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ABSTRACT: The self-assembly of lecithin-bile salt mixtures
in solutions has long been an important research topic, not
only because they are both biosurfactants closely relevant to
physiological functions but also for the potential biomedical
applications. In this paper, we report an unusual biological
hydrogel formed by mixing bile salts and lecithin at low bile
salt/lecithin molar ratios (B,) in water. The gel can be
prepared at a total lipid concentration as low as ~15 wt %, and
the solidlike property of the solutions was confirmed by
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dynamic rheological measurements. We used cryo-TEM and SAXS/SANS techniques to probe the self-assembled structure and
clearly evidence that the gel is made up of jammed swollen multilamellar vesicles (liposomes), instead of typical fibrous networks
found in conventional gels. A mechanism-based on the strong repulsion between bilayers due to the incorporation of negatively
charged bile salts is proposed to explain the swelling of the liposomes. In addition to gel, a series of phases, including viscoelastic,
gel-like, and low-viscosity fluids, can be created by increasing By Such a variety of phase behaviors are caused by the
transformation of bilayers into cylindrical and spheroidal micelles upon the change of the effective molecular geometry with By,

1. INTRODUCTION

Gels refer to materials with three-dimensional networks of
gelators connected to each other by either chemical or physical
bonds throughout a liquid. The gelators can be polymer, small
organic molecules, or inorganic particles.1 In general, the
network in gels is permanent, meaning that the material will
behave as a true solid and not relax with time even though gels
are structurally disordered and may contain high volume
fractions of liquid trapped within the networks. In contrast, a
network of entangled long chains is a transient one, so that the
corresponding fluid will be viscoelastic, not elastic, and will
relax at long time scales. Gels are attractive to scientists and
engineers not only because their structures are fascinating but
also because they are among the most practical colloidal
systems widely used in consumer, healthcare, and food
products.””

In recent years, the molecular gels that are spontaneous
assemblies of small molecules have drawn much attention in
the chemical and biological sciences.”® Various types of gelator
molecules have been reported. Some are capable of gelling
water (hydrogels),* and others can gel organic solvents
(organogels).” While the network in gels often has a
filamentous structure that connects at junction points, including
chains, tubes, tapes, and fibers,®"" there has been a class of gels
or gel-like materials formed by vesicles.'” Vesicle are spherical
containers with surrounded bilayer membranes self-assembled
by amphiphilic molecules.'® Vesicular gels have been found in
some synthetic surfactant—cosurfactant—water systems, where
the vesicles are closely packed to cause the solidlike
behavior'*™*! or in gemini surfactant—water system that form
networks of vesicle strings.”” For the widely studied liposome
systems (i.e., vesicles formed by biological lipids), gel or gel-like
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phases can only occur in highly concentrated solutions with
crowded vesicles'”*® or below the chain meting temperature
where lipids are in crystalline states.”* To the best of our
knowledge, vesicular hydrogels formed completely by bio-
molecules at intermediate concentration have not been
reported so far.

The synergistic assembly of two classes of biological
amphiphiles, lecithin and bile salts (Figure 1), has continuously
been an attractive topic in colloidal science.'”*>*® Lecithin (i.e.,
phosphatidylcholine) is a type of zwitterionic amphiphile that is
electrically neutral but has a positive charge on the choline
group and a negative charge on the phosphate.”” Bile salts are
also physiological surfactants that bear unusual hydrophilic and
hydrophobic faces. Since bile salts and lecithin are the main
components involved in the physiological function of bile,
much effort has been made to resolve the structures of the
mixed micelles formed by bile salts and lecithin in water.”*™**
Most of the studies have focused on the dilute solutions where
a structural transition from bilayer to cylindrical and then
spheroidal micelle has been evidenced as the molar ratio of bile
salt to lecithin increases.””~*' Recently, we have reported that
lecithin-bile salt mixed micelles in water can grow into long,
flexible wormlike structures that exhibit viscoelastic behavior at
a specific bile salt/lecithin molar ratio (near equimolar) and in
the presence of a sufficient concentration of background
electrolyte.”* Apart from the aqueous solutions, lecithin in low
polar solvents also show interesting self-assembly behaviors.
Lecithin reverse spherical micelles can be induced to form
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Figure 1. Molecular structures of (a) soybean lecithin and (b) bile
salts used in this study.

