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Abstract: Self-assembling properties of
“natural”  glycolipid biosurfactants,
mannosyl-erythritol lipids A and B
(MEL-A, MEL-B), which are abun-
dantly produced from yeast strains,
were investigated by using the fluores-
cence-probe method, dynamic light-
scattering (DLS) analysis, freeze-frac-
ture transmission electron microscopy
(FF-TEM), and synchrotron small/
wide-angle X-ray scattering (SAXS/
WAXS) analysis, among other meth-
ods. Both MEL-A and MEL-B exhibit
excellent self-assembly properties at
extremely low concentrations; they
self-assemble into large unilamellar
vesicles (LUV) just above their critical-

value of 2.0x107°m was found to dras-
tically change into sponge structures
(L;) composed of a network of ran-
domly connected bilayers that are usu-
ally obtained from a complicated multi-
component  “synthetic”  surfactant
system. Interestingly, the average
water-channel diameter of the sponge
structure was 100 nm. This is relatively
large compared with those obtained
from “synthetic” surfactant systems. In
addition, MEL-B, which has a hydroxyl
group at the C-4’ position on mannose
instead of an acetyl group, gives only
one CAC; the self-assembled structure
of MEL-B seems to gradually move
from LUV to multilamellar vesicles

(MLV) with lattice constants of 4.4 nm,
depending on the concentration. Fur-
thermore, the lyotropic-liquid-crystal-
phase observation at high concentra-
tions demonstrates the formation of an
inverted hexagonal phase (H,) for
MEL-A, together with a lamella phase
(L,) for MEL-B, indicating a difference
between MEL-A and MEL-B mole-
cules in the spontaneous curvature of
the assemblies. These results clearly
show that the difference in spontane-
ous curvature caused by the single
acetyl group on the head group proba-
bly decides the direction of self-assem-
bly of glycolipid biosurfactants. The
unique and complex molecular struc-

aggregation concentration (CAC). The
CAC; value was found to be 4.0x
10%m for MEL-A and 6.0x10%m for
MEL-B. Moreover, the self-assembled
structure of MEL-A above a CAC;

lipids

Introduction

The self-assembly of biologically based amphiphilic mole-
cules into potentially useful structures has been the subject
of intense study in recent years. Many types of amphiphilic
molecules, such as lipids or proteins, self-assemble to form a
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tures with several chiral centers that
are molecularly engineered by microor-
ganisms must have led to the sophisti-
cated self-assembling properties of the
glycolipid biosurfactants.

glyco-
sponge

wide variety of objects, including vesicles,""! tubes,” and heli-
cal ribbons.’! In most cases, the biological molecules have
complicated structures, with one or more chiral centers and
functional groups, which allow them to self-assemble into hi-
erarchically ordered structures by using hydrogen bonding,
and hydrophobic and van der Waals interactions.! However,
the stereo- and regioselective synthesis of these complicated
compounds is generally difficult, which has limited the wide-
spread application of self-assembled biomaterials.
Biosurfactants are natural amphiphilic molecules that are
abundantly produced from renewable resources by microor-
ganisms. They have many advantages over their chemically
synthesized counterparts, including their mild production
conditions, and higher environmental compatibility and sur-
face activity.”] Although the physiological functions of bio-
surfactants are not clear, it has been suggested that microor-
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ganisms secrete biosurfactants into the culture medium for
emulsification of carbon sources such as vegetable oil or n-
alkane.”! This would promote the transport of the carbon
sources across the cell wall and facilitate the growth of mi-
croorganisms.”! Most of these functions are related to the
amphipathic properties of biosurfactants. Typical hydrophilic
groups of biosurfactants are carbohydrates and peptides,
whereas typical hydrophobic groups are saturated or unsatu-
rated fatty acids. The combination of these hydrophilic and
hydrophobic groups and the whole structure of biosurfac-
tants have been refined and optimized during the integra-
tion process of microbial evolution. Moreover, biosurfac-
tants are stereo- and regioselectively synthesized by enzy-
matic reactions, and thus most of them are chiral com-
pounds with a unified molecular configuration. However,
despite these fascinating structural features of biosurfac-
tants, only a few studies have been carried out on their self-
assembled structure.!

