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structures have been produced
spontaneously from an almost
structure-less aqueous amphiphilic
system: water/di(ethylene glycol)
mono-hexyl ether (C4<E,)/sodium
cholate. Individually, neither C4E,
nor the bile acid produces noticeable
aggregate structures in an aqueous
solution. However, the presence of
small amounts of bile acid in the
C4E,/water binary system is found to
produce large microstructures,
besides pushing the miscibility gap to
higher temperatures. Dynamic light
scattering studies indicate the pres-
ence of very monodisperse structures
of sizes ranging from 15 to 50 nm in
radii. The radii of these structures

concentrations of the components
and on the distance in temperature
from the cloud point. For a given
set of conditions the sizes are very
stable and reproducible. Electron
microscopy and conductivity
measurements confirm these
structures as vesicles. These may be
formed due to the association of bile
acid with C¢<E, producing the
geometrical parameters necessary for
the formation of vesicles.
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Introduction

An amphiphilic molecule consists of one part, which is
hydrophilic, and one part that is hydrophobic. These mol-
ecules, depending on the individual structures, show very
rich polymorphism when dissolved in water. The mole-
cules may self assemble into spherical aggregates, rod-like
aggregates, lamellar sheets, and vesicles in aqueous solu-
tions [1]. Of these structures, the vesicular structure was
thought to be a meta-stable structure and only am-
phiphiles with two hydrophobic tails were observed to
form vesicles [2]. Even with double-tailed amphiphiles, it
has been hard to produce vesicles by spontaneous self-
assembly [2]. In 1989, Murthy et al. [3, 4] first observed
the spontaneous formation of stable vesicles in aqueous

solutions of two ionic surfactants with oppositely charged
head groups. This work initiated theoretical interest
among the physicists and Safran et al. [5, 6] proposed
a theoretical interpretation for this formation of vesicles in
a cationic surfactant/anionic surfactant/water system.
They showed theoretically that this stabilization is driven
by interactions between the two surfactants and the com-
positional asymmetry of the inner and outer layers of the
vesicle. The ionic attractions between oppositely charged
head groups simulated the double-tail behavior in forming
the vesicles observed in Refs. [3, 4]. In the present work,
this double-tail behavior is possibly simulated by com-
plexation or hydrogen bonding between the acidic groups
of the bile acid and the alcohol group of C¢E, amphiphile.
The striking features of the vesicles formed in this system
are (a) their spontaneous production in this short-tailed
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amphiphilic system and (b) their monodispersity combined
with the high sensitivity of their sizes to temperature.

The C4<E,/water binary system has an upper miscibility
gap [7] with its lower critical temperature being 0 °C.
At room temperature, this binary system exhibits two
phases with C4E, mostly residing in the upper phase.
This clouding phenomenon is very common with nonionic
amphiphiles. The addition of hydrotropic salts and/or
other hydrophilic amphiphiles is known to push the cloud
point of a binary system to higher temperatures [8]. These
salts produce the shift in the cloud point either by altering
the structure of water or by increasing the hydrophilicity
of the amphiphile molecule through incorporation in the
water/amphiphile interfacial layer.

Simple bile acid such as sodium cholate is known to
reduce the rigidity of biological membranes and at suffi-
cient concentrations a vesicle-to-micelle transition has
been observed [9-12]. This bile salt contains a bulky
aromatic hydrophobic side, a hydrophilic side and short
hydrophilic tail. It is very soluble in water and aggregates
to form very small micelles. Bile acids act as co-surfactants
in that they enhance the solubilization power of phos-
phatidylcholine vesicles. Because of its high solubility in
water, we selected the simple hydrotrope, sodium cholate,
to push the upper miscibility gap of the C4<E,/water binary
system to temperatures well above room temperature.
Sodium cholate did push the upper miscibility gap to
higher temperatures. Beyond this expected effect, it also
introduced highly monodisperse aggregate structures that
are not typical of these amphiphilic molecules.

There is a range of concentrations of the C4E,/
water/bile acid system that is in one-phase at temperatures
around room temperature. We first noticed opalescence,
indicating the presence of large aggregates, in some of the
samples in the one-phase region of this ternary system. We
investigated these samples further and found the aggre-
gate structures to be monodisperse vesicles. This interest-
ing phenomenon may be due to the complexation or the
hydrogen bonding between the C4<E, molecules and so-
dium cholate molecules. This may provide the required
compositional asymmetry and the necessary geometrical
parameters for the formation of vesicles by spontaneous
self-assembly. Supporting evidence from dynamic light
scattering, conductivity data and electron microscopy are
presented.

Experimental

C¢E, and sodium cholate (BA) were purchased from Al-
drich. We made 22 samples ranging in concentrations from
mostly water with a small amount of C4E, to mostly C¢E,
with a small amount of water. We mapped the phase
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Fig. 1 Phase diagrams illustrating the upward shift of the upper
miscibility gap of C¢E,/water with increasing concentrations of bile
acid. Samples c8—c11 were selected for quantitative measurements

diagram of these samples and then started adding the bile
acid incrementally from a stock solution of 10% bile acid
in water. The phase behavior of these samples mixed with
bile acid was then recorded. Figure 1 shows the phase
boundary of the binary system and the upward shift of the
upper miscibility gap of C4E,/water with increasing con-
centrations of bile acid. The samples that were in the two-
phase region at room temperature showed clear visual
transition to the one-phase region with the addition of
BA. Some of the one-phase samples that have the shifted
cloud point slightly above room temperature appeared
blue, indicating the presence of microstructures. We pres-
ent the quantitative data on the size of the structures for
four samples, labeled c8—c11, identified in Fig. 1. All these
samples have the same (10% BA)/water volume ratio
of 0.05.

