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We report the osmotic deformation of micron-size catanionic vesicles with icosahedral symmetry

(20 faces, 12 vertices) upon incubation in small solutes (NaCl, glucose). The vesicles remain icosahedral

at low osmotic pressure gradients across the bilayer, or spherical for outwards gradients. Above

a threshold value of inwards pressure, the icosahedra develop a buckling instability: a depression is

initiated at one or two ridges, grows until one vertex snaps into the icosahedra, leading to full collapse

of one half of the vesicle into the other. Despite large local inversions in curvature, no release of

encapsulated solutes is observed before the residual volume reaches negligible small values. Thin shell

models correctly capture the buckling patterns of icosahedra in the low deformation limit. Comparison

of experimental results with Monte Carlo simulations provides a first estimate for the conditions of

shell disruption, and suggests it is predominantly driven by curvature rather than two-dimensional

stretching or compression. The relevance of these results for the mechanics of viral capsids and

controlled release applications is discussed.
Introduction

Virus capsids are able to sustain the megapascal-range inwards

and outwards osmotic gradients encountered in physiological

conditions.1,2 The mechanical conditions for the rupture of the

capsid are of particular interest as they determine the amount of

genetic materials confined in the shell,3 the resistance to osmotic

shocks and for bacteriophages, the maximum ejection pressure of

DNA in the host cell.2,4 Different models based on continuum

mechanics of thin shells have been proposed to account for the

spontaneous sphere–icosahedron transition,5 the deformations

of icosahedra under different inwards and outwards mechanical

loads, and finally their rupture.6–8 Up to now, these models have

been tested experimentally on natural capsids submitted to

indentation by atomic force microscopy, i.e. under anisotropic

loading only.3,9–12 By contrast, the buckling‡ figures of icosahe-

dral shells submitted to isotropic pressure, which is more relevant

biologically, have still to be elucidated, as imaging at the nano-

metre scale without perturbation of the osmotic pressure remains

an experimental challenge.

Here, we mimic the osmotic deformation of virus using vesicles

with icosahedral symmetry and sizes in the micron range. The

deformation of such vesicles can be followed directly by confocal
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microscopy. Different mixtures of surfactants of opposite

charge, also referred to as ‘‘catanionic mixtures’’,13–15 have been

reported to form icosahedral vesicles (regular polyhedra with 12

vertices and 20 faces).16–19 In addition, for this study, we use

catanionic vesicles with a weak permeability to small solutes. We

show that upon incubation in solutions of NaCl or glucose,

a buckling instability develops leading to characteristic facetted

concave polyhedra. We show that the theory correctly predicts

the deformation of these icosahedra under isotropic pressure and

allows extracting from experimental data an estimate of the

conditions at which bilayer rupture occurs.
Materials and methods

Vesicle preparation and osmotic stress

In a typical preparation, 31.3 mg of cetyltrimethylammonium

chloride (Acros), 41.8 mg of myristic acid (Fluka, recrystallized

twice from hot acetonitrile) and 7.497 g of water (MilliQ), or

optionally of a 10 mM Rhodamine 6G (Invitrogen) solution in

water, are stirred at 50 �C during 3 days. The white birefringent

solution is then diluted 3-fold with water at 50 �C and stirred at

50 �C for 30 minutes. Five millilitres of the mixture are then

dialyzed at room temperature against 500 mL of MilliQ-grade

water (Float-a-Lyzer, regenerated cellulose, 8–10 kDa). The

dialysis bath is changed every hour during the first 8 hours, and

then every 12 hours during the next 4 days.20

For osmotic stress experiments, the solution of vesicles is

diluted 2-fold with a solution of NaCl (Riedel-de Ha€en) or

a freshly prepared solution of glucose (Sigma).
Confocal microscopy

Observations have been performed after staining with Oregon

Green 488 (Invitrogen, 5% weight of saturated solution), or

directly on vesicles encapsulating Rhodamine 6G prepared as

described above. Oregon Green (lexc ¼ 488 nm) was observed in

the 505–525 nm range and Rhodamine 6G (lexc ¼ 543 nm) was
This journal is ª The Royal Society of Chemistry 2011
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observed above 560 nm using an inverse microscope (Olympus,

IX 81) coupled to an FV 1000 confocal head (Olympus).