Mannosyl-erythritol lipids
(MELs, see Figure 1) are one of
the most promising glycolipid
biosurfactants.”  They are
abundantly produced by yeast
strains of Pseudozyma antarcti-
ca from soybean oil or n-alkane
at a yield of up to 140 gL ='.*"
We have previously reported
that MELs exhibit not only ex-
cellent surface activities™ but
also a remarkable binding affin-
ity toward human immunoglo-
bulin G (HIgG).”Y More recently, we revealed that the
single component of MEL-A self-assembles into a sponge
phase (L; phase), which is usually obtained from a compli-
cated multicomponent system, together with giant vesicle
formation of MEL-B at remarkably low concentrations."
However, the ingenious contrivances of the self-assembly
concealed in the complex and unique structure of MELs,
which are molecularly engineered by nature, have not yet
been clarified.

In this paper, we report for the first time the distinctive
self-assembling properties of MEL-A and MEL-B revealed
by the fluorescence-probe method, dynamic light-scattering
(DLS) analysis, freeze-fracture transmission electron micros-
copy (FF-TEM), and synchrotron small/wide-angle X-ray
scattering (SAXS/WAXS), among other methods. We also
address the significance of biosurfactant production by mi-
croorganisms from a physiological perspective.

CH3

o CH,OH

H—1=OH

e o OR; O himl=0H
joi/ﬁ/cr
o
MEL-A: R' =R? = Ac

MEL-B:R' = Ac,R?=H
(n=6-10)

Figure 1. Structure of manno-
syl-erythritol lipids (MELSs).

Results and Discussion

One of the most important properties of surfactants is to
form aggregates such as micelles in aqueous solution. Deter-
mination of the critical-aggregation concentration (CAC)
for glycolipid biosurfactants MEL-A and MEL-B was per-
formed by using the pyrene fluorescence method."” The in-
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tensity ratio I;/I; (see the Experimental Section) was used to
determine the CAC of biosurfactants and to explore the re-
fined structural change of the assemblies. Figure 2 shows the
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Figure 2. I)/1; ratio of pyrene and absorbance at 650 nm of MEL solutions
as a function of MEL concentration: a) MEL-A; b) MEL-B

variation of the I,/I; ratio of the pyrene emission as a func-
tion of the MEL-A or MEL-B concentration. This figure
also exhibits the absorbance of the biosurfactant solutions at
650 nm (turbidity). The I,/I; ratio of the MEL-A solution
gave an initial decay, at a remarkably low concentration of
4.0x10"°m (CAC), from approximately 1.72, corresponding
to pyrene placed in an aqueous environment,' to 1.57.
This indicates the formation of the MEL-A aggregate I
above CAC,, and pyrene is distributed into the hydrophobic
domains of the aggregate. The I,/I; ratio dropped further at
a MEL-A concentration of 2.0x107°m (CACy) from a value
of 1.57 to 1.08. The MEL-A solution then became turbid
just above CAC; as shown in the figure (see right axis), sug-
gesting the formation of an aggregate II that is larger than
aggregate I. These results indicate that MEL-A specifically
gives two CACs, at 4.0x10°m (CAC;) and 2.0x107°m
(CACy), whereas our previously measured surface-tension
data gave a single CAC at 27x107°M (ycac=
28.4 mN'm™).’l This means that the fluorescence method is
more sensitive than the surface-tension method. On the
other hand, MEL-B, which has a hydroxyl group at the C-4'
position instead of an acetyl group, exhibited only one CAC
at 6.0x107°m as shown in Figure 2b. The CAC; value was
almost the same as the value (CAC;=4.5x10°M, ycac=

www.chemeurj.org — 2435


www.chemeurj.org

CHEMISTRY—

D. Kitamoto et al.

A EUROPEAN JOURNAL

282mNm™!) obtained from surface-tension measure-
ments.”™ The CAC; value of MEL-A is slightly smaller than
that of MEL-B because the hydrophobicity of MEL-A,
which has an acetyl group at the C-4’ position, is higher than
that of MEL-B, which has a hydroxyl group. These results
clearly demonstrate that the difference in one functional
group on the head group is likely to affect not only the
CAC value but also the self-assembling behavior of MEL
above the CAC.

