a striking difference between the morphologies of
the thinnest and the thickest actin shells categorized in Fig.
1D. For buckled shapes, the membrane deformation perfectly
follows the one of the thin actin shell (Fig. 1C, left). In con-
trast, for thick actin shells, whereas the membrane clearly
wrinkles, the outer actin shell boundary is undeformed as
it appears perfectly spherical, and unaffected by membrane
wrinkling (Fig. S2). This observation confirms that for wrin-
kled shapes, the elastic deformation does not penetrate the
actin layer, but only on a depth on the order of the wavelength
(25, 26). Intermediate actin shell thicknesses are discussed in
detail below. Taking a κ value of about 10 kT , and an elastic
Young modulus of about 103 Pa (23), we find from Eq. 4 a λ
on the order of 350 nm, which is in the lower range of exper-
imentally estimated wavelengths (Fig. 2F), but in qualitative
agreement with the occurrence of wrinkling happening for
actin thicknesses above a few hundreds of nanometers (Fig.
1D).

Buckling to wrinkling transition. In addition to the elastic
properties of the actin layer and the membrane, the stability
of the vesicle depends on the relative volume change δv and
on three length scales: the radius R0, the actin thickness h0
and the wrinkling wavelength, λ. After the osmotic shock,
the relative volume change is fixed and the state of the vesi-
cles depends on the two reduced variables λ/h0 and h0/R0.
Large values of λ/h0 lead to a buckling instability and large
values of h0/R0 lead to a wrinkling instability.
A detailed stability diagram showing the 3 possible states of
the vesicle, non deformed, wrinkled and buckled is given

in the Supplementary Materials using linear stability analy-
sis. A remarkable property is that the transition line between
buckled and wrinkled states is independent of the reduced
volume δv and can be written as a relation between h0 and
R0 depending on the wrinkling wavelength λ

h0 = (9λ)1/3

2π R
2/3
0 (5)

In order to test the mechanical model, in Fig.3, we plot all
the experimental results corresponding to different values of
δv and of the 3 length scales in a plane (h0,R0). We ob-
serve a well defined separation curve between buckled and
wrinkled states that we fit with Eq.5 by adjusting the value
of λ. We obtain a value λ ≈ 2 µm, in reasonable agreement
with the directly measured wavelength. The prefactors that
we ignored in the scaling analysis are therefore of order 1.

Conclusions
By combining experimental observation and theoretical anal-
ysis, we show here that the morphological changes of a lipo-
some covered with an actin shell in response to an osmotic
shock can be accurately controlled by monitoring the time
of incubation and hence the thickness of the actin shell. We
predict, (i) under which condition buckling or wrinkling oc-
curs and (ii) the magnitude and spatial extend of deforma-
tion as function of the thickness of the actin shell and the os-
motic compression. Comparing the experimentally observed
shapes with the theoretical predictions for the transition from
buckling to wrinkling demonstrates how actin shell mechan-
ics controls the mode of deformation.
As shown in Fig. 1C, the surface of a wrinkled liposome dis-
plays small spatial undulations around the average radius R,
which remain unchanged over time and are therefore clearly
distinct from thermal fluctuations. The wrinkling undulation
occurs at wavelengths much smaller than the radius of the
liposome, an observation that is similar to mimics of acto-
myosin cortices (19) . Local bending is favored into a buck-
ling shape whereas wrinkling implies deformations all along
the actin shell. Because the bending energy is too costly
for thick actin shells, buckling is less stable than wrinkling.
As a consequence, wrinkled shapes are only found if the
actin thickness is larger than the wavelength. Experimentally,
wrinkling of acto-myosin shells within incompressible oil
droplets happens after a critical time that depends on the pres-
ence of a compressive stress energy term, due to acto-myosin
contraction (19). In our system, the change in volume due
to the osmotic shock may create compressive stresses of the
thick actin layer in the absence of myosin, a phenomenon that
would slow down localized shell buckling, and therefore fa-
vor wrinkling we observe here for thick actin shells. Further-
more, a small change in volume leads to wrinkling whereas a
higher change leads to buckling (Fig. 1C), in agreement with
the reasoning that bending into a buckled shape for thicker
actin shells is more costly in energy than thinner actin shells,
and therefore, smaller liposomes deform by wrinkling. Note
that the elastic Young modulus of the actin network has no
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effect on the shape of the buckling deformation, and only
weakly affects wrinkled shapes (1/3 exponent, Eq.4).
Our results are in line with various observations of localized
deformation in constrained growth in mechanical systems,
such as the wrinkling to fold transition observed in various
supported elastic media (8, 27–29), the shaping of the brain
(30), and the buckling transition in virus shells (31, 32) and
pollen grains (33). One major advantage of our reconstituted
system is our ability to finely tune the structural parameters of
the actin shell (mostly its thickness here) so as to explore the
phase diagram of possible shape transitions. Tuning the incu-
bation time of the branched actin network or shell thickness
and the amount of osmotic compression of the shell, directly
controls the intrinsic mechanical response and applied force
that sets the deformation.