wormlike micelles when mixed with bile salts, and as a result,
the viscosity increases by more than $ orders of magnitude.””
Moreover, the addition of simple salts, such as CaCl,, into
lecithin organic solutions can even cause a solidlike behavior
(ie., formation of organogels).*

In this work, we focused on the lecithin-bile salt mixtures at
intermediate concentration in water without the background
electrolyte and found that at low bile salt/lecithin molar ratios
where the bilayers have not been transformed into micelles, a
stable gel phase can be formed at a lecithin concentration of
200 mM (~15 wt %) above the chain melting temperature of
lecithin, which is much lower than the concentration of
previous lecithin gels. Through the techniques of rheology,
cryo-TEM, and scattering, we show that the solidlike property
of the hydrogel is due to the formation of swollen multilamellar
vesicles that impinge one another. The biological hydrogels can
be obtained by incorporation of all the four different bile salts
shown in Figure 1b in similar conditions. The gel is sensitive to
ionic strength and when a small amount of inorganic salts, such
as NaCl, is added, the gel is transformed into low-viscosity
turbid liquids. Additionally, as the bile salt/lecithin molar ratio
increases, a structural transition from multilamellar vesicles to
cylindrical micelles and then to spheroidal micelles is observed,
resulting in varying rheological properties of solutions,
including gel, viscoelastic fluid, gel-like fluid, and low-viscous
liquid in sequence. We will propose the mechanisms to explain
why the hydrogel forms and why a series of structures can be
obtained by tuning the bile salt/lecithin molar ratio.

The hydrogels formed by lecithin-bile salt mixtures are
significant both from a science and application point of view.
Scientifically, the findings in this work could be useful for
understanding the interactions among lecithin, bile salts, and
inorganic salts which are the main components in bile.***> The
nonallergic, biofriendly liposomes have been used as nano-
carriers for delivering drugs.***” The advantages of vesicular
lipid hydrogels over conventional liposome solutions include
their ability to increase the encapsulation efficiency through the
multicompartment structure and the nearly immobile media
that minimizes drug leakage during storage.ﬂ*g_51 Furthermore,
the tunable number of bilayers may serve as transport barriers

for drugs to be released in a controlled manner. Along with the
simple manufacturing processes, the biocompatible lecithin-bile
salt hydrogels are promising as carriers for delivering active
ingredients.

2. EXPERIMENTAL SECTION

2.1. Materials. Soybean lecithin (95% purity) was
purchased from Avanti Polar Lipids, Inc. The bile salts, sodium
deoxycholate (SDC, > 97% purity), sodium cholate (SC, >
99%), sodium taurocholate (STC, > 97%), and sodium
taurodeoxycholate (STDC, > 95%) were purchased from
Sigma-Aldrich. Sodium chloride (NaCl, > 99.7%) was
purchased from J. T. Baker. All chemicals were used as received.

2.2, Sample Preparation. Lecithin and bile salts were first
separately dissolved in methanol to prepare stock solutions
(200 mM), and the molar ratios of bile salt to lecithin were
tuned by mixing the stock solutions. Methanol was then
removed by drying the samples in a vacuum oven at 50 °C for
48 h. The samples with varying concentrations were obtained
by adding the deionized water, followed by stirring until the
solutions become homogeneous.

2.3. Rheological Studies. We performed steady and
dynamic rheological experiments on an AR2000EX stress-
controlled rheometer (TA Instruments). Cone-and-plate
geometry (40 mm diameter and 4° cone-angle) was used for
all samples. The plate was equipped with Peltier-based
temperature control, and all samples were studied at 25 =+
0.1 °C. We utilized a solvent trap to minimize evaporation of
water. Dynamic frequency spectra were conducted in the linear
viscoelastic regime, as determined from dynamic strain sweep
measurements. For steady-shear experiments, sufficient time
was allowed before data collection at each shear rate to ensure
that the viscosity reached its steady-state value.

