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Self-assembled structures having a regular hollow icosahedral
form (such as those observed for proteins of virus capsids) can
occur as a result of biomineralization processes’, but are extrem-
ely rare in mineral crystallites’. Compact icosahedra made from a
boron oxide have been reported’, but equivalent structures made
of synthetic organic components such as surfactants have not
hitherto been observed. It is, however, well known that lipids, as
well as mixtures of anionic and cationic single chain surfactants,
can readily form bilayers*’ that can adopt a variety of distinct
geometric forms: they can fold into soft vesicles or random
bilayers (the so-called sponge phase) or form ordered stacks of
flat or undulating membranes®. Here we show that in salt-free
mixtures of anionic and cationic surfactants, such bilayers can
self-assemble into hollow aggregates with a regular icosahedral
shape. These aggregates are stabilized by the presence of pores
located at the vertices of the icosahedra. The resulting structures
have a size of about one micrometre and mass of about 10"
daltons, making them larger than any known icosahedral protein
assembly’ or virus capsid®. We expect the combination of wall
rigidity and holes at vertices of these icosahedral aggregates to be
of practical value for controlled drug or DNA release.

Mixtures of anionic and cationic surfactants in water produce so-
called ‘catanionic’ solutions. After ion pairing, counter-ions form
excess salt and induce a high conductivity of the samples that
screens electrostatic interactions. A particular type of salt-free
catanionic formulation is obtained by using only H" and OH~
counter-ions, as no excess salt is then formed by mixing the two
surfactants’. The resulting salt-free (also called true) catanionic
systems can be represented in a ternary phase diagram whose two
independent variables are the total volume fraction ¢ of surfactants
(assuming surfactant density close to 1) and the molar fraction r of
anionic surfactant over total surfactant content.

In dilute salt-free catanionic solutions, we have developed a
simple method of producing self-assembled icosahedra of micro-
metre size in large quantities. Dilute solutions (below ¢ = 10~ ?) are
prepared by adding water to appropriate amounts of the two
surfactants, myristic acid (M,, = 228.38, Fluka, purity >99%)
and cetyltrimethylammonium hydroxide (CTAOH) (M, =
301.54, ethanolic solution from Acros Organics Co.). The monomer
concentration of myristic acid is lower than 10~° M, that is, quasi-
insoluble in water. The critical micellar concentration, CMC, of
CTAOH is slightly lower than CTABr which is 0.0013 mol1™". Rules
for CMC of surfactant mixtures ensure that monomeric concentra-
tion is less than 10 M (@ < 10~ *#)'*",

The solution is first heated to 60 °C for a few minutes, and then
cooled to room temperature with permanent shaking during cool-
ing, until transformation into a slightly bluish clear solution occurs.
The solution does not contain any trace of insoluble material. The
micrometre-sized icosahedra are formed upon cooling the salt-free
catanionic solution, when the anionic component is in excess.
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Acceleration of the phase separation between a condensed lamellar
phase and a fluid supernatant consisting of icosahedra can be
induced by slight centrifugation at 3,000¢. Heating ensures re-
dissolution and aggregates can be restored by cooling down again.
Slow dissolution and gentle temperature cycles do not involve
significant input of energy other than to disperse the small colloidal
objects. Thus, the icoasahedral shape is only due to molecular
interactions. As in the case of lipid microtubules'?, the aggregates
are formed by cooling the sample through a first-order phase
transition". In our case, chain crystallization of ion pairs occurs
while crossing the chain melting transition, determined by differ-
ential scanning calorimetry (DSC) to be in the range 50-65°C
depending on molar fraction r. Dilute solutions (less than 1 g1™) of
icosahedra are metastable: mass measurements and freeze-fracture
experiments can be done several weeks after preparation without
noticeable change. Addition of glycerol prolongs the stability of the
dispersion. However, after a period of the order of several months, a
phase separation occurs: the top of the tube contains a thin layer of
swollen lamellar phase (Lg).

The region where only icosahedra are formed is found in the
range 0.5 <r < 0.75 and for a total surfactant volume fraction
¢ < 10 °. The maximum volume fraction where micrometre-size
aggregates are in a condition of close packing is ¢ = 3 X 10°, as can
be derived from simple geometrical evaluation. The structural
electric charge of the aggregates is negative owing to the excess of
myristic acid and rises with 7 up to 32 pC cm > for a known area per
chain of 0.25 nm®.

