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A B S T R A C T

Knowing the ability of water and bile salts to promote the reverse wormlike micelle growth in lecithin/water or
lecithin/bile salt mixtures in oil, this work was aimed at elucidating the association properties of the three
solutes lecithin, water and the bile salt (BS) sodium deoxycholate in cyclohexane. By systematically changing the
fraction of the two additives (i.e.: water and BS) we could identify a region at low additive/lecithin molar ratios
where stable wormlike micelle dispersions were formed. Small angle X-ray scattering and oscillatory rheology
measurements demonstrated that the ability of bile salt and water to transform the originally spherical lecithin
reverse micelles into wormlike micelles and thereby impart to the sample viscoelastic properties is preserved in
the three-solute mixture. The results suggest that reverse micelle including both bile salt and water are formed in
this system. Reasonably the two primers interact with the same region of the lecithin headgroups and are
complementary in altering the packing parameter of the amphiphile to values suitable for the formation of
cylindrical aggregates.

1. Introduction

Wormlike micelles, formed by very long cylindrical and flexible
aggregates of different amphiphiles, have been extensively investigated
in the past several decades because of their remarkable visco-elastic
properties that are exploited in numerous technological fields. The
interest of these systems is particularly relevant when they are formed
by biological surfactants in the light of their potential employment in
biochemical and biomedical applications. Phospholipids and bile salts
represent two important types of biological surfactants particularly
prone to form mixed aggregates with different structures [1–4]. Bile
salts (BSs) are anionic natural steroidal surfactants found predomi-
nantly in the bile of mammals (humans included) and other vertebrates
and deeply involved in various biological processes [5,6]. The amphi-
philic structure of these molecules is quite different from that of
conventional head–tail surfactants and for this reason they manifest
some peculiarities in their self-assembly behavior [7–12]. In fact, beside
the negatively charged head, they exhibit a rigid steroidal structure
with a variable number of hydroxyl groups in specific positions (Fig. 1).

The BSs are synthesized in the liver using cholesterol as starting
material and act as solubilizers and emulsifiers of non-polar material, in
particular cholesterol itself, lipids, fat-soluble vitamins, fatty acids and
monoglycerides [5,6]. Moreover, they are widely used as starting
materials in the preparation of synthetic derivatives by changing their
amphiphilic structure and by introducing specific functionalities

[9,13,14]. Due to the steroid rigidity and the peculiar distribution of
hydrophobic and hydrophilic domains, these molecules are particularly
attractive for the bottom up construction of complex nanostructures.
They often self-assemble in tubes or fibers and behave as low molecular
weight gelators [15–26]. The tubes have cross section diameters
spanning a wide range of values (3–450 nm) [9,19,27–34] and some-
times they form through appealing pH [35,36] or temperature respon-
sive aggregations [37]. Mixed tubes with tunable composition and
related features such as charge [38] and sizes [39] can sometimes be
prepared. The unconventional amphiphilic molecular structure of BSs
dictates also remarkable abilities as carriers across tissues and mem-
branes of many compounds (e.g. drugs, carbohydrates and ions)
[40,41]. Therefore, they are often employed as encapsulators, disper-
sants and carriers in complex systems [9,42]. Mixtures of bile salts and
derivatives with thermoresponsive block copolymers have been re-
cently investigated for their potential in these applications [43–46].

On the other side, phospholipids are amphiphiles that constitute the
major component of cell membranes. Lecithin, is a typical subclass of
phospholipids. It is a two-tails surfactant and has a zwitterionic polar
head as it contains a positively charged choline moiety and a negative
phosphate group (Fig. 1). Lecithin is known to self-assemble in water in
form of pile of bilayers (lamellar phase) that in proper conditions can
lead to the formation of closed vesicles (liposomes). By contrast, when
added alone to suitable organic solvents (oil), it assembles into
spherical or ellipsoidal reverse micelles [47]. When a polar solvent
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such as water is added to these solutions in small concentrations, the
micelles grow axially into flexible cylinders (for recent reviews see Refs.
[48–50]). The growth of these cylinders and their subsequent entangle-
ments into a transient network transform the sample from a low-
viscosity solution into a viscoelastic one. In turn, the zero-shear
viscosity is enhanced by several orders of magnitude relative to that
of neat lecithin solutions and a transition from Newtonian to non-
Newtonian behavior is observed (mostly depending on the nature of the
oil). Beside water, bile salts have been shown to have an analogous
effect of primer of the mono-dimensional growth of lecithin reverse
micelles [51,52]. Bile salts are insoluble in oils but become soluble in
the presence of lecithin due to intermolecular hydrogen bonds between
bile salts and lecithin. In this way bile salts can induce the formation of
cylindrical reverse micellar aggregates, thus playing a role similar to
that of water. The molar ratio of bile salt or water to lecithin is the key
parameter in dictating reverse micellar growth. In addition to water and
bile salts several other polar additives have been reported to induce
reverse wormlike micellar growth in dispersions of lecithin in oil [48].
In general, the additives must be not soluble in oils and strongly
interact with lecithin, to work as promoter of reverse wormlike micelle
growth. However, it is not completely clear how the additives interact
and are arranged in the reverse micelles. It is expected that the added
molecules form hydrogen bonds with lecithin and modify the packing
parameter of the amphiphile to values suitable for the formation of
cylindrical aggregates [51,52].