To ascertain the size of MEL-A or MEL-B aggregates
above CAC,, dynamic light-scattering (DLS) measurements
were performed at a low surfactant concentration of 1.0x
10°m. Surfactants generally form spherical micelles above
the critical micelle concentration (CMC), and the radius of
the micelle is several nanometers, which almost equals its
hydrophobic chain length.'!) Table 1 lists the dynamic light-

Table 1. DLS data obtained at a surfactant concentration above CAC;
(1.0x 107> m).

Hydrodynamic Diffusion coefficient

diameter [nm)] (x107®) [em®sec”']
MEL-A 179.0 2.78
MEL-B 161.9 3.06

scattering data obtained at a surfactant concentration above
CAC; (1.0x107°m). Surprisingly, huge aggregates were ob-
served just above CAC, and their hydrodynamic diameters
were found to be 179.0 nm for MEL-A and 161.9 nm for
MEL-B. The obtained polydispersity indexes were 0.39 for
MEL-A and 0.66 for MEL-B.'"” This clearly indicates that
MEL-A and MEL-B do not self-assemble into micelles but
into other kinds of structures just above the CAC,. We also
carried out the DLS measurements at a concentration above
the CAC,. However, the solutions at this concentration
(1.0x107%m) were turbid, and the size of the aggregates was
beyond the upper confidence limit of DLS detection
(>1 pm).

The structures of the MEL-A and MEL-B assemblies
were then determined by using a freeze-fracture transmis-
sion electron microscope (FF-TEM). Figure 3A and B show
typical freeze-fracture electron micrographs of assembled
MEL-A and MEL-B structures at a concentration of 1.0x
10°m. The figures indicate that both MEL-A and MEL-B
do not self-assemble into micelles but into large unilamellar
vesicles (LUV) whose diameters are almost equal to those
obtained from DLS measurements above CAC;. This means
that both biosurfactants exhibit an excellent self-assembling
property at an extremely low concentration of 1.0x107m.
Moreover, the self-assembled structure of MEL-A above
CAC;; was found to drastically change as shown in Fig-
ure 3C, which shows a typical freeze-fracture electron micro-
graph of assembled MEL-A structures at the concentration
of 1.0x107°m. The figure clearly exhibits the typical mor-
phology of a sponge structure (L; phase) composed of a ran-
domly connected three-dimensional network of the bilay-
ers' as drawn in Figure 4. In Figure 3C, the spherical and
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Figure 3. Freeze-fracture transmission electron micrographs of MEL-A
[A)1.0x107°, C)1.0x107°m] and MEL-B [B) 1.0x10~°, D) 1.0x 10 >m]
assemblies.

Figure 4. Schematic representation of sponge (L;) and lamellar structures
(L,) and their respective characteristic lengths, sponge pore size (), and
lamellar periodicity (d). The inset shows an expanded view of a section
of the membrane displaying the assembly of MEL molecules forming a
bilayer of thickness dp.

ellipsoidal objects with a planar appearance are the water
domains because the fracture through the water phase
occurs perpendicular to the curved bilayers. In many parts
of the micrograph we can follow the bilayer over a range of
several micrometers, which indicates that the bilayer is
indeed continuous. In places where the fracture occurred
along two bilayers, a bilayer with both a negative and a posi-
tive spontaneous curvature can be seen. The observed dras-
tic change in the self-assembled structures from large unila-
mellar vesicles (LUV) to sponge structures (L; phase) is
found to provide two CACs for MEL-A. The freeze-fracture
electron micrograph of the assembled MEL-B structure at
the concentration of 1.0x107>m gives typical multilamellar-
vesicle (MLV) morphology as we previously reported.
The self-assembled structure of MEL-B seems to gradually
move from LUV to MLV depending on the concentration,
which would result in only one CAC for MEL-B. These re-
sults clearly demonstrate that the single acetyl group on the
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head group decides the direction of self-assembly; this
causes the drastic difference in self-assembled structures.