2.4. Small Angle X-ray and Neutron Scattering (SAXS
and SANS). SAXS measurements were conducted on the
BL23A1 beamline in the National Synchrotron Radiation
Research Center (NSRRC), Taiwan.”” A monochromatic beam
of 4 = 0.8 A was used. All samples were studied at 25 °C. The
scattering patterns were collected on a Pilatus 1M-F detector
over a wave vector q range from 0.006 to 0.4 A~". The spectra
are shown as plots of the absolute intensity I versus wave vector
q = 47 sin (6/2)/1, where 0 is the scattering angle and 4 is the
wavelength. SANS measurements were made on Quokka
beamline (40 m) at ANSTO in Sydney, Australia. Neutrons
with a wavelength of § A were selected. The q range was from
0.023 to 0.5 A",

2.5. SANS Modeling. Modeling of SANS data was
conducted using the package provided by NIST with IGOR
Pro.”® For solutions of concentrated lamellae with d periodic
spacmg, such as multilamellar vesicles, the scattering intensity
I(q) can be modeled in terms of the form factor P(q) and the
structure factor S(q) as follow**>

_ 22P(q)S(q)
= )

The form factor for lamella of thickness J, variation in lamella
thickness o, and excess scattering length density Ap is given by

P( ) = ——JI- cos(qé)e 7o /2]

)

The structure factor for the lamellar stacks can be described
as
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where K is the smectic bending elasticity, g, is the value of first-
order Bragg peak, kg is the Boltzmann’s constant, T is
temperature, and B is the compression modulus.

2.6. Cryogenic Transmission Electron Microscopy
(cryo-TEM). Specimens for cryo-TEM were prepared with a
FEI Vitrobot Mark IV vitrification system at 22 °C and 100%
relative humidity. Samples were transferred onto grids with
carbon films, and an appropriate blotting process was applied.
The grids were immediately plunged into liquid ethane after
blotting and then stored in liquid nitrogen before imaging.
Cryo-TEM experiments were conducted on a FEI Tecnai G2
transmission electron microscope operated at a voltage of 120
kV. Low-dose mode was used to minimize radiation damage of
samples.”® The tomographic image was reconstructed with
3DXplorer provided by FEI Company and then modeled with
Amira.”’

2.7. Zeta Potential. The measurement of zeta potential was
carried out on a Brookhaven 90 Plus light-scattering instru-
ment, which measures the electrophoretic mobility of the
particles in an electrical field, and a Helmholtz-Smoluchowski
equation was used to convert the electrophoretic mobility into
zeta potential.>>>” Samples with lower concentrations (<100
mM) were prepared and were sonicated for 72 h before
measurement.

3. RESULTS AND DISCUSSION

3.1. Phase Behavior and Rheological Property. We first
discuss the phase behaviors of lecithin-bile salt mixtures in
aqueous solution, and the samples at lecithin concentration of
400 mM (~25 wt %) mixed with varying amount of SDC are
taken as examples. Figure 2 shows the phases and the
corresponding zero-shear viscosity 7, of the samples as a
function of By, the molar ratio of bile salt to lecithin. The
phases of the mixtures are sensitively dependent on B, and five
distinct regimes are observed. The solubility of lecithin in water
is limited due to the two bulky hydrophobic tails, and lecithin
alone (i.e, By = 0) tends to form bilayers in water. The pure
lecithin solution is turbid, and the viscosity is only slightly
higher than that of pure water. Surprisingly, when lecithin is
mixed with a small amount of bile salt, 0.1 < B, < 0.3, the
solutions transform into nonflow ones (i.e., solidlike gels). The
gels are bluish and translucent, a manifestation of the Tyndall
effect that is indicative of the presence of vesicles.”’ The
solutions can hold their own weight in an inverted vial as

Figure 2. Phase behaviors of lecithin-SDC mixtures in water and zero-
shear viscosity as a function of SDC/lecithin molar ratio B, for
viscoelastic fluids and low-viscosity liquids. The lecithin concentration
is fixed at 400 mM.

shown in the photograph of Figure 2. The zero-shear viscosity
in this regime is infinite, and the representative dynamic
rtheological data of the mixture with By = 0.2 are shown in
Figure 3a, where the elastic modulus (G’) is nearly independent
of frequency (w) and is larger than the viscous modulus (G”)
in the whole range of frequency, which is typical of gels. In
addition to SDC, the other three bile salts, including SC,
STDC, and STC (Figure 1), all behave similarly in this B,
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Figure 3. Dynamic rheology of lecithin-SDC mixtures in (a) gel phase
at By = 0.2, (b) viscoelastic phase at By = 0.7, and (c) gel-like phase at
By = 1.0. The concentration of lecithin is fixed at 400 mM. The solid
curves in (b) are the fits of single-relaxation-time Maxwell model.
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range. The dynamic rheological data of the gels induced by SC,
STDC, and STC at By = 0.2 are shown in Figure S1.