Conflicts of interest
There are no conflicts to declare.

Acknowledgements
This work was supported by the French Agence Na-
tionale pour la Recherche (ANR), grant ANR-14-CE090006
and ANR-12-BSV5001401, and by the Fondation pour
la Recherche Médicale (FRM), grant DEQ20120323737.
Thanks to the Bettencourt Schueller Foundation long term
partnership, this work was partly supported by CRI Re-
search Fellowship to Remy Kusters. Cécile Sykes would
like to thank the Gordon Research Conferences, in partic-
ular the conference on Soft Condensed Matter Physics that
was held on August 11-16, 2019 (Colby-Sawyer College,
New London, NH, USA; chairs: Lisa Manning and Christoph
Schmidt), for promoting extremely lively and insightful dis-
cussions on soft matter physics and biological systems. Spe-
cial thanks go to Andrej Kosmrlj for presenting an update
on wrinkling phenomena and for his didactic training on the
wrinkling literature. Thanks also to Robijn Bruinsma for
checking the theoretical interpretation of buckling and wrin-
kling, and Jacques Prost and Catherine Quilliet for shrewd
discussions.

1. Gerald HW Lim, Michael Wortis, and Ranjan Mukhopadhyay. Stomatocyte–discocyte–
echinocyte sequence of the human red blood cell: Evidence for the bilayer–couple hypothe-
sis from membrane mechanics. Proceedings of the National Academy of Sciences, 99(26):
16766–16769, 2002.

2. YongKeun Park, Catherine A Best, Kamran Badizadegan, Ramachandra R Dasari,
Michael S Feld, Tatiana Kuriabova, Mark L Henle, Alex J Levine, and Gabriel Popescu.
Measurement of red blood cell mechanics during morphological changes. Proceedings of
the National Academy of Sciences, 107(15):6731–6736, 2010.

3. Lev Davidovich Landau and Eugin M Lifshitz. Course of Theoretical Physics Vol 7: Theory
and Elasticity. Pergamon press, 1959.

4. Sebastian Knoche and Jan Kierfeld. Buckling of spherical capsules. Physical Review E, 84
(4):046608, 2011.

5. Sebastian Knoche and Jan Kierfeld. Osmotic buckling of spherical capsules. Soft Matter,
10(41):8358–8369, 2014.

6. Catherine Quilliet, Carmen Zoldesi, Christophe Riera, Alfons Van Blaaderen, and Arnout
Imhof. Anisotropic colloids through non-trivial buckling. The European Physical Journal E,
27(1):13–20, 2008.

7. Sujit S Datta, Ho Cheung Shum, and David A Weitz. Controlled buckling and crumpling of
nanoparticle-coated droplets. Langmuir, 26(24):18612–18616, 2010.

8. Bo Li, Fei Jia, Yan-Ping Cao, Xi-Qiao Feng, and Huajian Gao. Surface wrinkling patterns on
a core-shell soft sphere. Physical review letters, 106(23):234301, 2011.

9. Ch Gao, E Donath, S Moya, V Dudnik, and H Möhwald. Elasticity of hollow polyelectrolyte
capsules prepared by the layer-by-layer technique. The European Physical Journal E, 5(1):
21–27, 2001.

10. Darci T Butcher, Tamara Alliston, and Valerie M Weaver. A tense situation: forcing tumour
progression. Nature Reviews Cancer, 9(2):108, 2009.

11. M. Kapustina, T. C. Elston, and K. Jacobson. Compression and dilation of the membrane-
cortex layer generates rapid changes in cell shape. J. Cell Biol., 200(1):95–108, 2013.

12. Hervé Turlier, Dmitry A Fedosov, Basile Audoly, Thorsten Auth, Nir S Gov, Cécile Sykes,
J-F Joanny, Gerhard Gompper, and Timo Betz. Equilibrium physics breakdown reveals the
active nature of red blood cell flickering. Nature Physics, 12(5):513, 2016.