Among the variety of surfactant aggregates, the sponge
phase (L;) is a relatively new class of surfactant assemblies,
which are usually obtained from complicated multicompo-
nent systems such as surfactants with salt/cosolvent."™ The
sponge-phase (L;) formation from a single component of
“synthetic” zwitterionic gemini surfactant was reported by
Menger and co-workers.'¥! This is the first observation of
sponge-phase (L;) formation from a single component of
“natural” glycolipid biosurfactant (MEL-A) even though it
possesses different alkyl-chain lengths (C8 to C12). It is
truly remarkable that the single component of MEL-A, a
major component of yeast products, self-assembles into a
sponge phase (L;) at an extremely low concentration. Here,
let us discuss the prospective physiological significance of bi-
osurfactant production by the yeast strains of Pseudozyma
antarctica. It is well known that assembled lipid structures,
especially bicontinuous cubic structures, play a significant
role in biological systems:I"” the bicontinuous cubic struc-
tures appear during the hydrolysis of triglycerides and facili-
tate the lypolysis process by markedly enhancing lipase ac-
tivity. Monoglycerides such as monoolein, obtained from the
hydrolysis of triglycerides, are experimentally found to self-
assemble into bicontinuous cubic structures. The sponge
phase (L;) also has a bicontinuous structure and is recog-
nized as a melted cubic phase, obviously lacking long-range
order.'! A low-viscosity sponge phase will be more effective
for lipase activity than a stiff cubic phase. Moreover, yeast
strains of Pseudozyma antarctica abundantly secrete lipase
as well as MEL-A into the culture medium. Although the
physiological significance of biosurfactants remains ambigu-
ous, these lines of evidence possibly suggest that yeast
strains of Pseudozyma antarctica might produce them not
only to emulsify carbon sources but also to provide a self-as-
sembled sponge structure as a reaction field that can greatly
enhance lipase activity.

We further investigated the structure of the naturally oc-
curring sponge phase (L; phase) obtained from MEL-A by
using synchrotron small-angle X-ray scattering (SAXS) and
wide-angle X-ray scattering (WAXS) analyses. We also ap-
proached the detailed mechanism of the drastic structural
difference between the sponge phase (L;) and the multila-
mellar vesicle (L,), caused by the single acetyl group on the
head group.

Figure 5a shows the small-angle diffractograms of assem-
bled MEL-A and MEL-B structures and the drastic differ-
ence in the scattering behavior between the two can be
clearly seen. Whereas the scattering curve of the MEL-A as-
sembly has a broad peak at 0.35 nm™, the scattering curve
of the MEL-B assembly gives two sharp peaks at 0.22 and
0.44 nm™', respectively. The diffractogram of the MEL-B as-
sembly consists of two peaks and clearly indicates a lamella
structure (L,), and the obtained lattice constant (d) is
4.4 nm. The broad peak obtained from the MEL-A assembly
is similar to the previously reported scattering curve of a
typical sponge phase (L;) composed of a randomly connect-
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Figure 5. Synchrotron a) SAXS and b) WAXS curves of MEL-A and
MEL-B assemblies.

ed three-dimensional network of bilayers.'”’ Our peak fit-
ting, performed according to recently described algo-
rithms,™ yielded a bilayer thickness (dg) of 3.2 nm for both
MEL-A and MEL-B, as drawn in Figure 4. Moreover, the
average water-channel diameter () was found to be about
100 nm from FF-TEM observation. Another peak of the
MEL-A assembly observed below 0.17nm~' might be
caused by the water channel of the sponge structure. Inter-
estingly, the water-channel diameter of the “natural” biosur-
factant sponge phase seems to be larger than that of the
“synthetic” surfactant:!” the reported water-channel diame-
ter with a “synthetic” surfactant multicomponent system
(cetylpyridinium/hexanol/dextrose/brine) was about 24 nm.
The wide-angle diffractograms of the assembled MEL-A
and MEL-B structures are shown in Figure 5b. The broad
bands at high angles (arrows: $=2.2 nm™') in Figure 5b indi-
cate that the alkyl chains of both MEL-A and MEL-B are
in the liquid state at room temperature (25°C) due to their
medium-alkyl-chain length (C8 to C12).2

