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Selective Vesicle Formation from Calixarenes
by Self-Assembly**

Yasutaka Tanaka,* Masami Miyachi, and
Yoshiaki Kobuke

All living systems are compartmentalized by vesicles, in
which various membrane proteins including channel proteins
are incorporated, and thus specific biological functions can be
carried out. The characterization of the shape, size, and
properties of vesicles formed from various amphiphiles,
including some synthetic ones, is crucial not only for the
study of the structure and function of model membranes,' but
also for the potential application of these membrane system as
sensors and in technologies such as drug entrapment and
release, and photochemical solar energy conversion.?! Pre-
viously we reported that a simple polyhydroxy macrocyclic
amphiphile, calix[4]resorcarene (1), behaves as an artificial
potassium ion channel when embedded in planar bilayers of

3R= CH3(CH2)16

1 R=CH3(CHy)6, R'=H
2 R= CH3(CH2)16, R'= OH

soybean lecithin.P! The cylindrical macrocycle formed by four
benzene rings and four extended alkyl chains provides the
channel pore for ion passage through the lipid bilayer.®! One
would expect that amphiphiles such as 1 and calix[4]pyrogal-
lolarene (2) would be aggregated in water and yield a specific
self-assembled structure. Here we describe the selective
formation of vesicles from the polyhydroxy macrocyclic
amphiphiles 1 and 2.1

Injection of a solution of 1 or 2 (6.7mM) in tetrahydrofuran
(0.4-2.0 mL) into a buffer (HEPES - Tris 5mwm, 4 mL, pH 7.0;
HEPES =2-[4-(hydroxyethyl)piperazine-1-yl]ethanesulfonic
acid, Tris = tris(hydroxymethyl)aminomethane) at 60°C im-
mediately gave a dispersion of amphiphiles.”! The dispersion
was a slightly white suspension and remained in this form for
more than a few months. Several characteristics of typical self-
assembled structures have been observed for the dispersion
obtained.
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1) Negatively stained (1.5 % phosphotungstic acid, pH 7) and
freeze-fracture replica micrographs revealed the forma-
tion of spherical and ellipsoidal particles. The diameters of
the particles ranged from 50 to 200 nm for both 1 and 2
(Figure 1).1

200 nm
Figure 1. Transmission electron micrographs of vesicles formed from a) 1

and b) 2 (negative staining, magnification 40000 times, 80 kV), and c) 2
(freeze-fracture replica, magnification 40000 times, 100 kV).

2) Atomic force microscopy (AFM) images of the dispersion
spread on a mica plate also indicated the presence of
particles with diameters in the range of 40 to 250 nm
(Figure 2).17 81

Figure 2. Atomic force micrograph of vesicles of 1 adsorbed on a mica
plate. Scale in nm.

3) These particle sizes were also confirmed by dynamic light
scattering experiments conducted with an Otsuka SELS-
800Y instrument.

The size distribution is between 30 and 240 nm (4.0 x
10~*Mm), and the maximum population of particles is at about

53 nm. These results indicate that the dispersion consists of
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spherical and ellipsoidal vesicles with uniform diameters.
Each of the vesicles consist of noncovalent self-assemblies of
the macrocyclic amphiphiles. The vesicles obtained were
deduced to be closed systems—a typical vesicular property—
from dye encapsulation experiments.:? Particles with the
same size and shape as described above were observed after
two weeks by transmission electron microscopy (TEM) and
AFM, indicating the stability of vesicles formed in water over
this time. In addition, no obvious change of morphology was
observed after isolation of these vesicles, dehydration by
drying under a high vacuum, and subsequent rehydration of
the dried vesicles by addition of water.

Compounds 1 and 2 adopt the configuration in which the
four alkyl chains are all-axial and all-cis.'"? The fully extended
alkyl chains on the macrocyclic moiety are about 2.6 nm in
length, as estimated from space-filling models and by
molecular simulation. When the vesicle solution was spread
on a mica plate and dried in vacuo, AFM measurements
indicated that the vesicle particles had a flattened shape with
rounded edges and a slightly convex top surface. The average
vertical cross-sectional thickness of more than ten particles
formed from either 1 or 2 was about 10 nm. This was
consistent with the thickness of two bilayers of 1 or 2
(Figure 3). Similar AFM measurements have been carried out

WUl e

Figure 3. A hypothetical representation of the vesicle formed from 2 and
its flattened image.

on unilamellar liposomes from phosphatidylcholine.''] The
average observed thickness of approximately 9.5 nm for the
liposome is in good agreement with that of two phosphati-
dylcholine bilayers, which has previously been reported.['”
The bilayer structure was also confirmed by differential
scanning calorimetry (DSC) measurements of the vesicle
solution prepared from LI*3] The endothermic peak (recorded
when the sample temperature was rising) was observed at
65.1°C, probably due to the gel-to-liquid-crystal phase
transition, which is one of the fundamental characteristics of
bilayer membranes.['¥ This suggests that the vesicles from 1
and 2 are composed of unilamellar membranes, in which the
macrocyclic amphiphiles are aligned with their hydrophilic
hydroxyl groups facing the aqueous phase.
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Amphiphiles with different chemical structures and ar-
rangement of hydrophilic and hydrophobic groups have been
reported, and their structural features determine the morpho-
logical and functional properties of those self-assemblies
formed in water.™ The formation of vesicles from mono-
alkylphenol derivatives is in theory unexpected because of the
conelike shape of the molecules and the high pK, value of the
OH groups. In fact, alkylresorcinol 3, which has an alkyl chain
as long as that in 1 and 2 but lacks a macrocyclic structure,
forms micellelike aggregates under conditions identical to
those described here. Aggregates of 3 with diameters less than
16 nm were confirmed by AFM.['! In contrast, owing to the
macrocyclic structures of 1 and 2 composed of four alkylre-
sorcinol and alkylpyrogallol moieties, respectively, the am-
phiphiles have a cylindrical shape, and thus vesicles are the
preferred morphology of aggregates formed in water.

The FT-IR spectrum of the dehydrated vesicles of 1 shows
the stretching band of the hydrogen-bonded OH groups
(3500 cm~1).['"1 A pair of hydroxyl groups on adjacent benzene
rings form a hydrogen bond due to their proximity, which
stabilizes the all-axial and all-cis configuration, and probably
promotes the dissociation of one OH group in the pair at the
experimental pH. This also suggests the existence of inter-
molecular OH -+ O hydrogen bonds. This phenomenon along
with the shape of the amphiphile and hydrogen bonds in 1 and
2 should help stabilize the vesicle structure. To the best of our
knowledge this is the first example in which a phenolic
surfactant self-assembles to furnish a vesicle.

We have shown that a macrocycle consisting of four
phenolic amphiphiles and having a cylindrical molecular
shape self-assembles selectively to form a vesicle. The intra-
and intermolecular hydrogen bonds between OH groups on 1
and 2 play an essential role in stabilizing the assembled
structure. This work, therefore, may open the way for the
study of calixarenes in assembled form, in contrast to previous
studies dealing mainly with their unimolecular function.
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Basic catalysts are widely used in heterogeneous catalytic
processes either as supports or active components. Among
these processes, aldol condensation of ketones is of out-
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