The ability of water and bile salts, as separate primers of the
wormlike reverse micelle growth has been very well characterized, in
recent works (see [48] and references therein). However, to our
knowledge, no data have been reported so far on the growth of
wormlike micelles in the presence of both of these primers. In order
to provide some insight into such growth, the association properties in
dispersions of lecithin, water and the bile salt sodium deoxycholate
(NaDC) in oil have been investigated. By systematically changing the
fraction of the two additives we tried first to give a rough description of
the phase behavior of the mixture. Therefore, a structural analysis of
the aggregates was performed by combining rheology and small angle
X-ray scattering (SAXS) techniques. The results allowed us to further
clarify the interaction mechanism of lecithin and primers.

2. Material and methods

2.1. Materials

Soybean lecithin (Avanti Polar Lipids 95% purity) containing
97.2 wt% phosphatidylcholine and 2.8 wt% lysophosphatidylcholine
was used. Sodium deoxycholate (> 99% purity) containing 1.5 water
molecules per mole of NaDC, Cyclohexane (> 99.5%) containing
100 ppm of water and methanol (> 99.5%) were purchased from

Sigma-Aldrich.

2.2. Sample preparation

As NaDC is insoluble in cyclohexane, lecithin/NaDC mixtures were
first prepared in methanol, a common solvent for both, according to the
procedure proposed by Raghavan and coworkers [51]. NaDC and
lecithin were separately solubilized in methanol to obtain 0.2 M stock
solutions. Then, samples at the desired compositions were prepared by
mixing proper volumes of the two stock solutions. Afterwards, metha-
nol was removed by drying under vacuum for 48 h, and solid mixtures
of lecithin and bile salt were formed. To obtain the final samples at the
desired concentrations cyclohexane was added to the solid mixtures.
The solution was then stirred until it became transparent and homo-
geneous. The procedure also ensured the elimination of removable
residual water from the sample. Samples were equilibrated for at least
3 days before measurements. The composition was expressed as molar
ratio of NaDC (B0) and water (W0) with respect to lecithin, defined as
B0 = [NaDC]/[lecithin] and W0 = [H2O]/[lecithin].

2.3. Oscillatory rheology

Oscillatory rheology experiments were performed on an AR1000
stress-controlled rheometer (TA Instruments). A cone-and-plate geome-
try (40 mm diameter/4° cone angle) was used. The plates were
equipped with a Peltier-based temperature control, and all samples
were studied at 20 ± 0.1 °C. A solvent trap was used to minimize
solvent evaporation. Oscillatory experiments in stress sweep mode at a
fixed frequency of 1.0 Hz were first performed. These curves allowed
the estimation of the linear viscoelastic domain (LVD), where Hooke’s
law holds and the elastic modulus is independent of the applied stress.
Frequency sweep measurements at a constant applied stress amplitude
falling in the LVD were collected, and rheograms of the elastic G’ and
viscous G’’ moduli as a function of an ascending frequency ramp were
reported.

2.4. SAXS measurements

SAXS measurements were performed at the MAX II SAXS beamline
I911-4 at MAX IV Laboratory in Lund, Sweden [53]. Calibration
measurements were carried out using a LaB6 sample. The solutions
were injected into thermostated quartz capillary sample holders and
equilibrated for at least 20 min before measurement. The scattering
intensity was recorded at λ= 0.91 Å on a 165 mm diameter PILATUS
1M detector. The two-dimensional (2D) SAXS patterns were processed
using the Fit2D software. Scattering curves were recorded within the
range of 0.1 < q < 4.0 nm−1, where q= (4πsinθ)/λ (θ being half
the scattering angle). The curves were corrected for solvent and
capillary contributions.