Theoretically, the sponge phase (L;) appears when the
spontaneous curvature is slightly negative.'® Spontaneous
curvature (H,) is a useful parameter to characterize assem-
bled lipid structures. It is given by H,=1/R,, in which H, is
the curvature of a single monolayer and R, is the spontane-
ous radius of curvature.”! When the spontaneous curvature
is nearly zero, the lipids self-assemble into the lamella phase
(L,). To ascertain the spontaneous curvature of biosurfac-
tants temporarily, a water-penetration scan was performed
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to observe the lyotropic-liquid-crystalline phases for MEL-
A and MEL-B. The difference in spontaneous curvature be-
tween the two probably causes the difference in the lyotrop-
ic-liquid-crystalline structure. Figure 6A shows the photo-

Figure 6. Water penetration scans of A) MEL-A and B) MEL-B viewed
with and without crossed-polarizing filters.

graphs for MEL-A with increasing concentration from left
to right. The upper photograph in Figure 6A without crossed
polarizers clearly indicates five different regions that should
represent water (W), the L; phase (L;), the inverted cubic
phase (V,), the inverted hexagonal phase (H,), and the neat
surfactant phase (S). The lower photograph in Figure 6A
with crossed polarizers clearly shows an inverted hexagonal
morphology? (H,) next to the neat surfactant phase (S);
this indicates that the spontaneous curvature of the MEL-A
assemblies is negative. Figure 6B shows the results for
MEL-B. Once in contact with water, myelin figures immedi-
ately formed and grew into elongated tubes. The four differ-
ent regions are shown in Figure 6B, which represents water
(W), myelines, the lamella phase (L,), and the neat surfac-
tant phase (S), and indicate that the spontaneous curvature
of MEL-B assemblies is almost zero. Although SAXS meas-
urements are required to determine the detailed structure of
the lyotropic-liquid-crystalline structure, these observations
clearly indicate that the single acetyl group on the head
group induces the difference in the spontaneous curvature,
which causes the drastic change in phase behavior between
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MEL-A and MEL-B. That a single acetyl group on the head
group decides the direction of self-assembly is truly remark-
able. This is very likely to arise from the highly sophisticated
structure of glycolipid biosurfactants, which are stereo- and
regioselectively synthesized by enzymatic reactions. Interest-
ingly, the other known glycolipid biosurfactants such as
rhamnolipids (RL) and sophorolipids (SL) also self-assem-
ble into a variety of structures, and their assembled struc-
tures change drastically with slight variation in the head
group. Because of the carboxylic acid on the head groups,
RLs reversibly change their self-assembled structures from
vesicles to lipid particles and finally to micelles within a
narrow pH range of about 5-7.%% SLs also self-assemble
into giant twisted and helical ribbons of 5-11 um width and
several hundreds of micrometers in length in acidic condi-
tions (pH <5.5). Increase in the solution pH values de-
creased the ribbon yield and increased the helicity and en-
tanglements of the giant ribbons.["!

In addition, we have recently reported that glycolipid bio-
surfactants MEL-A and MEL-B exhibit an excellent molec-
ular-recognition ability toward useful proteins such as HIgG
through the “multivalent effect”.’¥ It is well known that
membrane glycolipids such as ganglioside and glycosphingo-
lipids also exhibit a high affinity to HIgG.”! The potential
application of these glycolipid assemblies for protein separa-
tion or as delivery materials is, however, far from straight-
forward owing to their limited amounts and heterogenei-
ty.?" On the other hand, the present unique self-assembled
structures obtained from MEL-A or MEL-B would be
useful for protein materials because they are so-called “gly-
coclusters” with high surface areas that promise a multiva-
lent effect. Furthermore, the microbial glycolipid biosurfac-
tant can be produced abundantly compared with membrane
glycolipids. In particular, another essential aspect for sponge
structures is the determination of the critical capacity of
proteins in the water channels of the assembled structures.
Glycolipid biosurfactants should thus open new avenues for
the development of novel nanobiomaterials.

