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Coacervation was the most important event in the appearance
of life on the early Earth.1 It is becoming widely accepted that
coacervates are the origin of all life. In his classic book,1 Oparin
mentioned that all present-day cells are generated from the
organization and ordering of coacervates. All cells are, morever,
surrounded by a highly ordered bilayer membrane that is the most
fundamental structure for life.2 However, the process by which the
ordered bilayer membrane is generated from coacervates is still a
scientific mystery. To solve this mystery, we should focus our
attention on the structure-property interaction of coacervates.
Generally, coacervates, including “simple coacervates”3a and
“complex coacervates”,3b are prepared from complicated multi-
component systems such as surfactants with salt/cosolvent or two
oppositely charged polyelectrolytes.3c This makes their structural
characterization difficult.

Recently, coacervate formation from a single organic compound,
a “synthetic” gemini surfactant, was confirmed for the first time
using a cryo-high-rosolution scanning electron microscope (cryo-
HRSEM) by Menger and co-workers.4a They also proposed that
the surfactant phase of sponge morphology,4a-c which has been
often called “L3 phase”,5a “plumber’s nightmare”,5b or “blue I
phase”,5c should be redefined as coacervates.4b However, there is
no report on the formation of a coacervate from a single “natural”
compound which exists in nature; therefore, little is known about
the mechanism of coacervates evolving into ordered bilayer
membranes.

In this communication, we describe for the first time simple
coacervate formation from a single “natural” glycolipid biosurfac-
tant, manosyl-erythritol lipid-A (MEL-A), together with vesicle
formation from its derivative, MEL-B. We also demonstrate that
only a slight decrease in spontaneous curvature resulting from the
absence of the 4′-O-acetyl group induces a drastic morphological
change in the self-assembled structure from coacervates to vesicles,
ordered bilayer membranes.

Figure 1 shows the structure of MEL-A, 4-O-(4′,6′-di-O-acetyl-
2′,3′-di-O-alkanoyl-â-D-mannopyranosyl)-D-erythritol, and MEL-
B, 4-O-(6′-O-acetyl-2′,3′-di-O-alkanoyl-â-D-mannopyranosyl)-D-
erythritol.6a Both MELs have nearly the same fatty acid composition;
C8 (18%), C10 (71%), and C12 (11%). MELs are one of the most
promising biosurfactants known. They are abundantly produced by
yeast strains ofPseudozyma antarcticafrom vegetable oils,6b or
can be prepared by only organic synthesis.7 We have reported that
MELs have great potential for antitumor compounds,6b protein
affinity ligands,6c and gene carriers.6d

The mixture of MELs was prepared as reported previously.6c

Each MEL was dissolved in acetone, and the stock solution was
moved into a test tube. After the solvent was removed by a rotary
evaporator, distilled water was added in the test tube. The colloidal
dispersion of MEL-A or MEL-B was obtained by vortexing the
test tube for 1 min at room temperature (25°C) and then was

observed with the use of a microscope (E600, Nikon, Japan) with
a differential interference contrast (DIC) attachment.

Figure 2 shows the DIC image of a colloidal dispersion formed
from MEL-A (2 mM). When MEL-A was dispersed in water,
immiscible oily droplets with a low viscosity were immediately
separated from the equilibrium water. The figure shows spherical
droplets with a diameter of 1-20 µm, which well resemble
coacervate droplets formed from zwitterionic Gemini surfactants.4a,b

On the other hand, MEL-B, which has a hydroxyl group at the
C-4′ position instead of an acetyl group, spontaneously formed giant
vesicles with diameters similar to those of the droplets. Then, these
two colloidal dispersions were confirmed using a confocal laser
scanning microscope (CLSM, LSM5 PASCAL, Zeiss, Germany)
to evaluate the effect of the acetyl group on their self-assembled
structures.

Panels A and B of Figure 3 show CLSM images of colloidal
dispersions (2 mM) formed from MEL-A and MEL-B, respectively.
The lower two graphs show the fluorescence intensity distribution
following the lines indicated in the upper images. From these
observations, the droplet obtained with MEL-A was found to have
an inner structure different from that of the giant vesicle with MEL-
B. This clearly indicates that only one functional group on the sugar
headgroup decided the direction of the molecular self-assembly of
MEL.

Figure 1. Structure of mannosyl-erythritol lipids (MELs).