At By > 0.3, the solutions become white and opaque again.
Simultaneously, the solidlike behavior disappears and the
solutions start to flow with a sudden drop of viscosity beyond
a very weak yield stress. An unstable phase transition with a
large fluctuation of concentration should occur in this region.
As B, increases to 0.6, the solution remains cloudy, but it forms
a stable high-viscosity fluid that flows slowly in an inverted vial.
The solution gradually turns to be transparent with increasing
By, as shown by the representative photograph of the sample at
B, = 0.8 in Figure 2. The dynamic rheological data of the
mixture at By = 0.7 is shown in Figure 3b. A crossover of G’ and
G" that separates the solidlike region (G’ > G”) at high
frequency and the liquid-like region (G” > G’) at low frequency
indicates a viscoelastic behavior, and the data can be
approximately described by the singe-relaxation-time Maxwell
model shown as the solid curves.>*** In surfactant solutions,
such a viscoelastic behavior is generally caused by entangled
wormlike micelles.”*** At B, between 0.9 and 1.1, the mixtures
form a transparent phase with a viscosity so high that the
solutions are nearly immobile in an inverted vial. The dynamic
data at By = 1.0 shown in Figure 3c reveal that although moduli
are frequency-dependent, G’ and G” cross each other at a very
low frequency (below 0.01 rad/s), indicating that the relaxation
time of the long micelles are so large that the solution behaves
like a gel in a practical time scale.”® Further enhancing B, to
above 1.2 leads to a sharp decrease in the viscosity, and the
solutions are all transparent. The long cylindrical micelles are
transformed into short or even spherical ones as bile salts
become the major component in the mixtures.””**

The gel phase can be formed at lecithin concentration as low
as 200 mM (~15 wt %) with B, between 0.1 and 0.3. Below
200 mM, the solutions are low-viscosity liquids in the whole
range of B;. The dynamic rheology data of the gel samples
composed of 200 and 300 mM lecithin at By = 0.2 are shown in
Figure S2. The stability of the gels is concentration-dependent.
The gels formed at lecithin concentration higher than 250 mM
can remain stable for more than one year and show excellent
thermal durability even close to the boiling point of water
(Figure S3), while those formed around 200 mM only stand for
about a month before transforming into low-viscosity solutions.
The stability of the gels is also affected by additional
electrolytes. When 100 mM sodium chloride (NaCl) is added
to the gel of 300 mM lecithin, the sample turns to be an opaque
liquid with a low viscosity ~0.03 Pa s. The effect of pH on the
gel is shown in Figure S4. The rheological property of the gel is
not significantly affected by pH value in the range between 5
and 9, indicating the gel is not sensitive to pH values. At pH = 2
and 12, however, the elastic modulus of the gel decreases,
which could be due to the degradation of lecithin in a strong
acidic and basic environment. Moreover, it is noticed that the
transparent gel-like phase formed at B, around 1.0 only appears
in the solutions with a lecithin concentration higher than 400
mM, implying the high relaxation time found in Figure 3c
originates from crowded long micelles.

3.2. Cryogenic Transmission Electron Microscopy
(cryo-TEM). The lecithin-bile salt (SDC) mixtures in water
were investigated by cryo-TEM to correlate the self-assembled
structures to the rheological properties. The samples for cryo-
TEM were rapidly frozen into a solid amorphous state so that
the original structures in solutions were preserved. Figure 4a
shows the cryo-TEM image of pure lecithin (B, = 0) at 300

Figure 4. Cryo-TEM images of (a) pure lecithin, (b) gel formed by
lecithin-SDC mixture at By = 0.2, (c) 3D tomography image of the gel
at By = 0.2, and (d) viscoelastic solution at By, = 0.7. The lecithin
concentration is 300 mM.