Figure 1 Electron microscopy images of icosahedral aggregates. Freeze fracture (a, )
and freeze-etching (¢, d) obtained for a myristic acid—CTAOH sample (r = 0.57, initial
weight fraction 0.0163 in a 1:2 glycerol/water solution). Samples were deposited on a thin
copper holder, and rapidly quenched in liquid propane. Frozen samples were fractured in
vacuum (107 torr) at —125 °C with a liquid-nitrogen-cooled knife in a Balzers 301 freeze-
etching unit. The replication was done using unidirectional shadowing with platinum-
carbon (35°, thickness 1-1.5nm). a, b, The pores observable at vertices on freeze-
fractured samples can be enlarged after the 5-min etching at —105°C ¢, d, The scale
bars represent 1 wm (@, €) and 500 nm (b, d).
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Detection and characterization of dispersions containing icosa-
hedra (Fig. 1) were primarily made by freeze-fracture and freeze-
etching electron microscopy. Averaging over several hundreds of
imaged objects, we find a narrow radius distribution in the range
700-1,000 nm, corresponding to an edge length of 1 wm. From
simple geometrical considerations, and assuming that all objects are
single-walled frozen bilayers, we evaluate that 2 X 107 catanionic
pairs form one aggregate, which therefore has a molar mass close to
10" Da. As can be seen in Fig. 2, the contour shape observed in
freeze-fracture electron microscopy differs from symmetry appar-
ent in cryo-TEM (transmission electron microscopy). At high
magnification (Fig. 1b and d), a crucial feature appears: vertices
of icosahedra consist of pores. The presence of holes and the
associated electrostatic repulsions between them lead to regular
polyhedra, which are different from closed-faceted vesicles'
obtained, for instance, using a strongly adsorbed polymer".

For catanionic solutions in an excess of cationic component,
nanodisks are formed by rejection of excess charges towards the
edges'’. The only other topology to evacuate excess charges is to
segregate them in pores'. Vesicles present at high temperatures’
with excess anionic component do not produce nanodisks upon
cooling. The presence of excess insoluble fatty acid produces pores
at vertices. These can be seen by electron microscopy or confocal
microscopy. There are two ways of understanding the formation of
pores by cooling vesicles: if the monolayer spontaneous curvature is
close to zero while the gaussian curvature is negative, the presence of
pores minimizes the bending energy'®'"”. Producing pores in the
bilayer is a way for the system to self-assemble by minimising its
curvature energy, since negative gaussian curvature is favoured at
high surface charge’®*'. Another mechanism at the origin of pore
formation would be related to the absence of curvature singularity
at vertices where a pore is present. The most frequent morphology
of the aggregates is the icosahedron. However, we have observed the
formation of other polyhedral shapes. These correspond to
the family of structures with less than 12 vertices per polyhedra
reviewed by Nelson and Spaepen®. Pores formed in these defect-
stabilized structures are a privileged location for cationic solutes,
impurities and probably oligopeptides (see Supplementary Infor-
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mation). As for catanionic nanodisks, in the absence of salt,
molecular segregation is energetically possible owing to over-
whelmingly strong electrostatic interactions®'.

Combined small-angle neutron and light scattering experiments
(SANS and SALS, Fig. 3) provide independent proof that closed
unilamellar objects of well-defined size are formed. The exact decay
of the scattering as the second power of the scattering vector (g) and
over an exceptionally wide range of vectors covered by light and
neutron scattering at any concentration is evidence of the wall
rigidity; the walls do not undulate under brownian motion. As for
carbon nanotubes, the persistence length is in the micrometre
range. Thus the elastic Young’s modulus of the walls is of the
order of at least 100 MPa, as for the nanodisks previously described’.
The size and mass of the aggregates derived from these experiments
coincide with those found by freeze-fracture electron microscopy.
The minimum located at g = 0.157 A~' corresponds to the first
minimum of the wall form factor oscillation and yields a bilayer
thickness 0of 40 A, close to the thickness of the nanodisks made of the
same surfactant mixture.

In the dilute regime of salt-free catanionic mixtures, unilamellar
vesicles form above the chain melting temperature’. During cooling
down, the chain crystallization produces a two-dimensional array of
alternated cationic and anionic heads. The array of crystallized
chains has been characterized by wide-angle neutron scattering,
using a mixture of perdeuterated anionic and protonated cationic
components. Wide-angle neutron-scattering patterns obtained in
the concentrated regime (Lg lamellar phase), suggest the presence of
in-plane superstructures formed of alternated chains*>** —CD,- and
—CH,- (see Supplementary Information). However, perfect order
does not propagate over large distances, as is clear from the width of
the in-plane superstructure peak and the absence of higher-order
Bragg reflections. The excess of anionic surfactant is segregated
during crystallization of the faces. The amount of excess anionic
component is such that 12 pores per vesicle are formed (see the
confocal microscopy images indicating the specific location of the
charged dye in the Supplementary Information).