13. Priyamvada Chugh and Ewa K Paluch. The actin cortex at a glance. J Cell Sci, 131(14):
jcs186254, 2018.

14. Sandra Palmgren, Pauli J Ojala, Martin A Wear, John A Cooper, and Pekka Lappalainen.
Interactions with pip2, adp-actin monomers, and capping protein regulate the activity and
localization of yeast twinfilin. J Cell Biol, 155(2):251–260, 2001.

15. Kevin Carvalho, Joël Lemière, Fahima Faqir, John Manzi, Laurent Blanchoin, Julie Plastino,
Timo Betz, and Cécile Sykes. Actin polymerization or myosin contraction: two ways to build
up cortical tension for symmetry breaking. Philosophical Transactions of the Royal Society
B: Biological Sciences, 368(1629):20130005, 2013.

16. Miglena I Angelova and Dimiter S Dimitrov. Liposome electroformation. Faraday discussions
of the Chemical Society, 81:303–311, 1986.

17. Jasper van der Gucht, Ewa Paluch, Julie Plastino, and Cécile Sykes. Stress release drives
symmetry breaking for actin-based movement. Proceedings of the National Academy of
Sciences, 102(22):7847–7852, 2005.

18. Udo Seifert. Configurations of fluid membranes and vesicles. Adv. Phys., 46(1):13–137,
1997.

19. Hiroaki Ito, Yukinori Nishigami, Seiji Sonobe, and Masatoshi Ichikawa. Wrinkling of a spher-
ical lipid interface induced by actomyosin cortex. Phys. Rev. E, 92:062711, Dec 2015. doi:
10.1103/PhysRevE.92.062711.

20. Yukinori Nishigami, Hiroaki Ito, Seiji Sonobe, and Masatoshi Ichikawa. Non-periodic os-
cillatory deformation of an actomyosin microdroplet encapsulated within a lipid interface.
Scientific reports, 6:18964, 2016.

21. ML Gardel, Jennifer Hyunjong Shin, FC MacKintosh, L Mahadevan, P Matsudaira, and
DA Weitz. Elastic behavior of cross-linked and bundled actin networks. Science, 304(5675):
1301–1305, 2004.

22. Norbert Stoop, Romain Lagrange, Denis Terwagne, Pedro M Reis, and Jörn Dunkel.
Curvature-induced symmetry breaking determines elastic surface patterns. Nature materi-
als, 14(3):337, 2015.

23. Yann Marcy, Jacques Prost, Marie-France Carlier, and Cécile Sykes. Forces generated
during actin-based propulsion: a direct measurement by micromanipulation. Proceedings
of the National Academy of Sciences, 101(16):5992–5997, 2004.

24. Fabian Brau, Pascal Damman, Haim Diamant, and Thomas A Witten. Wrinkle to fold tran-
sition: influence of the substrate response. Soft Matter, 9(34):8177–8186, 2013.

25. Derek Breid and Alfred J Crosby. Curvature-controlled wrinkle morphologies. Soft Matter, 9
(13):3624–3630, 2013.

26. Xi Chen and John W Hutchinson. Herringbone buckling patterns of compressed thin films
on compliant substrates. Journal of applied mechanics, 71(5):597–603, 2004.

27. Luka Pocivavsek, Robert Dellsy, Andrew Kern, Sebastián Johnson, Binhua Lin, Ka Yee C
Lee, and Enrique Cerda. Stress and fold localization in thin elastic membranes. Science,
320(5878):912–916, 2008.

28. Pil J Yoo and Hong H Lee. Complex pattern formation by adhesion-controlled anisotropic
wrinkling. Langmuir, 24(13):6897–6902, 2008.

29. Thomas CT Michaels, Remy Kusters, Alexander J Dear, Cornelis Storm, James C Weaver,
and L Mahadevan. Geometric localization in supported elastic struts. arXiv preprint
arXiv:1906.04638, 2019.

30. Tuomas Tallinen, Jun Young Chung, François Rousseau, Nadine Girard, Julien Lefèvre, and
Lakshminarayanan Mahadevan. On the growth and form of cortical convolutions. Nature
Physics, 12(6):588, 2016.

31. Jack Lidmar, Leonid Mirny, and David R Nelson. Virus shapes and buckling transitions in
spherical shells. Physical Review E, 68(5):051910, 2003.

32. TT Nguyen, Robijn F Bruinsma, and William M Gelbart. Elasticity theory and shape transi-
tions of viral shells. Physical Review E, 72(5):051923, 2005.

33. Eleni Katifori, Silas Alben, Enrique Cerda, David R Nelson, and Jacques Dumais. Foldable
structures and the natural design of pollen grains. Proceedings of the National Academy of
Sciences, 107(17):7635–7639, 2010.