mM where a stack of undulated lamellae (bilayers) can be seen.
The large aggregates of the bilayers are the origin of the sample
turbidity shown in Figure 2. The image of the gel sample at a
300 mM lecithin concentration with By = 0.2 is shown in Figure
4b. The sample fills up with multilamellar vesicles that strongly
impinge on one another, even creating planar boundaries.
Notably, in comparison with the closely packed lamellae of
pure lecithin (Figure 4a), the spacing between the lamellae in
the gel is much larger. It is apparent that the solid-like behavior
of the gel arises from the jammed swollen multilamellar vesicles
that hinder the solution to flow. Also, because of the swelling of
the lamellae, the sample turns to be translucent (Figure 2). We
further utilized the tomography technique to reconstruct the
three-dimensional (3D) structure in the gel, as shown in Figure
4c, which confirms that the lamellae repel one another and
swell to fill the whole space. The cryo-TEM image of the gel
formed at 200 mM lecithin concentration (B, = 0.2) is shown
in Figure S5a where similar jammed multilamellar vesicles can
be seen, but the collision is not as hard as those at 300 mM due
to the lower concentration.

Figure 4d shows the cryo-TEM image of the cloudy and
viscoelastic sample at 300 mM lecithin concentration and B, =
0.7 (Figure 2). Different from the structure in gels, the
viscoelastic fluid comprises a coexistence of large multilamellar
vesicles and wormlike micelles. The inset is the enlarged image
of the curly wormlike micelles that bring about the
viscoelasticity of the sample. The presence of the multilamellar
vesicles should be responsible for the deviation of the dynamic
rheology from the Maxwell model that generally shows good fit
to pure wormlike micellar solutions (Figure 3b). Note that the
d-spacing of the lamellae in the vesicles here greatly shrinks,
and the lamellae closely stack as those of pure lecithin but in a
more regular fashion. The cloudiness is attributed to the strong
light scattering of these stacked lamellae.

As described in the preceding section, the gel phase only
exists at a lecithin concentration above 200 mM and in a
narrow B, range between 0.1 and 0.3. The cryo-TEM image of
the sample at a lower lecithin concentration of 150 mM with B,
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= 0.2 is shown in Figure Sa. The sample is low viscous and
turbid, and as the image reveals, it contains a great number of

Figure 5. Cryo-TEM images of low-viscosity solutions formed by
lecithin-SDC mixtures: (a) at a low lecithin concentration of 150 mM
and B, = 0.2, and (b) with the addition of 100 mM NaCl into the
sample at lecithin concentration 300 mM and B, = 0.2 that is originally
a gel.

isolated small unilamellar vesicles along with large multilamellar
ones. The concentration below 200 mM is too low for the
vesicles to interlock one another. Figure Sb shows the cryo-
TEM image of the original gel sample (300 mM lecithin
concentration and B, = 0.2) with the addition of 100 mM
NaCl. It can be seen that most of the jammed multilamellar
vesicles are transformed into isolated unilamellar ones, which
explains the disappearance of solidlike behavior and the
transition to a low-viscosity liquid in the presence of additional
electrolytes. Similar unilamellar vesicles can be seen after the
addition of 100 mM NaCl into the gel sample at 200 mM
lecithin concentration and By, = 0.2, as shown in the cryo-TEM
image of Figure SSb.

3.3. Small Angle X-ray and Neutron Scattering (SAXS
and SANS). In addition to cryo-TEM that only takes local
images, we utilized SAXS and SANS to probe the self-
assembled structures in the lecithin-bile salt (SDC) mixtures.
The SAXS data of the mixtures at 400 mM lecithin
concentration with varying B, are shown in Figure 6, which
can be directly compared to the phases in Figure 2. Pure
lecithin (B, = 0) in water shows diffraction peaks with g values
in 1:2 ratio, typical of the lamellar structure, and the d-spacing
is 6.47 nm. At By = 0.1 where only a small amount of bile salt is
added, the peaks remain in a 1:2:3 ratio, but drastically
downshift to q values corresponding to a much larger d-spacing
of 13.59 nm, indicative of a prominent swelling of the lamellae.
Although the diffraction data all reveal lamellar structure at B,
between 0.1 and 0.8, some subtle changes can be found to
support the cryo-TEM images and the rheological properties.
In the gel phase region with swollen lamellae (B, = 0.1-0.3),
the diffraction peaks are broader, reflecting a less regular
arrangement of the bilayers in gels as shown in Figure 4b. As B,
exceeds the phase boundary of gels to 0.4, much sharper peaks
that suddenly shift to higher g are observed. The g value of the