Pores formed during crystallization are charged and repel due to
the absence of screening salt (Debye screening length of the order of

Figure 2 Comparison of freeze-fracture (a) and cryo-TEM (b) images for two adjacent
aggregates. We note the systematic presence of five vertices as first neighbours centred
on a given vertex. Freeze-fracture suggests pentagonal symmetry around a vertex,
whereas the TEM images enhance bilayers normal to the image showing the hexagonal
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shape, which is expected for an equatorial fracture through an icosahedron. The
icosahedron is the only structure which appears to be hexagonal on projection and
pentagonal after fracture. The scale bars represent 250 nm.
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100 nm). The structure that minimizes the bending energy with the
electrostatic constraints is a regular icosahedron. Any other regular
polyhedra would increase the free energy of the aggregate.

Formation of icosahedra with a preferred diameter of 2 pm is
controlled both by thermodynamics and kinetics. At high tempera-
ture, thermodynamically stable vesicles are present above the chain-
melting temperature. During crystallization, bilayers expel laterally
a small part of the component in excess, which is not miscible in the
two-dimensional crystal. This step is kinetically controlled and leads
to the formation of a certain density of pores. If the density of pores
is too low or too high, icosahedra cannot form and planar fragments
are found (see phase diagram and micrographs in the Supplemen-
tary Information).

The method described here is an example of a general principle of
formation of icosahedra using given number of surfactant pairs
with appropriate chain length and headgroup volumes. The three
conditions for formation of regular icosahedra are:

(1) A domain of compositions in the phase diagram where
vesicles are the stable form at high temperature. The corresponding
region at room temperature is a tie line between a swollen lamellar
phase with frozen chains and water.

(2) The excess of surfactant must be insoluble in water and in the
frozen bilayer forming the planar rigid walls. This excess surfactant
easily forms pores on its own owing to the packing properties of
unscreened charged surfactant headgroups®'.

(3) The part of excess component segregated by the two-dimen-
sional crystal of frozen chains must be available in a sufficient
quantity to form twelve pores per vesicle.

These rules apply for all surfactant pairs studied so far. The
absence of condition (3) leads to the formation of nanodisks or large
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Figure 3 Scattering by dilute solutions of icosahedra. We used small-angle neutron
scattering (SANS), low-angle light scattering (LALS) and classical light scattering (LS)
covering a g-range: 5 X 1075 < g <4 x 10~ ' A~". Neutron scattering composition
of the sample: r = 0.636, ¢ = 2.6 X 102, Light scattering r = 0.626,

¢ = 1.3 X 10~ * in glycerol/water. The SANS instrument used D22 (ILL, Grenoble). LS
results are compared to a simulation of the scattering produced by independent
icosehedra (form factor calculated for a gaussian distribution with average radius of
0.9 wm, and full-width at half-maximum, FWHM = 0.6 .m). SANS shows an ideal ¢
dependence over four decades in intensity, followed by the characteristic oscillation of the
shell form factor with the first minima at ¢ = 0.157 A~ corresponding to the membrane
thickness. The solid line is a fit to the data using a three-layer model for infinitely flat
membranes convoluted by the instrumental resolution function accounting for the
wavelength spread and finite spatial resolution of the camera. It yields a bilayer thickness
2t = 40 A. The average mass Mof the icosahedra is extracted from the LALS data at zero
angle, yielding 2 X 10" Da/icosahedron. (M = 8.66p/%2t, where /is the edge length,
and p the density close to 1).
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opened crystalline bilayers including pores (see Supplementary
Information). Negatively charged icosahedra of identical size are
formed in pure water or in water/glycerol mixtures (2:1 by weight).