Conclusion

In this work, we report the self-assembling properties of
“natural” glycolipid biosurfactants MEL-A and MEL-B,
which are molecularly engineered by microorganisms. Both
MEL-A and MEL-B exhibit an excellent self-assembling
property at extremely low concentrations. Whereas MEL-A,
which has an acetyl group at the C-4' position on the head
group, exhibits two critical-aggregation concentrations
(CACs), MEL-B, which has a hydroxyl group at the C-4' po-
sition, has only one CAC. MEL-A self-assembles into large
unilamellar vesicles (LUV) just above CAC,, and then dras-
tically changes its self-assembled structure into sponge struc-
tures (L;) above CAC,. Moreover, the average water-chan-
nel diameter of the sponge structure was about 100 nm,
which seems to be larger than that of sponge structures ob-
tained from “synthetic” surfactant systems. Meanwhile,
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MEL-B also self-assembles into LUV above CAC; and then
gradually grows to a multilamellar vesicle (MLV) depending
on the concentration. At high concentrations, the formation
of an inverted hexagonal phase (H,) for MEL-A and a la-
mella phase (L,) for MEL-B was clearly observed by polar-
ized microscopy. The present study thus reveals the ingeni-
ous contrivances of the self-assembly concealed in the
unique molecular structure of MEL: the single acetyl group
on the head group dominates the spontaneous curvature of
assembly, which directly decides the direction of self-assem-
bly of glycolipid biosurfactants.

It is remarkable that microorganisms like yeast strains
outwardly secrete such biosurfactants with an excellent self-
assembling ability. Although the physiological significance
of biosurfactants is still a scientific mystery, microorganisms
might produce biosurfactants not only to emulsify carbon
sources but also to provide elegant self-assembled structures
leading to greatly enhanced enzymatic reactions, because we
believe that there is no waste in biological and physical
cycles in nature.

Experimental Section

Materials:  4-O-(4,6'-Di-O-acetyl-2',3'-di-O-alkanoyl-f-p-mannopyrano-
syl)-p-erythritol (MEL-A) and 4-O-(6'-O-acetyl-2’',3'-di-O-alkanoyl-$-p-
mannopyranosyl)-p-erythritol (MEL-B) were used as glycolipid biosur-
factants. MEL-A and MEL-B were obtained by the following procedure:
A seed culture (1.5 mL) of the yeast strain Pseudozyma antarctica was
transferred to 300 mL Erlenmeyer flasks containing 30 mL of a fermenta-
tion medium [4% (v/v) soybean oil, 0.2% NaNO;, 0.02% MgSO,7H,0,
0.02% KH,PO,, 0.1% yeast extract, distilled water], and incubated on a
rotatory shaker (220 rpm) at 30°C for one week. The culture broth
(30 mL) was then extracted twice with 30 mL portions of ethyl acetate.
The layer was separated, and the organic layer was washed with brine
and concentrated under reduced pressure. The resulting yellow oil
(555 mg) was dissolved in chloroform (5mL) and placed on a column
(3x40 cm) of silica gel (50 g). The crude MELs have a composition of
80% MEL-A and 20 % MEL-B. The mixture of MELs was then subject-
ed to chromatography with a close-gradient elution of chloroform/ace-
tone (10:0 to 0:10). Each fraction was collected and again subjected to
chromatography as described above to give MEL-A and MEL-B. They
have a fatty acid composition of 18 % C8, 71% C10, and 11% C12. The
characterization of MEL-A or MEL-B is given in the Supporting Infor-
mation of ref. [9a]. The purified MEL-A or MEL-B was dissolved in ace-
tone, and the stock solution was transferred into a test tube. After the
solvent was removed by using a rotary evaporator, distilled water was
added to the test tube. The MEL-A or MEL-B solution was obtained by
placing the test tube under vortex conditions for one minute at room
temperature (25°C).

Fluorescence measurements: The critical-aggregation concentration
(CAC) of the biosurfactant solutions was determined by using pyrene
fluorescence at 25°C.""! Pyrene is a hydrophobic molecule with a low
aqueous solubility and is solubilized in the hydrophobic domains of sur-
factant aggregates. The fluorescence spectrum of pyrene is related to its
vibronic fine structure, and the relative peak intensity is strongly depen-
dent on the polarity of the microenvironment. With increasing polarity,
the intensity of the first band (/;) is enhanced, whereas no effect is ob-
served on the intensity of the third band (I;). The characteristic intensity
ratio, I,/I;, was measured as a function of the biosurfactant concentration
with an FP-6500 spectrofluorometer (JASCO Co., Japan). Excitation of
the pyrene probe was performed at 335 nm, and the detection wave-
lengths were 373 nm for [; (first peak) and 384 nm for /; (third peak).
The thin pyrene films were prepared by transferring a sufficient amount

Chem. Eur. J. 2006, 12, 2434 -2440

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

of a methanol-based stock solution of pyrene to test tubes under a
stream of nitrogen, after which the biosurfactant solution was added. The
final pyrene concentration was 5x 107" M. The samples were incubated in
the dark for 24 h at 25°C before measurements were taken.