Intensity, I(cm™")

0.1
: q 2q; 0
01 02 03
Wave Vector, q (A1)

Figure 6. SAXS data of lecithin-SDC mixtures with varying B, at a
fixed lecithin concentration of 400 mM.

peaks then gradually increases with increasing By, until 0.8. This
implies more ordered and closer-packed lamellae in vesicles are
formed above B, = 0.4, consistent with the cryo-TEM image of
the sample at By = 0.7 shown in Figure 4d where the d-spacing
of the multilamellar vesicles shrinks to 7.45 nm. The shift of the
diffraction peaks to higher g as By increases results from the
combination of two aspects: the increase of total lipid
concentration and the screening of electrostatic repulsive forces
between bilayers. The latter should be the primary cause, which
will be discussed in the Mechanism section. Note that at B,
between 0.4 and 0.8, as shown in Figure 2, a phase transition
region appears first, followed by a viscoelastic fluid as B
increases. Although there are structures other than bilayers
that coexist with multilamellar vesicles in this region, such as
wormlike micelles, only the vesicles that contain periodical
structure produce distinct diffraction peaks.

At By = 0.9, all the diffraction peaks disappear, implying a
complete transformation of the multilamellar vesicles into
disordered long cylindrical micelles. It is interesting that at B, =
1.0 and 1.1, the diffraction peaks appear again and the q values
are in a ratio of 1: \/ 3:2, which generally infers a hexagonal pack
of cylinders. The gel-like behavior of the solutions is thus
suggested to be caused by the closely packed long cylindrical
micelles. The sample at B, = 1.0 shows strong birefringence
between crossed polarizers as shown in Figure S6, further
confirming this argument. At By = 1.5, the diffraction peaks
vanish again. Along with the evidence from the sharply
decreased viscosity and the transparent appearance, it is
rational to conclude that disordered short micelles are formed
at such a high B,,. The SAXS data obtained at a 300 mM lecithin
concentration with varying B, are shown in Figure S7. The
dependence of the structure on B is essentially the same as that
at 400 mM, except that the cylindrical micelles are not forced to
pack hexagonally at B, around 1.0 due to the lower
concentration that is unable to create a lyotropic-ordered phase.

In addition to SAXS, the gel samples of 200 and 300 mM
lecithin concentration at By = 0.2 were further investigated by
SANS. Instead of protonated water, the samples for SANS were
prepared in deuterated water. The data are shown in Figure 7
and the intensity versus q curves are unlike the SAXS data
shown in Figure 6 due to the different scattering mechanism. X-
ray scattering originates from the contrast of the electron
density in three distinct domains in the present case, including
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Figure 7. SANS data of the gels formed by lecithin-SDC mixtures at
200 and 300 mM lecithin concentration, repectively. The B, is fixed at
0.2 for both samples. Model fits are shown as the solid lines through
the data.

water, exterior hydrophilic regions, and interior hydrophobic
regions of the bilayers, while only two domains (i.e., deuterated
water and protonated bilayers are distinguishable for neutron
scattering). One advantage of SANS experiments is that the
structural information on the bilayers can be extracted by
analyzing the relatively uncomplicated form factor of the SANS
data. We used the multilamellar model (eqs 1—5) to fit the
SANS data as the solid curves shown in Figure 7. The SANS
data can be well fit by the model, and the fitting parameters are
listed in Table 1. The bilayer thickness is around 3 nm and the
d-spacings of the gels at 200 and 300 mM lecithin
concentration are 19.58 and 16.12 nm, respectively, consistent
with the cryo-TEM images shown in Figure 4b and Figure S5a.
The increase in the number of bilayers with increasing
concentration from the fitting agrees with the cryo-TEM
images as well.