The Indirect Fourier Transform method, developed in the ATSAS
program [54], was used for interpreting the SAXS curves. With this
method, the pair-distance distribution functions of the single scattering
particle p(r) or of the particle cross section pcs(r) (in the case of rod-like
particles) are extracted by indirect Fourier transform of the scattered
intensity I(q) or of the qI(q) profile. The pair-distance distribution
functions p(r) adopts the value of zero at distances greater than the
maximum size of the particle Dm and permits the determination of its
electronic gyration radius Rg as
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Similarly, the maximum size Dmc and the gyration radius Rgc of the
cross section can be estimated from the pair-distance distribution
function pcs(r) of rods.

Fig. 1. Molecular structure of the bile salt sodium deoxycholate (NaDC) and Lecithin.
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Modeling of SAXS data was conducted using the form factor of
homogeneous ellipsoids and rigid or flexible cylinders [55–57]. By
assuming negligible interparticle interactions we considered
I q kP q( ) = ( ) where P q( ) is the micelle form factor and contrast and
concentration effects are included in a common scale constant k. The
form factor depends on the scattering particle geometry, namely on the
semimajor and semiminor axes (ae and be respectively) for ellipsoids or
on length L and cross section diameter d for rigid cylinders. The form
factor expressions for these geometries have been carefully described
and extensively used to interpret the SAXS curves of bile salt micelles
[58,59].

For flexible cylinders, the form factor for a wormlike chain with
excluded-volume interactions as derived in the paper by Pedersen and
Schurtenberger [57] and then modified by Chen et al. [56], was used.
The Kuhn length b, describing the local stiffness of the flexible cylinder,
together with the contour length L and the cross section diameter d are
needed to describe the model. All these parameters are included in the
expression of the form factor and were varied in the fitting procedures
together with the scale constant k.

3. Results and discussion

3.1. Phase map

Different mixtures of lecithin and NaDC were prepared as reported
in the experimental section at a constant concentration of lecithin of
100 mM. After the equilibration time the vials were turned upside down
to visually inspect their viscosity. Starting from a very low viscous
solution of lecithin we observed that the viscosity increased gradually
with the bile salt molar ratio B0. We could observe the viscosity increase
up to the maximum molar ratio B0,max = 0.45. At higher B0 values a
phase separation was observed between a denser phase on the bottom
of the vial containing both lecithin and bile salt and an upper phase that
was a diluted solutions of reverse micelles formed by the exceeding
surfactants [51]. On the other hand, when the lecithin/cyclohexane
solution was loaded with water above a critical water/lecithin molar
ratio (W0,max) it phase separated according to the classical Winsor II
phase equilibrium (i.e. reverse micellar solution above pure excess
water) [60,61]. In the present work, lecithin/NaDC/water microemul-
sions in cyclohexane were prepared starting from pre-equilibrated
lecithin/NaDC solutions by adding suitable amounts of water. A
common trend was found, namely that the lower the B0 the higher
was the amount of water that could be stably dissolved before the phase
separation took place. Accordingly, for B0 = 0.1 (lowest B0 value
explored) the W0,max was 11 while for the solutions at B0,max = 0.45
separation was observed already upon addition of the first water aliquot
(corresponding to W0 = 3). The results were summarized in the phase
map of Fig. 2. We emphasize that for the samples containing bile salts
the observed phase separation was between a stiff phase on the bottom
in equilibrium with an upper phase that was a diluted solutions of
reverse micelles

3.2. Oscillatory rheology

Oscillatory rheology data were collected for representative samples
at different B0 and W0 values and at constant lecithin concentration of
100 mM and were shown in Fig. 3. The oscillatory rheology of ternary
lecithin organogels upon addition of either water either BS was studied
in detail [51,52,62].