Figure 2. DIC image of a colloidal dispersion formed from MEL-A.
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The structures of the colloidal dispersions were further deter-
mined using a freeze-fracture transmission electron microscope (FF-
TEM, JEM-1010, JEOL, Japan).

Panels A and B of Figure 4 show typical freeze-fracture electron
micrographs of droplet and vesicle (1 mM) formed from MEL-A
and MEL-B, respectively. Figure 4 A clearly exhibits the typical
coacervate morphology of a sponge phase composed of randomly
connected 3D network of the bilayers,3a,5b,8 whereas Figure 4 B
gives the giant vesicle morphology which corresponds well to
Figure 3 B. In Figure 4 A, the spherical and ellipsoidal objects
with a planelike appearance are the water domains because the
fracture through the water phase occurred perpendicular to the
curved bilayers. In many parts of the micrograph, we can follow
the bilayer over a range of several micrometers, indicating the
bilayer is indeed continuous. Where the fracture occurred along
two bilayers, a bilayer having both a negative and a positive
spontaneous curvature can be seen. It is truly remarkable that
coacervates of sponge morphology were easily obtained from the
single yeast glycolipid, MEL-A, even though it possessed different
alkyl chain lengths (C8 to C12). To our knowledge, this is the first
observation of coacervates forming from a single “natural” com-
pound.

On the basis of the detailed theoretical and structural study of
surfactant systems,4a-d Menger et al. recently demonstrated that the
surfactant coacervate phase is almost equal to the L3 phase with
regard to its solution properties. A L3 phase is a well-defined
surfactant phase, which appears when the spontaneous curvature
is slightly negative.9 The spontaneous curvature (H0) is a useful
parameter to characterize the lipid assembled structures. It is given
by H0 ) 1/R0, whereH0 is the curvature of one monolayer which
forms a bilayer, andR0 is the spontaneous radius of curvature.10

When the spontaneous curvature is nearly zero, the lipids self-
assemble into the lamella phase (LR). The spontaneous curvature
of MEL-B assemblies is thus nearly zero since vesicles are obtained
by the dispersion of the LR phase. The LR phase of MEL-B seems

to be stabilized by the hydrogen-bonding network between the
headgroups resulting from the C-4′ hydroxyl group because LR

phase is less dynamic than L3 phase.11

On the other hand, the presence of an acetyl group on the
mannose moiety is likely to induce a slightly negative spontaneous
curvature of the glycolipid assemblies: this should lead to the
formation of the L3 phase. The spontaneous curvature is also critical,
when membrane fusion takes place between vesicles. Generally,
lipids with a negative curvature promote the fusion, while those
with a positive curvature give a reverse effect.12 In our previous
study, phospholipid vesicles containing MEL-A promoted mem-
brane fusion that drastically increased gene transfection efficiency,
whereas those containing MEL-B showed no effect.6d This finding
provides supporting evidence of the preferential coacervate forma-
tion from MEL-A.

The L3 phase obtained from MEL-A would be a potential host
for water-soluble proteins and DNA using the interior water
channels of the phase, because the L3 phase resembles the
bicontinuous cubic phase. Although the cubic phase acts as a better
solvent for membrane protein bacteriorhodopsin crystallization,13

it is a stiff liquid crystal, making it difficult to handle in high-
throughput screening systems.14 In contrast, the L3 phase is fluid,
giving it the potential to overcome this problem.

In summary, this is the first observation of the coacervate
formation from a single component of a “natural” glycolipid
biosurfactant. We also found that only a slight decrease in the
spontaneous curvature resulting from the absence of the 4′-O-acetyl
group induced a drastic morphological change in the 3D self-
assembled structure from coacervates (L3 phase) to ordered vesicles
(LR phase). Our results are particularly interesting from the
perspective of “chemical evolution” because they might give a better
explanation of the transition process from the coacervate to the
vesicle system.

Supporting Information Available: Experimental details for
preparation of MELs and microscopic studies. This material is available
free of charge via the Internet at http://pubs.acs.org.
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Figure 3. Fluorescence intensity distributions of colloidal dispersions
formed from MEL-A and MEL-B. (A) MEL-A. (B) MEL-B.

Figure 4. Freeze-fracture transmission electron micrographs of colloidal
dispersions formed from MEL-A and MEL-B. (A) MEL-A. (B) MEL-B.
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