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The two-tailed anionic surfactant, AOT is well-known to form spherical reverse micelles in organic
solvents such as cyclohexane and n-alkanes. Here, we report that trace amounts (e.g., around 1 mM) of
the dihydroxy bile salt, sodium deoxycholate (SDC) can transform these dilute micellar solutions into
self-supporting, transparent organogels. Gels can be obtained at a total AOT + SDC concentration as
low as 6 mM or about 2 mg mL~'. Among all the bile salts studied, SDC is the only one that is capable
of inducing organogels. The structure and rheology of these organogels is reminiscent of the self-
assembled networks formed by proteins such as actin in water. In particular, both classes of gels exhibit
the remarkable property of strain-stiffening, where the gel stiffness (modulus) increases with strain
amplitude. Structurally, both gels are based on entangled networks of long, cylindrical filaments. We
propose that SDC forms hydrogen bonds with AOT headgroups, transforming some of the spherical
AOT micelles into semiflexible filaments. The average diameter of these filaments has been measured by
small-angle neutron scattering (SANS), and suggests that SDC molecules are stacked together in the

filament core.

Introduction

Molecular gels are spontaneous assemblies of small molecules
into three-dimensional networks that can entrap the solvent via
surface tension and capillary forces.'® In recent years, the impor-
tance of molecular gels in the chemical and biological sciences
has become widely recognized. Numerous kinds of gelator
molecules have been reported, some that are capable of gelling
organic solvents,! and others that can gel water.> The gelling
ability of these molecules is often associated with their ability
to form filamentous structures (chains, tubes, tapes, or
fibers).’=* Individual filaments, in turn, tend to get connected
into a network at junction points through physical bonds. A
wide range of physical interaction forces have been implicated
in gel formation, including hydrogen bonds, metal coordination
bonds, electrostatic bonds, van der Waals forces, and
hydrophobic interactions.'™

An important motivation for the study of synthetic molecular
gels has been their structural resemblance to gels found in nature.
Indeed, the gel state characterizes much of biology; in particular,
the cytoplasm in eukaryotic cells is a gel formed from filaments
of cytoskeletal proteins such as actin and tubulin.* Numerous
biophysical studies have been conducted on the aqueous
assembly of small, globular proteins such as G-actin into
filaments (F-actin) and thereby into gel networks.>” Synthetic
hydrogel mimics of actin have recently been reported from de
novo-synthesized peptides.*®* However, much of the literature
on gels has focused on those formed by organic molecules in
non-polar solvents, i.e., “organogels”.’* While such organogels
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are broadly analogous to actin hydrogels, it is generally believed
that their structures are fundamentally different. For example,
the junctions in many organogels consist of pseudo-crystalline
microdomains, which is not the case for actin gels.»*° The latter
do not need to have specific cross-links or bonds between their
filaments; rather, the filaments are so long (~20 um) that they
become tightly entangled and interpenetrated, leading to
gel-like behavior.>*

In this paper, we report a new two-component organogel
system formed by the synergistic assembly of two amphiphilic
molecules. We will highlight some of the unusual features of
these gels, including their formation at very low precursor
concentrations. More importantly, we will show that these
organogels are structurally and rheologically similar to actin
hydrogels. In particular, both types of gels are networks of
semi-flexible filaments and both show the property of strain-stiff-
ening, i.e., an increase in stiffness (gel modulus) with the
amplitude of the deformation.! This property has been closely
associated with biological gels and tissues, and its origin is very
much in debate.'''* We believe that the biomimetic properties
of our organogels may make them an attractive model system
for future studies.

The amphiphilic constituents of our organogel are each well-
known molecules that have been studied in detail. The major
component is the twin-tailed anionic surfactant, sodium bis(2-
ethylhexyl) sulfosuccinate (AOT) (Fig. 1). It is widely known
that AOT forms spherical reverse micelles in a range of organic
solvents and over a range of concentrations.’® The second
component of our organogel system is the bile salt, sodium deox-
ycholate (SDC) (Fig. 1). Bile salts are physiological surfactants
that have been studied extensively in water.'® In organic solvents,
on the other hand, most bile salts, including SDC, are insoluble.
Thus, neither AOT nor SDC alone can act as an organogelator.