The reverse micelles in the system lecithin/water/cyclohexane are
known to be truly wormlike, meaning that there are no signs of micellar
branching, as it has previously been demonstrated by NMR self-
diffusion experiments [50]. In such disconnected micelles, micelle
recombination reactions only involve micelle ends, the concentration
of which are very low when the micelles are very long. Hence, the
typical G′- G″ crossover frequency is ≤0.1 rad/s with a corresponding

relaxation time tR ≥ 10 s, confirming that the break and recombination
kinetics are very slow for these true wormlike micelles [63]. In
addition, previous studies performed using frequency sweep in the
range of 0.1 rad/s–100 rad/s have demonstrated that their rheological
behavior strongly deviates from that of single Maxwell's elements – they
behave as a solution of conventional (unbreakable) polymers [64]. Due
to instrumental limits, we were able to probe only high frequency
oscillations (between 1 and 100 rad /s). Accordingly, for all the samples
without bile salt (W0 = 6, 8, 11, 13) only the region of the rubberlike
viscoelastic behavior where G′ is larger than G″ could be assayed.

At variance with respect to the lecithin/water/cyclohexane systems,
in the case of BS/lecithin/cyclohexane organogels the viscoelastic
response is reported to be described by a single Maxwell’s element
with a single characteristic time in the range 1–0.05 s (G′- G″ crossover
between 1 and 20 rad/s) depending on the B0 and on the nature of the
bile salt [51,52]. The comparison of our data on the samples at B0

values of 0.3 and 0.4 suggests that a crossover shift to lower frequencies
is induced progressively by increasing the bile salt fraction.

By contrast, starting from the lecithin/water/cyclohexane mixtures
the rheology data demonstrate that the addition of bile salt induces in
general an increase of the crossover frequencies. The effect is very poor
at the lowest NaDC fractions (B0 = 0.1) where, at all the measured W0

values, the samples are still characterized by a very long characteristic
time (the G′-G″ crossover frequencies below 1 rad/s) and a behavior
similar to that observed for the samples with no bile salt. The effect
become instead relevant at B0 = 0.2. At this NaDC molar ratio we
observe in particular that the crossover points move in the range
1–10 rad/s for the sample at W0 = 3 and to values> 100 rad/s at
W0 = 6, thus indicating a more efficient acceleration of the dynamics of
the system at higher water molar ratios.

A Maxwell behavior is indeed observed, for the samples with
B0 = 0.4 and W0 = 0 and B0 = 0.2 and W0 = 3. These samples show
a viscous behavior, with G″ exceeding G′ at low frequencies or long
time scales. By contrast, the samples show an inversion of the modulus
at high ω or short time scales suggesting a high frequency elastic
behavior. According to the Maxwell model the following equations can

describe the moduli G ω′( ) = G ω t

ω t1 +
p R

R

2 2

2 2 , G ω"( ) = G ωt

ω t1 +
p R

R
2 2 , where, Gp is the

plateau modulus, i.e., the value of G′ in the high-frequency limit. As
shown in Fig. 4, the Maxwell model fits the data reasonably well,
especially at low and intermediate frequencies, which confirms that a
single relaxation time (or a narrow spectrum of relaxation times)
dominates the rheological response of this sample. Maxwell fluidlike
behavior is indicative of entangled wormlike micelles having a breaking
time much shorter than the time of stress relaxation. The dominant
relaxation time tR of these viscoelastic samples can be estimated as 1/
ωc, where ωc is the frequency at which G′ and G″ cross. The estimated tR
values are around 0.14 s and 0.17 s for the samples at B0/W0 of 0.40/0

Fig. 2. Phase map of Lecithin/NaDC/water mixtures in cyclohexane at constant lecithin
concentration of 100 mM and as a function of the NaDC and water molar ratios B0 and
W0, respectively. The area marked with parallel lines represents the region of homo-
geneous samples, the border line was drawn to mark the one phase region by joining the
compositions at highest ratios of the primers before phase separation.
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and 0.2/3, respectively. The former value agrees with the one reported
in literature for lecithin/NaDC mixtures in cyclohexane at the same
NaDC molar ratio [51].

According to extensive literature on the rheology of wormlike
micelles behaving as living polymers, in the semidilute regime, the
stress is expected to relax due to a combination of reptation and
micellar breaking, with time scales τrep and τbr, respectively. In the
“living” regime, when τbr < < τrep, the viscoelastic behavior is
essentially Maxwell-like with a single relaxation time, tR, given by the
geometric mean t τ τ= ( )R br rep

1/2 [65]. If τbr < < τrep, as implied by the
Maxwell behavior, this implies in turn that, for tR∼0.17 s, τbr < <1 s.
However, the reverse process, recombination, needs to occur on the
same time scale as breaking. Recombination through the diffusion
controlled fusion process of micellar ends is indeed expected to be slow
(τbr > > 1 s), because in the case of giant wormlike micelles, the
micelle diffusion is low and also the concentration of micellar ends is
very low [63].