Turbidity measurements: The turbidity of the biosurfactant solutions was
performed by using a U-2800 UV/Vis spectrophotometer (Hitachi High-
Technology Co., Japan) at a wavelength of 650 nm in quartz sample cells
(1 cm thick) at 25°C.

Dynamic light scattering (DLS): The size of the assembled structures was
measured with a DLS-7000 instrument (Otsuka Electronics Co., Japan)
using a He-Ne laser of 633 nm wavelength as a light source at 25°C. The
time-dependent correlation function of the scattered-light intensity was
measured at a scattering angle of 90°. The DLS intensity data were proc-
essed by using the instrumental software to obtain the hydrodynamic di-
ameter, the polydispersity index, and the mass-diffusion coefficient of the
samples. The mass-diffusion coefficient (D) was derived from the decay
time (7c) of the intensity autocorrelation function using D = (2k;*zc) !, in
which ki is the scattering wave vector. The hydrodynamic mass-diffusion
coefficient D, is obtained as the limit of D as k; goes to zero. D, is found
to obey the Stokes—Einstein relation, Dy=kT/6mnRy, in which k is the
Boltzmann constant, 7 is the absolute temperature, # is the viscosity of
the solution, and Ry is the hydrodynamic radius. In this study, the auto-
correlation function was analyzed by using the cumulant method.!

Freeze-fracture electron microscopy (FFEM): Freeze-fracture electron
microscopy was used to determine the structure of the assemblies. Some
samples were frozen with liquid nitrogen at —189°C. The fracture process
was performed with a JFD-9010 instrument (JOEL, Japan) at —130°C
and the fractured surface was then replicated by evaporating platinum at
an angle of 60°, followed by carbon at an angle of 90° to strengthen the
replica. The replicate was placed on a copper grid (400 mesh) after being
washed with water, methanol, and chloroform. It was then examined and
photographed by using a JEM-1010 (JOEL, Japan) transmission electron
microscope.

Synchrotron X-ray scattering: Small-angle and wide-angle X-ray scatter-
ing (SAXS/WAXS) experiments were performed with the optics and de-
tector system installed at BL-40B2 (Structural Biology II Beamline) of
the synchrotron radiation facility SPring-8, Hyogo, Japan. The details of
the beamline have been described in ref. [26a]. The wavelength (1) of the
incident X-ray beam was 0.083 nm. An imaging-plate area detector R-
AXIS IV (Rigaku, Japan) was used to detect the scattered X-ray signal.
The distance between the sample and detector was about 400 mm. The
reciprocal spacing S=(2/1)sin(26/2), in which 26 is the scattering angle,
was calibrated by the spacing of silver behenate at room temperature.*"!
The biosurfactant solutions (20 mm) were subject to centrifugation at
12000 rpm for 3 min, and the obtained lower phases were sealed into ca-
pillaries. The experimental data were measured at room temperature.
The exposure time was 30 s.

Polarized optical microscopy: A polarized optical microscope (ECLIPSE
E600, Nikon, Japan) with crossed-polarizing filters equipped with a
charge-coupled-device camera (DS-SM, Nikon, Japan) was used to ob-
serve the lyotropic-liquid-crystalline phase of the biosurfactants. A halo-
gen lamp (100 W) was used as a light source. The pictures were obtained
with a x100 objective lens with a numerical aperture of 0.3. Lyotropic-
liquid-crystalline-phase behavior was investigated by using the water-pen-
etration scan technique. Birefringent textures from the optical microsco-
py allowed the assignment of the particular lyotropic-phase types to the
samples.
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