Typical conductivity of solutions containing icosahedra (r=
0.65) is 10 uScm™ for an apparent pH of 5.6 measured with a
calomel electrode. Strong electrostatic repulsions between icosa-
hedra explain the observed kinetic stability. After a few months at
rest, a thin layer of lamellar phase appears at the top of the test tube.
The high rigidity of the faces quenches the so-called ‘Helfrich’
repulsive interaction, when an icosahedron comes into contact with
a rigid interface, by at least a factor of hundred. These are very
different from soft single-layer or multilayer vesicle* structures
widely used for drug delivery or penetration of creams through the
skin in cosmetic applications. Holes at vertices can be covered by an
adequate polyelectrolyte, as already described for the preparation of
microcapsules”. This property would be important for controlled
drug or DNA release, if the aggregates described here were resistant
to the addition of even small quantities of salt. However, phase
separation between a lamellar phase (Lg) and nearly pure water is
observed at high ionic strength. In the presence of small quantities
(millimoles) of salt or impurities, or after incubation in pure water,
we have observed, using confocal microscopy, large flocculates
made of several icosahedra adhering to each other much as do a
bunch of grapes. These globular aggregates, whose typical size is five
to ten micrometres, visible in optical microscopy, are built with
irregular polyhedra with flat faces. Their morphology is different
from the well known myelinic figures, but they show a topology very
similar to biliquid foams made from multivesicular liposomes
which have been described by Spector et al.**.

Thus we have demonstrated that single-wall icosahedra are
formed by cooling solutions of vesicles of appropriate composition

Figure 4 Sketch of the aggregate structure. Frozen alternated hydrocarbon chains
produce large flat faces made of about 10 ion pairs. These triangular faces, with a typical
area of 0.3 wm?, result from the juxtaposition of ion pairs tiling an hexagonal lattice. The
aggregates are stabilized by the pores (diameter of the order of 150 /f\) produced by about
200 molecules and due to the partial segregation of the anionic surfactant in excess. The
regular icosahedron is the structure that minimizes the bending energy of rigid bilayers, as
only 30 edges with a dihedral angle of 42° delimit triangular faces.
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and in the absence of salt using only two synthetic surfactants. The
microstructure of these complex aggregates is sketched in Fig. 4.
Self-assembly of icosahedra, owing to defect-free repetition of
strong interactions, is one of the fascinating consequences of the
quasi-equivalence principle”: highly symmetric structures can be
formed with high efficiency by association of identical subunits in
the absence of templates. The self-assembled two-dimensional
nearly crystalline shell is similar in shape to the structure initially
proposed for viruses by Watson and Crick®. In catanionic icosa-
hedra, subunits are combinations of catanionic pairs. Although in
viruses the number of subunits is smaller, the type of aggregates
described here should obey a similar topology control mechanism: a
locally hexagonal lattice folds into 20 equivalent triangles. The
association of anionic and cationic surfactants produces particles
similar in shape but larger than viruses. U
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The Triassic/Jurassic boundary, 208 million years ago, is asso-
ciated with widespread extinctions in both the marine and
terrestrial biota. The cause of these extinctions has been widely
attributed to the eruption of flood basalts of the Central Atlantic
Magmatic Province'™. This volcanic event is thought to have
released significant amounts of CO, into the atmosphere, which
could have led to catastrophic greenhouse warming®”’, but the
evidence for CO,-induced extinction remains equivocal. Here we
present the carbon isotope compositions of pedogenic calcite
from palaeosol formations, spanning a 20-Myr period across the
Triassic/Jurassic boundary. Using a standard diffusion model®’,
we interpret these isotopic data to represent a rise in atmospheric
CO, concentrations of about 250 p.p.m. across the boundary, as
compared with previous estimates of a 2,000—4,000 p.p.m.
increase*’. The relative stability of atmospheric CO, across this
boundary suggests that environmental degradation and extinc-
tions during the Early Jurassic were not caused by volcanic
outgassing of CO,. Other volcanic effects—such as the release
of atmospheric aerosols or tectonically driven sea-level change—
may have been responsible for this event.

The mass extinction at the end of the Triassic claimed about 80%
of all species”, including most non-dinosaurian archosaurs'.
Although extinctions in the terrestrial and marine environments
may be slightly asynchronous, they are closely related temporally
and undoubtedly share causality?. This biotic crisis has been
attributed previously to bolide impact®’ and sea-level change'*".
However, dating of the best-candidate impact structure (the Man-
icouagan crater) places the impact roughly 14 Myr earlier'®, and sea-
level change fails to explain the fern spike in the terrestrial boundary
record’. The prevailing view is that this event resulted from the
eruptions of the Central Atlantic Magmatic Province (CAMP),
which may have produced as much as 7 x 10°km? of flood basalt
in as little as 2 Myr’. CAMP volcanics include the basalts of the
Newark Supergroup of eastern North America whose ages of around
200 Myr and stratigraphical proximity to the Triassic/Jurassic
boundary are well constrained'>". A frequently cited deleterious
effect of these widespread, massive eruptions is a sudden increase in
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