According to this line of thought, in the case of wormlike micelles
containing NaDC and water where tR is on the order of a second or less,
the recombination process is not restricted to the fusion of ends only but
allows also the fusion of one end with another micelle all along its
contour length. But, if this is a frequent process we rather have a living
network of branched micelles than a solution of living polymers, with a
rheology that depends on the branching density. This could account for
the decrease in viscoelastic moduli upon addition of bile salts to water/
lecithin micelles (branches can lead to a decrease in viscosity because
the cross-link points can slide freely along the micellar contour) [66]
and also for the peculiar phase separation found above the maximum

Fig. 3. Oscillatory rheology G’ (filled circles) and G” (open circles) values for the lecithin/NaDC/water mixtures in cyclohexane as a function of the composition expressed by NaDC (B0)
and water (W0) molar fractions.

Fig. 4. Oscillatory rheology G’ (filled circles) and G” (open circles) values and fits based
on the Maxwell model for the mixtures in cyclohexane lecithin/NaDC at B0 = 0.4 (a) and
lecithin/NaDC/water at B0 = 0.2 and W0 = 3 (b).
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solubilization consistent with a compact fully-branched network that
collapses expelling almost pure solvent. The comparison between data
at B0 = 0.2/W0 = 3 and B0 = 0.2/W0 = 6 indicates that the addition
of water at constant bile salt ratio induces a transition from viscoelastic
to viscous fluid. This means that the efficiency of bile salt to induce the
formation of branches is higher the higher the water molar fraction. In
other terms at constant B0 formation of branches is promoted by
increasing the water content.

The zero-shear viscosity data (η0) were reported for the samples of
Fig. 3 in Fig. 5. As clearly shown by the data at W0 = 6, starting from
the samples at B0 = 0, an increase of the viscosity can be appreciated
after the initial additions of bile salt (B0 = 0.1), whereas a decrease is
revealed at higher bile salt fraction (B0 = 0.2). This result suggests that
the initial NaDC addition dictates a growth of the wormlike micelles
which is reflected in the increase of the viscosity. The effect related to
the formation of branches, which is also induced by the bile salt
component, prevails at higher B0 values, thus justifying the viscosity
lowering.

3.3. SAXS

SAXS experiments were performed on lecithin/bile salt/water
solutions to illustrate the structure of the micelles. Solutions at lecithin
concentration 20 mM were analyzed to minimize the intermicellar
interaction effects on the scattering data. The curves are plotted in
Fig. 6, together with the best fitting curves and the related p(r)
functions obtained by the IFT method. A first analysis of the data
shows that at low B0 and W0 values (sample at B0 = 0.1, W0 = 0) the
curves follow a power law behavior close to I∝ q° at intermediate q
values, which is the scaling relationship expected for globular micelles.
Accordingly, the IFT interpretation of the curves lead to a p(r) curve
with a symmetric bell-shaped profile. The scaling law changed to
I∝ q−1 in the presence of large fractions of the two primers suggesting
the formation of cylindrical aggregates. The IFT analysis provides in
this case an asymmetrically shaped p(r) curves, with an inflection point
followed by a tail that gradually decreased to zero, which is typical of
elongated aggregates. Interestingly, the ability of the primer to induce
unidirectional growth of cylindrical aggregates is preserved both in the
single primer (lecithin/NaDC solutions) and in the two primer samples.
In the latter case the growth can be promoted equivalently by
increasing the fraction of bile salt at fixed water content and vice versa
by increasing the water content at fixed bile salt fraction.

It is interesting to note that a linear decrease of the p(r) is observed
for the samples with relatively short Dm values (samples at B0/W0 of
0.1/3, 0.1/6, 0.2/3, 0.3/0) where short cylinders are formed. Shoulders

at r around 20–30 nm are instead revealed in the p(r) curves with high
Dm values. This behavior is possibly due to the flexible nature of the
micelles, as suggested in the literature. It must be stressed, that in the
samples of the latter case the estimated Dm values are slightly larger
than the maximum dimension π/qmin (qmin being the minimum acces-
sible q value of the spectrum) affordable by SAXS and therefore they
cannot be considered reliable in an absolute scale. We believe however
that they can be considered on a relative scale to give an idea of the
wormlike micelle growth.