Sizes of the microstructures in the selected samples
were measured by dynamic light scattering (DLS). The
scattering system was built at Smith College using a
100 mW air-cooled Ar laser with a wavelength of 514 mm
and a beam diameter of 0.82 mm. ALV-5000 correlator
was used to collect the data [13]. All measurements were
done at a 90° scattering angle and analyzed using second
cumulant analysis. This analysis gives the diffusion coeffi-
cient from which the sizes were calculated using the
Stoke—Einstein relationship [14]. For each of the composi-
tions, c8—cl1 (see Fig. 1), the vesicle sizes and polydisper-
sity were measured for a series of temperatures below the
cloud point and the data was plotted as radii versus
reduced temperature. Here the reduced temperature is
taken as the difference between the cloud point and the
sample temperature. Figure 2 shows the dependence of
vesicle size on the reduced temperature for increasing
concentrations of C4E, at a given BA to water ratio. All
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Fig.2 Vesicle radius plotted as a function of reduced temperature for
each of the samples c8—c11. Reduced temperature is defined as the
difference between the cloud point and the sample temperature

measurements showed high monodispersity in the sizes.
The polydispersity values obtained for these structures
from cumulant analysis are comparable to those obtained
for polystyrene microsphere standards with a standard
deviation of less than 1.5% in their sizes.

One of the samples that showed large structures at
room temperature was used to obtain electron micro-
graphs. Micrographs were made using freeze fracture tech-
nique [ 3, 15]. Replicas were observed on a Philips CM-10
electron microscope at the University of Massachusetts.
The sizes of the spherical structures seen in the micrograph
(Fig. 3A and B) agree with the results from light scattering.
It is important to note here the very fact that the structures
survive the freeze fracture process confirms the vesicular
nature of these structures.

In addition to electron microscopy, conductivity
measurements confirmed the presence of an entrapped
volume. We used a 0.2% NaCl solution instead of water to
prepare the samples. NaCl is a simple lyotrope which
pushes the cloud point of the C4E,/water system to lower
temperature. However, the addition of a small amount of
BA restores the cloud point back to the original temper-
ature and structures form as before. The NaCl concentra-
tion is the same inside and outside of the structures, but the
salt trapped in the interior does not contribute to the
conductivity. Thus, the conductivity of the sample de-
creases as the structures are formed. This method has been
used successfully for observing the vesicle to micelle
transition [16]. Figure 4 shows the conductivity data.
The conductivity of the sample with structures is lower
than that of the control sample and decreases with the
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Fig. 3 Electron micrographs, using the freeze fracture technique, of
vesicles in the sample c11 with BA/water = 5.0 x 10~ 2. The sizes
agree with the light scattering data at room temperature (A) magnifi-
cation = 72.0 K; (B) magnification = 105 K

increasing size of the structures as the temperature ap-
proaches the cloud point, as seen in the figure. At the cloud
point, when the vesicles break, the conductivity value
jumps up to that of the control sample as all the NaCl ions
are released to contribute to the conductivity. These data
further confirm the presence of an entrapped volume in the
structures.

Discussions

Highly monodisperse vesicles form spontaneously by
adding sodium cholate to the C¢E,/water binary system.
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Fig. 4 Conductivity plotted as
a function of temperature in

Conductivity vs. Temperature
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The vesicle sizes range from 15 to 50 nm in radii. The sizes
decrease with increasing concentrations of sodium cholate
and increase with increasing concentrations of C4E,. The
decrease in rigidity of the bilayer due to the increase in BA
concentrations allows for more curvature, and hence
smaller structures. Vesicle sizes also vary with the distance
in temperature from the cloud point. When the system is
driven towards the cloud point, there is a steep rise in the
vesicle sizes, and finally the system phase separates. Upon
cooling immediately to room temperature, the original
vesicle sizes are reproduced with the same temperature
dependence.

In conclusion, these results indicate that the bile salt is
not acting as a simple hydrotrope or a phase mixing agent.
Instead, it is forming a pseudo complex with C¢E, molecu-
le and is inducing a self-aggregation hitherto not seen in
either water/C4E, or water/bile salt binary systems. A pos-
sible explanation for this unusual behavior is complexa-
tion or hydrogen bonding between the acidic groups of the

Temperature (celcius)

bile acid and the alcohol group of C4E,. Because of critical
phenomenon, aggregation is possible only when the sys-
tem is below and close to the cloud point. Above the cloud
point, the length scales diverge due to the critical phenom-
enon, and hence the observed steep rise in the vesicle sizes.
The high level of monodispersity among the vesicles at
a specific temperature, and the ability to control the sizes
of the structures through temperature may prove useful in
a variety of applications. More detailed studies of con-
ductivity in order to characterize entrapment volume and
entrapment efficiency are underway. Also, the effect of
amphiphile hydrophobicity, and hydrophilicity on this
spontaneous vesicle formation will be discussed in a forth-
coming publication.
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