Small angle neutron scattering

Vesicles for SANS experiments were prepared with deuterated

myristic acid (Sigma) and H2O. After four days of dialysis, the

sample was dialyzed at least three times against D2O in a 1/1

sample/bath volume ratio during 3 hours, and then twice

12 hours in a 1/100 ratio. Solutions of NaCl or glucose prepared

in D2O were then added to the vesicles.

Measurements were performed at the Laboratoire L�eon Bril-

louin (LLB) on the SANS two dimensional detector spectrometer

PAXE. One configuration was used at wavelength 5 Å and

a sample-to-detector distance of 1 m with a collimation distance

of 1.00 m corresponding to a total wave vector range of 0.015 to

0.20 Å�1. Solutions were measured in 2 mm-thick Hellma cells.

Data processing was performed with a homemade program

following standard procedures. To get the cross-section per

volume in absolute units (cm�1), the incoherent scattering cross-

section of H2O was used as a calibration. It was estimated from the

measurement of the attenuator strength and of the direct beam

with the same attenuator. The incoherent scattering background,

due to protons of the solvent, was subtracted using a blank sample

as a function of the concentration of the scattered species.

The intensity scattered by as-prepared vesicles was fitted using

the non-linear least square method with a two-layer heteroge-

neous plane symmetric along the midplane:21

I1ðqÞ ¼
8pS

q4

 X2

i¼1

ðri � ri�1ÞsinðqdiÞ
!2

(1)

where S is the specific area of the bilayers, r0 the scattering length

density of D2O, ri the scattering length density of the ith layer and

di the distance between the midplane of the bilayer and the

boundary between the layers i and i � 1. The mean scattering

length per surfactant (r1(d1 � d2) + r2d2)a0 was constrained by

the mean chemical composition of the bilayer (181 � 10�15 m at

f¼ 0.66), using a surface per surfactant a0 of 20.5 Å2 as measured

previously.22,23 The intensity scattered by pairs of bilayers sepa-

rated by the distance D is given by:

I2ðqÞ ¼ 2 cos2

�
q

�
D

2
þ d1

��
I1ðqÞ (2)

The SANS patterns of the vesicles under osmotic stress were

therefore adjusted with a non-linear least square fit using:

IðqÞ ¼ 8pS

q4

 X2

i¼1

ðri � ri�1ÞsinðqdiÞ
!2�

1þ f cosðDþ 2d1Þ
�

(3)

where f is the fraction of bilayers associated in pairs. Only f,

D and S were used as free parameters for the fit, all other

parameters were kept equal to the values determined on as-

prepared vesicles except for r0 that was corrected for the scat-

tering length density of the solute.

Monte Carlo simulations

We have performed equilibration at T ¼ 298 K of surfaces

described by a regular triangulation with 10h2 + 2 particles, 12 of
This journal is ª The Royal Society of Chemistry 2011
them showing a 5-fold valency (the vertices of the icosahedron),

the others a 6-fold valency (the mapping of rest of the icosahe-

dron). This corresponds to the (h, k ¼ 0) icosahedral poly-

gonisation in the Caspar–Klug construction.24 We used the

Hamiltonian already proposed by Siber,6 or alternatively by

Buenemann and Lenz,12 with no noticeable difference:

Hs ¼
ffiffiffi
3
p

4
Y
X

i; j

���~ri �~rj j � a
�2

(4)

for the stretching contribution, where the sum runs over neigh-

boring particles of indices (i,j) of position~r, Y is the 2D Young’s

Modulus, and a the equilibrium distance of two neighbors, and

Hb ¼
1ffiffiffi
3
p k

X
I ;J

�
~nI �~nJ

�2
(5)

for the bending contribution, where the sum runs over neigh-

boring triangles of indices (I,J) of normal vectors ~n, and k the

bending modulus.