The effect of the concentration on the structure was also
studied by scattering. The SAXS data of pure lecithin in water
at varying concentration are shown in Figure S8. For pure
lecithin that form stacked bilayers in water, the diffraction peaks
are all sharp and the d-spacing is fixed at ~6.4 nm from 100 to
400 mM, indicating the thickness of the wetting layer between
lamellae is independent of lecithin concentration. Figure 8
shows the SAXS data of lecithin-bile salt (SDC) mixtures at B,
= 0.3 in water at different lecithin concentrations. At 100 mM,
no diffraction peak is found, confirming the formation of
isolated unilamellar vesicles at low concentration that are
unable to gel the solution. When the lecithin concentration is
higher than 150 mM, broad diffraction peaks from swollen
multilamellar vesicles appear and the peaks intensify with
increasing concentration. Furthermore, the d-spacing of the
multilamellar vesicles reduces as the concentration increases, in
contrast to the constant d-spacing of pure lecithin. Along with
the cryo-TEM image and the rheological data, it is apparent
that above 200 mM, the swollen multilamellar vesicles are
capable of filling the whole space so that an increase of
concentration inevitably suppresses the distance between
bilayers so as to accommodate more bilayers. Note that the
intensity of the first-order peak is weaker than that of the high-
order ones at the concentration above 260 mM and nearly
disappears at 300 mM, which is because the first-order peak
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Figure 8. SAXS data of lecithin-SDC mixtures at different lecithin
concentrations with B, at 0.3.

happens to be around the g where the form factor of the bilayer
is at its minimum.

3.4. Mechanism. It is well-known that the self-assembled
structures of amphiphiles in solutions are governed by the
critical packing parameter (CPP) of the molecule (i.e., the ratio
of the effective tail area to headgroup area)."’ Because of the
bulky tails, lecithin alone in water has a CPP ~ 1 and tends to
organize into bilayers, which, however, are generally in the form
of large stacks if no vigorous external force is applied due to the
low stability of lecithin in water. Bile salts are anionic
amphiphilic molecules, and the solubility of bile salts in water
is much higher than that of lecithin.’' Previous studies have
shown that bile salts prefer to bind the headgroups of lecithin in
water. The addition of bile salts into lecithin aqueous solutions
have two major effects. First, the insertion of bile salts expands
the headgroup area more than the tail area of lecithin, thus
leading to a decrease of effective CPP. Second, the negatively
charged groups on bile salts that bring about repulsion in water
can greatly enhance the stability of the mixed aggregates.®” It
has been found that in dilute aqueous solutions, as the ratio of
bile salts increases, the self-assembled structure of lecithin-bile
salt mixtures transforms from stable unilamellar vesicles to
cylindrical micelles, and then to small spheroidal micelles due
to the gradual decrease of CPP.”” This can explain the similar
structural evolution in the present system with increasing Bi.
The formation of the gel phase at B, between 0.1 and 0.3,
however, is unusual.

The cryo-TEM images have clearly shown that the solidlike
behavior of the gel phases is caused by the space-filling swollen
multilamellar vesicles (Figure 4b). The dramatic increase of the
bilayer d-spacing have to do with the increasing repulsive forces
between bilayers. Thus, the change of the surface charges on
the bilayers with B, must play an important role in the
structural transition. To verify this point, we employed the
electrokinetic measurements to obtain the electrostatic
potential near the charged surface (i.e., zeta potential). Since

Table 1. Fitting Parameters of SANS Data Shown in Figure 7 from Modeling

[lecithin] (mM)
200
300

bilayer thickness § (nm)

3.09 + 0.190
3.22 + 0.017

bilayer spacing d (nm)
19.58 + 0.017
16.12 + 0.014

polydispersity of thickness &

13317

no. of lamellar plate N

3
4

Caillé parameter 7,

0.27 + 0.004
0.20 + 0.002

0.22 + 0.01
021 + 0.01
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the gel samples are not suitable for the electrokinetic
experiments, we only measured the zeta potentials for the
samples at lecithin concentrations below 100 mM. Although
the data may not be able to exactly quantify the zeta potential at
high concentration, they can be used to qualitatively explain the
varying repulsive force between bilayers.

Figure 9 shows the zeta potentials of the lecithin-bile salt
(SDC) mixtures as a function of B, at lecithin concentration of

Zeta Potential (mV)

OfO Oj1 0;2 013 Oj4 0t5
SDCl/Lecithin [B ]

Figure 9. Zeta potential as a function of B, for lecithin-SDC mixtures
at lecithin concentrations of 25, 50, and 100 mM.