6 | bioRχiv Kusters et al. |

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted September 25, 2019. ; https://doi.org/10.1101/781153doi: bioRxiv preprint 

https://doi.org/10.1101/781153
http://creativecommons.org/licenses/by-nc-nd/4.0/


Supplementary Note 1: Actin shells control buckling and wrinkling of biomembranes
Linear stability analysis. We discuss in this section the stability of a spherical actin shell around a vesicle at the scaling
level. We use the notations of the main text, the liposome has a radius R0 and the lipid membrane a bending modulus κ. The
actin shell, which we consider incompressible for simplicity, has a thickness h0 and a Young modulus E. The deflation of
the membrane creates a relative decrease of the vesicle volume −δv and induces a negative tension −γ of the actin layer with
γ = 2Eh0δv

3 .
We first ignore the curvature of the surface and discuss the stability of a flat membrane covered with an elastic layer of thickness
h0 under a negative tension−γ. We consider an undulation of the membrane ucosqx. This deformation creates an elastic stress
in the elastic layer and costs elastic energy. In the limit where the wave vector is small, qh0� 1 the elastic energy per projected
area corresponds to the bending of a thin elastic sheet Eel = 1

18Eh
3
0q

4u2. In the opposite limit where the elastic layer is thick
qh0� 1, the elastic deformation only penetrates over a length 1/q inside the elastic layer and the elastic energy per projected

area is Eel = Equ2

3 . As the relevant length scales are well separated, it is sufficient for our purpose to extrapolate the elastic
energy per projected area between these two limits

Eel = 1
18

Eh3
0q

4u2

1 + (qh0)3/6 (S1)

The total energy F per projected area is the sum of the bending energy of the membrane, the elastic energy per projected area
Eel, and the negative tension (-γ). The stability of the layer is best discussed in terms of its effective tension. We define the
effective tension by writing the total energy as F = 1

2Γ(q)q2u2. The surface of the layer becomes unstable with respect to
undulations when the effective tension vanishes. The effective tension is given by

Γ(q) = κq2 + 1
9

Eh3
0q

2

1 + (qh0)3/6 −γ (S2)

If the thickness of the elastic layer h0 is larger than λ , the tension is a non monotonic function of the wave vector q with
two minima, a minimum at zero wave vector corresponding to buckling and a minimum at finite wavevector corresponding to
wrinkling. The wrinkling wave vector is

qw = 2π
λ

=
(
E

3κ

)1/3
(S3)

If the thickness h0 of the elastic layer is smaller than the wave length λ the wrinkling minimum disappears and the only
instability is buckling. At the scaling level, for a spherical vesicle of finite radius, one can still study the instability from the
tension Γ given by Eq. S2. However, the smallest wave vector where buckling can occur is q = 2π/R0.
To fully describe the transition between buckling and wrinkling, we build a diagram of states of the liposomes looking at the
instability with respect to both of buckling and wrinkling for which Γ = 0. We obtain the two lines of Fig. S3 that limit the
domains for buckling and wrinkling: using the expression of γ, we find that the vesicle is unstable with respect to buckling if
h0/R0 ≤ (δv)1/2 and it is unstable with respect to wrinkling if λ/h0 ≤ δv. The relative volume change δv is fixed and we
describe the state of the vesicle in the plane of the two dimensionless variables (λ/h0,h0/R0) (Fig. S3).
The transition between buckling and wrinkling occurs when the effective tension Γ is equal in the buckled and wrinkled states.
This transition is independent of δv and occurs if

λ= (2πh0)3

9R2
0

We compare this equation to the experimental results in the main text.
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Supplementary Figures
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Fig. S1. Three examples of wrinkling (top row) with their corresponding radius as function of the angle (middle row) and their Fourier
spectrum (bottom row). The maximal value of the Fourier spectrum is selected as characteristic wavelength.

Membrane
Actin

Fig. S2. Three examples of membrane (magenta) and actin (green) in the case of wrinkled shapes. Note that the outer contour of the
actin network is spherical and un-deformed whereas the membrane wrinkles. Scale bars: 5 µm.
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Fig. S3. Stability diagram of a spherical vesicle with an actin shell undergoing both wrinkling and buckling. The dotted line represents
the equality of tension γ for both buckling and wrinkling.

Supplementary Movies
VideoS1. Naked liposome when preparation evaporates over time. Equatorial plane observed by epifluorescence as a function
of time. Bar, 5 µm.

VideoS2. Naked liposome under osmotic shock. Equatorial plane observed by epifluorescence as a function of time. Time
indicated is the time after the osmotic shock. Bar, 5 µm.
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