The energy was first minimized using a standard simulated

annealing procedure using a power law decay and T ¼ 298 K as

the final temperature.25 Prior to cycling at each new temperature

step, the amplitude of the random variations in vertices posi-

tions was set to achieve an initial approval ratio of 0.5 � 10%.

Each cycle during annealing consisted of 20 random trials per

particle, with at least 1002 particles (h $ 10). Cycling at given

temperature was interrupted when the energy statistical varia-

tions over the last 100 cycles followed a normal distribution.

Once equilibrium at T ¼ 298 K was reached, statistical

accumulation of strain and curvature was performed over

100 Monte Carlo cycles.

Concave icosahedral vesicles with a single vertex buckled in

could be equilibrated without setting any external pressure nor

volume constraint, and did not collapse or swell back, even with

annealing from T ¼ 298 000 K. In addition, we have checked the

consistency of our simulations with results reported previously

by Buenemann and Lenz,12 and Siber and Podgornik.8

The strain of buckled vesicles after equilibration is:

3 ¼
dij � d0

ij

d0
ij

(6)

where dij and dij
0 are the mean distances between neighboring

particles i and j in the buckled vesicle and unbuckled vesicles,

respectively. The mean curvature at particle i was calculated by

identifying eqn (5) to the continuum limit of the bending

Hamiltonian.26
Results and discussion

Sphere-to-icosahedron transition

The vesicles under consideration are obtained from a two-step

preparation:20 (i) co-solubilization of myristic acid (C13COOH)

and cetyltrimethylammonium chloride (C16TA+Cl�) in a 2 : 1

ratio, which yields elongated vesicles and releases HCl as anionic

and cationic surfactants from the bilayer, (ii) dialysis which

eliminates exclusively the ions outside the vesicles, while about

2 mM HCl remain encapsulated inside.22 Confocal microscopy

images of the as-prepared vesicles stained by an anionic dye
Soft Matter, 2011, 7, 1084–1089 | 1085
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(Oregon Green, 5% w/w saturated solution) or equivalently by

encapsulation of a cationic dye (Rhodamine 6G, 10 mM)

demonstrate that their shape is spherical (Fig. 1a). As demon-

strated previously, the mixed surfactant bilayer is in the solid

state (‘‘gel-phase’’).20,22

After incubation in NaCl (<1 to 2 mM) or glucose (<2 to

3 mM) for 24 hours, the spherical vesicles develop kinks and

facets which become more pronounced as the solute concentra-

tion increases within this range. At concentrations close to 1 mM

NaCl (or equivalently 2 mM glucose), well-defined patterns with

5-fold and 6-fold symmetries are predominantly observed

(Fig. 1b–d), which are interpreted as icosahedral vesicles with

different orientations with respect to the focal plane. This

icosahedral shape is assigned to the form adopted by the vesicles

at zero osmotic gradient across the bilayer, i.e. when the added

solute compensates for the HCl encapsulated into the as-

prepared vesicles. Consistently with our interpretation, the

vesicles reported by Dubois et al.,19 which only differ by

replacement of Cl� with OH�, are both porous and spontane-

ously icosahedral, whereas pristine spherical vesicles prepared

from CTA+Cl� slowly (months) develop facets and vertices as

a result of HCl leakage across the bilayer (ESI†).