The IFT analysis of the qI(q) vs q curves was performed for the
samples containing elongated micelles to elucidate their cross-section
structure (Fig. 6). With this method, pcs(r) curves were extracted that
show a bell profile not perfectly symmetric because of the presence of a
little tail at high r values. This profile suggests that the micelle have a
cross section with a roughly circular shape (Fig. 7). The estimated radii
of gyration Rgc and maximum distance Dmc of the cross section fall in the
ranges 0.97–1.75 nm and 3.0–6.0 nm, respectively (Table 1). The
scattering of X-rays is provided by electrons. This means the SAXS
contrast is given by the electron density difference between scatteres
and their surroundings. According to a previous work, the electron
density difference between the hydrophilic headgroups with bound bile
salts and the hydrophobic hydrocarbon tails of lecithin dictates the
contrast in lecithin/bile salt mixtures in cyclohexane. Our results
suggest that a similar model of the SAXS contrast can be kept in the
lecithin/water/NaDC mixtures, thus indicating that the wormlike
hydrophilic core formed by lecithin headgroups, water and NaDC
molecules constitute the X-ray scatterer. According to the Dmc and Rgc

values of Table 1 the cross section of the wormlike micelles as
determined by SAXS slightly expands when the fraction of water and/
or bile salt is increased in the mixture. This suggests that an expansion
of the hydrophilic core takes place. SANS measurements on lecithin/
water mixtures in deuterated isooctane reported in the literature
demonstrate that an increase of the cross section with water fraction
occurs [67]. As both the hydrophilic core and the hydrophobic shell are
expected to contribute to the SANS scattering contrast, the observed
increase must be related to the whole micelle cross section. In
agreement with this result, we believe that an increase of the whole
micelle cross section takes place in our system in parallel with that of
the hydrophilic core revealed by SAXS data.

A careful inspection of Fig. 7 allows us to appreciate that the pcs(r)
slightly change its shape in the samples at the high water molar ratio
probably reflecting changes in the electron density distribution within
the SAXS revealed cross section of the micelles. The program DECON
[68], based on the so-called Convolution Square Root method [69,70]
and widely used to perform the deconvolution of the pair distance
distribution function into radial electron density contrast profile Δρ(r)
[71–73] was employed to highlight the electron density variation from
the pcs(r) curves of Fig. 7. The obtained Δρ(r) profiles (Fig. S1) seems to
show that, at a constant B0 value, the increase of water molar ratio
tends to induce an increase of the electron density in the outer region of
the scattering core.

Fitting procedures were also performed by using suitable form
factor models (Fig. S2). For the sample at the lowest primer fractions
(B0 = 0.1 and W0 = 0) where globular micelles in the early stages of
the growth were expected, we observed that the curve for prolate
ellipsoidal particles with semimajor and semiminor axes
ae = 2.29 ± 0.02 and be = 1.48 ± 0.02 nm, respectively, were able
to reproduce the experimental data. For larger primer fractions fitting
scattering functions for more elongated particles such as rigid or
flexible cylinders were needed. Based on the IFT p(r) shapes we used
rigid cylinder function for the sample at intermediate primer fractions
(samples at B0/W0 of 0.1/3.0, 0.1/6.0, 0.2/3.0 and 0.3/0.0). The best
fitting parameters are reported in Table 2. An inspection to this Table
shows that the cylinder cross section diameters d obtained with this
method are sensibly shorter than the Dmc values inferred by IFT. This is
not astonishing as, considering the polydispersity, the best fitting

Fig. 5. Zero-shear viscosity data of lecithin/water/NaDC in cyclohexane mixtures as a
function of NaDC molar ratio B0 for different water molar ratios W0 at 25 °C.
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diameters obtained by using the model represent average values
whereas the IFT Dmc is in principle the maximum diameter of the
distribution. In any case a similar trend for the d and Dmc is observed as
a function of the mixture composition. Under this assumption of rigid
cylinders, lengths L around 45 nm were obtained for the lecithin/
NaDC/water solutions, whereas a shorter value of about 20 nm was
inferred for the lecithin/NaDC mixture. Starting from these values a fit
of the remaining samples containing very long worms was attempted by
using a model for flexible chains as shown in Fig. S1. Based on the
lengths obtained for rigid cylindrical micelles, values of the Kuhn

length b > 45 and>20 nm were chosen for the solutions in the
presence (b= 60 nm) and in the absence (b = 30 nm) of water. The
latter was chosen in agreement with the value of 33 nm reported for the
fit of SAXS data on wormlike micelles in NaDC/lecithin mixtures in
cyclohexane with the same model [52]. The fits were performed by
fixing the Kuhn length at the chosen values and by varying all the other
parameters. The best fitting results are reported in Table 2.