25, 50, and 100 mM. For all three lecithin concentrations, the
zeta potential initially becomes more negative with increasing
By, which is due to the incorporation of negatively charged bile
salt molecules into the bilayers. After reaching the minimum,
however, the zeta potential turns to be less negative when more
bile salts are added. As the amount of bile salts in the bilayers
exceeds a threshold, the contribution of the electrostatic
attractive energy to the free energy dominates over the
contribution from the translational entropy of free counterions.
Thus, the counterions (Na*) prefer to condense on the surface
to lower the free energy instead of staying free in the
solutions.”® The increasing number of condensed counterions
therefore more effectively screens the electrostatic repulsion as
B, increases. Note that the B, for the most negative zeta
potential (B,™") is concentration-dependent, changing from
0.3 to 0.1 as the lecithin concentration increases from 25 to 100
mM. It has been shown that there is an approximately constant
concentration of free bile salts dissolving in water in
equilibrium with the bile salts in bilayers.*” In other words, at
the same By, the amount of bile salts that incorporate into the
bilayers is less for the sample with a lower lecithin
concentration. A higher B, is thus required for the lower-
concentration mixtures to reach the most negative zeta
potential.

Figure 9 provides important information for elucidating the
mechanism of the gel formation. When a small amount of bile
salts are incorporated into lecithin bilayers (i.e, By = 0.1-0.3),
the negatively charged bile salts cause a strong repulsive force
between bilayers. The bilayers thus greatly swell and prefer to
form smaller-scaled unilamellar vesicles if the space is
sufficiently large to allow the translational entropy of the
vesicles to increase. This is the phenomenon observed at a
lecithin concentration below 200 mM (Figure Sa), where the
isolated unilamellar, however, is unable to significantly enhance
the viscosity. When the lecithin concentration is higher than
200 mM, because of the limited space, the highly swollen
multilamellar vesicles impinge first and reach a force balance
before transforming into small unilamellar vesicles (Figure 4b).
It is known that the dynamic exchange processes of lipid
bilayers in water are very slow due to the low solubility of the
lipids.”*®> Therefore, the interlocked multilamellar vesicles

form a sturdy network that holds the solutions and imparts the
solidlike behavior. Note that multilamellar vesicles are generally
not in a thermodynamically stable state,”® which explains why
the gel formed at low lecithin concentration (200 mM) can last
only for one month. The electrostatically repelled bilayers can
be destabilized by the addition of extra electrolytes that screen
the strong repulsive interactions and reduces the distance
between bilayers, thus sparing room to facilitate the formation
of unilamellar vesicles. This is why the elastic behavior
disappears as NaCl is added into gels (Figure Sb).

When B, exceeds the boundary of the gel phase, the sample
immediately turns to be opaque, similar to the pure lecithin
sample, which is ascribed to the shrinkage of d-spacing in
multilamellar vesicles. The decrease of d-spacing is evidenced
by SAXS data shown in Figure 6 and can be explained by the
weakening of the repulsive force at B, higher than By™" as
shown in Figure 9. The more closely stacked bilayers widen the
disparity of the refractive index between the vesicles and water,
which, along with the large size of the vesicles, is responsible for
the strong light scattering that causes the opaqueness. In the
transition region, the multilamellar vesicles with a short d-
spacing is accompanied by the cylindrical micelles that evolve
from part of the vesicles due to the decrease of the CPP upon
the insertion of bile salts (Figure 4d). The vesicles completely
turn to be cylindrical micelles, followed by the transformation
into even smaller spheroidal micelles as more bile salts are
incorporated to further reduce CPP.

4. CONCLUSIONS

We have shown lecithin-bile salt mixtures in water at
intermediate to high concentration can self-assemble into a
variety of structures that lead to rich rheological properties,
including solid-like gels and viscoelastic fluids, depending on
the bile salt/lecithin molar ratio. The most intriguing one
among all the structures is the gel formed by swollen
multilamellar vesicles, which is suggested to be caused by the
electrostatic repulsion of surface charges brought by bile salts.
This work makes progress in clarifying the role of bile salts in
the physiological processes involving lecithin and bile salt. In
comparison with other lipid gel systems, the one presented in
this study can be formed at a relatively low concentration and
shows good long-term and thermal stability. Furthermore, such
vesicular gels provide multicompartment reservoirs for drug
encapsulation that may allow a slow and controllable release of
the drugs. The hydrogel is formed completely by abundant
biomolecules, and thus the biocompatible, low-cost gel is high
potential for cosmetic and medical applications.
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