The icosahedral shape in our system is assigned to the

combination of mechanical and topological requirements: (i)

a high bilayer stretching energy as compared to the bending

energy favours a sphere-to-icosahedra transition when the

Foppl–Von-K�arm�an parameter g ¼ YR2/k is larger than a crit-

ical value in the 500–1000 range, where Y is the two-dimen-

sional Young’s modulus of the bilayer, R the radius of the

vesicle, and k the bending modulus5 and (ii) a spherical geom-

etry is topologically incompatible with a bilayer showing a local

n-fold geometry, which will favour the creation of 2n defects

(leading here to twelve vertices for a hexagonal local order).27,28

The latter requirement probably prevents giant phospholipid

vesicles to form icosahedra although the mechanical constraints

are usually met (e.g. Y z 0.1 N m�1, k z 10�18 J for DMPC and

DPPC29–31). Alternative mechanisms for the formation of ico-

sahedra from vesicles have been proposed in literature,

including the formation of supernetworks of alternate charged

headgroups32 or the lateral phase segregation of charge excess at

vertices of icosahedra.33 However, it has been demonstrated

experimentally that neither mechanism is applicable in this
Fig. 1 Spherical and icosahedral vesicles below the inwards buckling

transition. Confocal microscopy images (Rhodamine 6G channel) of (a)

as-prepared vesicles with encapsulated Rhodamine 6G (b) the same after

incubation in 0.5 mM NaCl (c) and (d) selected magnifications. The bar is

20 mm.

1086 | Soft Matter, 2011, 7, 1084–1089
system, using neutron diffraction34 and calorimetric studies,35

respectively.
Buckling of icosahedra

The icosahedral CTA+Cl�/C13COOH vesicles incubated in 1 mM

NaCl or 2 mM glucose do not show significant evolution in shape

nor leakage of Rhodamine 6G (if initially encapsulated) over

several weeks. By contrast, higher solute concentrations lead to

drastic changes in shapes (Fig. 2 and 3). After the spheres to

icosahedra transition, facetted concave polygons with well-

defined angles and edges appear (Fig. 2a). In particular, several

characteristic patterns are assigned to two different buckling

modes: (i) hexagons and pentagons with the middle of one edge

pointing to the centre, distorted pentagons with two right angles

and pairs of parallel diamond-like patterns (Fig. 3a–c) are

assigned to inwards buckling of the middle of one ridge of the

icosahedron, (ii) similar patterns with two apices (Fig. 3d–f),

assigned to inwards buckling of two ridges sharing a common

vertex.

At longer times the vesicles further collapse (Fig. 2b), leading

to patterns where the inwardly oriented apices are more acute

and closer to the opposite wall of the vesicle. Additional char-

acteristic patterns are also observed (Fig. 3g–j), which consist of

polygons with a darker central area, and of concave polygons

with shorter inner separations. These patterns observed at longer

times only are not compatible with the above-mentioned buck-

ling from ridges, but are assigned to icosahedra with a single

vertex buckled inwardly and located around the geometrical

centre of the initial vesicle.
Fig. 2 Vesicles above the inwards buckling transition. Confocal

microscopy images of vesicles with encapsulated Rhodamine 6G incu-

bated in 20 mM glucose after (a) 85 minutes, Rhodamine 6G channel (b)

183 minutes, Rhodamine 6G channel (c) 24 hours, Rhodamine 6G

channel (d) 24 hours, after addition of Oregon Green, observation of the

Oregon Green channel. The bars are 20 mm.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 Details of the buckling patterns. Sketches and corresponding

selected confocal images of (a–c) icosahedra with a single ridge buckled in

(d–f) icosahedra with two ridges buckled in (g–j) icosahedra with a vertex

buckled in. The arrows indicate the directions of buckling.

Fig. 4 Bilayer concentration and bilayer–bilayer separation. (a) SANS

patterns of as-prepared vesicles (top) and after incubation in 20 mM

glucose (bottom, divided by 103 for clarity). Squares: experimental data.