It must be stressed that the application of the flexible cylinder model
to our SAXS data has the following limitations: i) the model does not
consider that a larger cross section than the one determining the

Fig. 6. SAXS experimental (symbols) and IFT best fitting (red lines) curves and corresponding p(r) functions. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Fig. 7. Pair distribution functions of the cross section pcs(r) extracted by the IFT of the qI(q) SAXS curves.
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scattering contrast should be considered to estimate the excluded
volume effect on the flexible cylinder form factor; ii) best fitting
contour length were obtained for the worms that are significantly
beyond the maximum dimension accessible by the scattering data.
These limitations arise questions on the reliability of the best fitting
parameters obtained by the model. However we observed that,
considering the polydispersity effect, the best fitting cross section
diameters were in reasonable agreement with the Dmc values obtained
by the IFT method. Moreover, they followed the same general growing
trend by increasing the water content at fixed B0 and vice-versa the
NaDC molar ratio at a fixed W0 value.

It is important to remark that the branches, which are supposed to
induce the viscoelastic to viscous behavior transition in the samples at
lecithin concentration of 100 mM, are probably not relevantly formed
at the SAXS lecithin concentration (20 mM) where worms significantly
shorter than those analyzed by rheology are expected to form.
Moreover, it is generally accepted that static scattering can detect
micellar growth but is insufficient to determine branching [74]. On the
other hand, the SAXS data presented here clearly show that wormlike
micelles with a similar cross section are formed in all the analyzed
samples. This confirm that branches, rather than the formation of
reverse micelles with different shape, dictates the transition of the
sample rheology behavior from viscoelastic to viscous, by increasing
water at constant bile salt fraction or vice versa.

4. Conclusions

Starting from the knowledge that water and bile salts can separately

act as primers to promote the spherical to wormlike transition of
lecithin reverse micelles in oil, we investigated here the effect of
mixtures of the two primers on the reverse micelles of lecithin in
cyclohexane. In the absence of water we could reproduce the transition
in the lecithin/NaDC systems and the gradual unidirectional growth of
the wormlike micelles by increasing the NaDC fraction up to a phase
separation occurring at NaDC molar ratio> 0.45. Therefore, by starting
from the lecithin/NaDC mixtures, an analogous growth was observed
by increasing water concentration. Phase separation was observed in
these mixtures at water fractions that were lower the higher the NaDC
fraction, thereby a triangular region at low molar ratios of the two
additives was identified where stable wormlike micelle dispersions
were formed. Oscillatory rheology measurements showed that in the
lecithin/water/bile salt system at constant water molar ratio the
increase of bile salt fraction dictates an increase of the G’ – G’’ crossover
frequency. Such a phenomenon has been correlated with the formation
of branched wormlike micelles. Therefore, we could conclude that the
ability of bile salt and water to transform the originally spherical
lecithin reverse micelles into wormlike micelles and thereby impart to
the sample viscoelastic properties was preserved in the three solute
mixtures. The results suggest that reverse micelle including both bile
salt and water are formed in these systems. As already hypothesized for
the solutions containing the two primers separately, reasonably water
and NaDC interact with the same region of the lecithin headgroups and
are complementary in altering the packing parameter of the amphiphile
to values suitable to the formation of cylindrical aggregates. SAXS
measurements allowed for the investigation of the cross section of the
hydrophilic core of the wormlike micelles including lecithin head-
groups, water and bile salt. The analysis suggested that some inhomo-
geneity in the electron density contrast distribution is induced by the
inclusion of water in the core. It is important to clarify that a
complementary interaction do not strictly implies that alternatively
water or NaDC bind a headgroup. More reasonably hydrated NaDC
molecules are expected to interact with the lecithin head. Accordingly,
a comprehensive packing model should include interaction between
NaDC and water molecules. However, our results did not allow us to
provide details on these interactions.
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