Lines: fit to eqn (1) (top) and (3) (bottom) (b) bilayer–bilayer separations

(squares) and total bilayer concentrations (circles) as determined by

SANS after incubation in NaCl (open symbols) and glucose (filled

symbols).D
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After one to three days (depending on solute concentration),

no fluorescence contrast is observed anymore between the inte-

rior of vesicles initially loaded with the cationic Rhodamine 6G

and the outer solution (Fig. 2c). This indicates that the vesicles

have become permeable to the dye molecules. However, staining

with an anionic dye (Oregon Green 488) still reveals the vesicles

by accumulation at the positively charged bilayers.20 Coexistence

between polygons and thin lines with one or two kinks and

showing axial symmetry is observed (Fig. 2d). These patterns are

assigned to complete buckling of icosahedra, i.e. one half of the

vesicle snapped into the other, and a separation between bilayers

below the resolution of confocal microscopy. In this regime,

Small Angle Neutron Scattering (SANS) allows determining the

mean distance between bilayers. As the concentration of added

solute increases, the SANS patterns after three days incubation

evolve from the signature characteristic of independent bilayers

(micron-size swollen vesicles), to a curve with two and more

peaks at smaller angles (Fig. 4a). Those peaks are assigned to the

bilayer–bilayer correlations within the buckled vesicles, as

quantitatively supported by modelling the scattering pattern by

pairs of bilayers (Fig. 4a lines, Experimental and ESI†). The

mean bilayer separation inside the buckled icosahedra is thus

found to decrease down to the nanometre range (Fig. 4b). Below

100 mM, the bilayer separations at given solute osmolarity (i.e.

twice the concentration for NaCl) are identical within 4%. The

specific area of bilayers (surface of bilayers per volume unit)

remains unchanged upon incubation within experimental accu-

racy, which indicates that no bilayer dissolution occurs. This

quantitatively supports that the collapse of the icosahedra is

driven osmotically, at least until the bilayer separation reaches

10 nm.
Comparison with theory

We observe that the transition from icosahedra to fully collapsed

icosahedra is a buckling instability: below the critical concen-

tration of solute, the icosahedra do not evolve. Above this
This journal is ª The Royal Society of Chemistry 2011
concentration, complete buckling always occurs, the various

intermediate stages described above are only transient if the

pressure (solute concentration) is maintained. Comparison of

our experimental observations with current predictions on the

buckling of icosahedral shells requires in a preliminary step to

evaluate the mechanical parameters of the bilayer. Following the

approach of Buenemann and Lenz,12 we extract a Foppl–Von-

K�arm�an parameter g z 6 � 104, with Y z 0.6 N m�1 and k z
10�17 J by comparing the spring constants at vertices and facets as

determined by atomic force microscopy by Delorme et al.36

(50 mN m�1 and 5 mN m�1 respectively). As already pointed out,

the bending modulus for these catanionic systems is significantly

higher than that reported for phospholipid bilayers in the gel

phase (vide supra), and its value is confirmed independently by

the onset of bilayer disruption under internal pressure: the

density in vesicles recovered after preparation drastically

decreases above encapsulation of 40 mOsm NaCl or glucose

(ESI†) due to destruction upon dialysis. This corresponds to

bilayer disruption at 100 kPa, which scales correctly with the

value predicted by Buenemann and Lenz,12 i.e. prupture z 0.1 �
Y/R ¼ 60 kPa, with little dependency on g.

With g in the 104 to 105 range, the onset of inwards buckling as

predicted by Siber and Podgornik8 is expected at pbuckling z 100k/

R3¼ 1 kPa, i.e. at osmolarity gradients above 0.4 mOsm. It scales

properly with our observations within experimental accuracy, as
Soft Matter, 2011, 7, 1084–1089 | 1087
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the onset of inwards buckling is observed at less than 1 mOsm

above the sphere-to-icosahedra transition. In addition, the slow

kinetics allows direct observation of the buckling patterns and

comparison with theory. Under isotropic pressure, buckling is

expected to start preferentially at faces or ridges, while vertices

keep pointing outwards.8,37 This is consistent with our observa-

tions of the early stages of deformations where only one or two

ridges buckle inwards before vertices snap in (Fig. 2 and 3).

Despite this local inversion in bilayer curvature, no release of

encapsulated species is observed in these first steps, even several

hours after inversion (Fig. 2a and b). Consistently, icosahedra

with one vertex buckled inwards swell back to spherical vesicles

upon dialysis, due to the HCl naturally present. By contrast,

leakage of HCl and of Rhodamine 6G is observed from vesicles

in the late stages of buckling, i.e. which appear flat under

confocal microscopy (Fig. 2c). Consistently, such vesicles do not

swell back upon dialysis. This leakage coincides with bilayer

separations of a few tens of nanometres becoming detectable

(Fig. 4b), and therefore suggests that rupture of such gel-phase

bilayer occurs at locations where the radius of curvature becomes

comparable to the thickness (�4 nm, ref. 23).
Fig. 5 Monte Carlo snapshot of the equilibrium shape of an icosahedral

vesicle with a single vertex snapped in. (a) Contour plot of the strain

calculated from 100 accumulations at equilibrium, standard deviation is

5� 10�4. (b) Contour plot of the curvature in nm�1, standard deviation is

10�4 nm�1.

1088 | Soft Matter, 2011, 7, 1084–1089
Our results therefore demonstrate that mechanical models

based on discretization of the bilayer capture qualitatively the

deformation modes of icosahedral vesicles at the onset of

inwards buckling under isotropic pressure. In addition, we have

performed similar simulations, using a simulated annealing

procedure followed by a Metropolis Monte Carlo algorithm to

calculate the mean local strain and curvature in bilayers of

deformed vesicles at T ¼ 298 K (Materials and methods). Using

the mechanical moduli determined above, it shows that in

vesicles with a single vertex buckled into the icosahedra (Fig. 5),

the deformation by stretching or compression in the facets

is negligible: the maximum absolute value of the strain is about

3 ¼ 3 � 10�4 � 5 � 10�4 (Fig. 5a).

By contrast, the deformation by bending is very significant: the

radius of curvature is 37 nm � 0.1 nm at the pentagonal rim

where the bilayer becomes concave (Fig. 5b), against 350 nm

before buckling. As the bilayer thickness is around 4 nm, the area

of the outer side of the bilayer is therefore locally 10% higher

than the area of the inner side. However, as the bilayers are

poorly compressible, such strong bending must involve molec-

ular rearrangement in the bilayers, e.g. flip-flop. It is not clear

from our experiments whether this curvature change occurs at

constant half-bilayer composition, or if it is coupled to a change

in local composition and/or surface charge density, as proposed

by other authors.16,33 Combining the different results from

experiments and modeling presented here, we estimate that

bilayer rupture, as monitored by the release of encapsulated

species, is probably driven by curvature, not stretching, and

occurs as the local radius of curvature is below 40 nm (from

Monte Carlo simulations) and roughly above 5 nm (from

SANS). A detailed and time-resolved investigation of the rupture

mechanism is currently carried out to refine these observations,

in particular how curvature inversion at one vertex can occur

without irreversible pore opening.
Conclusions

The onset of the buckling instability and the sequence of concave

shapes observed upon incubation of catanionic icosahedral

vesicles impermeable to small solutes are properly described by

thin shell theory. Our observations show that in these systems

where the non-dimensional Foppl–Von-K�arm�an ratio is very

large, bilayer rupture upon osmotic stress must predominantly

occur when the radius of curvature becomes commensurate with

the thickness. This contrasts with previous results obtained by

squeezing vesicles between an AFM tip and a substrate, where

the experimental geometry accounts for rupture by compression.

However, some caution and more detailed experiments are

needed before extrapolating these results to usual viruses, but

they may be more safely transposed to mimivirus which have

diameters as large as 800 nm38 and are therefore more suitable to

analysis with thin shell theory. In addition, this system suggests

possible strategies for controlled delivery applications: due to the

specific mechanical properties of these vesicles, the buckling

instability leads to full collapse of the shell and complete release

of its contents even at moderate hypertonic conditions, adjust-

able by encapsulation of passive solutes to displace the osmotic

threshold.
This journal is ª The Royal Society of Chemistry 2011
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