1086 | Soft Matter, 2008, 4, 1086-1093

This journal is © The Royal Society of Chemistry 2008


http://www.rsc.org/softmatter

Na*zis,o Q " i
0 COO'Na"
S~ 1 pa—
+ OH s
T
- OH

AOT sSDC
(65— 10 mM) (1-3mM)

in n-decane in cyclohexane

Fig. 1 Molecular structures of the surfactant, AOT and the bile salt,
SDC, and photographs of 10 mM AOT + 2 mM SDC organogels in
n-decane and cyclohexane. The gels are optically clear and support their
weight in the inverted vials.

However, when a dilute (e.g., 5-10 mM) reverse micellar solution
of AOT in n-decane is combined with trace amounts (e.g., 1 mM)
of SDC, the result is a transparent organogel that can hold its
weight in the inverted vial (Fig. 1). Note that these samples are
gels in the strict rheological sense, i.e., in that they have a finite
(non-zero) value of the elastic modulus G’ at low frequencies."’

It is useful to place our investigation in the context of some
previous studies with AOT that have dealt with reverse micelliza-
tion and gelation.®** John and co-workers have shown that
certain phenol™®?° and naphthalene derivatives®! can also
transform AOT reverse micelles into organogels. Thus, AOT
organogels can apparently be induced by a variety of molecules,
although the gel structure seems to differ from one gelator to the
other. For instance, many of the earlier AOT gels were opaque,
indicating that they were composed of microscale, hierarchical
structures rather than nanoscale filaments.?® Significantly, our
studies with SDC show that it is by far the most efficient gelator
for AOT, i.e., it induces AOT organogels at much lower concen-
trations than the earlier gelators. Further comparison between
the AOT-SDC and previous organogel systems is provided in
subsequent sections of this paper.

Finally, we should clarify our motivation for studying bile
salts, which might seem an unusual choice for a gelator,
especially in organic solvents. Our interest in bile salts arose
out of our earlier study on mixtures of these molecules with
the phospholipid, lecithin in organic solvents — these mixtures
formed viscoelastic solutions that were shown to contain reverse
wormlike micelles.?*?* We should reiterate that lecithin-bile salt
mixtures were viscoelastic organosols, not gels, i.e., their elastic
moduli G' dropped to zero at low frequencies.**** Moreover,
a variety of bile salts (not just SDC) could induce lecithin to
form viscoelastic organosols.® Here, on the other hand, we
find that only SDC is capable of inducing AOT to form organo-
gels, and furthermore, AOT-SDC gels are obtained at much
lower concentrations compared to viscoelastic lecithin-SDC
solutions. Further discussion on the unique nature of SDC as
a gel inducer will be provided later in this paper.

Experimental
Materials

The bile salt, SDC (> 97% purity) and the surfactant, AOT (>
98%) were purchased from Sigma—Aldrich. Cyclohexane,
deuterated cyclohexane (99.5% D) and n-decane were purchased
from J. T. Baker, Cambridge Isotopes and Sigma-Aldrich,
respectively. All chemicals and solvents were used as received

Sample preparation

Mixed solutions containing AOT and SDC were prepared as
follows. First, 100 mM stock solutions of AOT in ethanol and
SDC in methanol were prepared. Samples of desired composi-
tion were prepared by mixing the stock solutions. The ethanol
and methanol were then removed by evaporation in a fume
hood for 24 h, and the resulting AOT-SDC film was further
dried in a vacuum oven at room temperature for 72 h. The
organic solvent (cyclohexane, deuterated cyclohexane or
n-decane) was then added to this dried film and the sample was
stirred till it became transparent and homogeneous. The above
procedure ensured the removal of any residual water from the
sample and thereby facilitated reproducible sample preparation.
Samples were equilibrated for at least 3 days at room tempera-
ture prior to conducting experiments.

Rheology

Dynamic rheological experiments were performed on an
AR2000 stress-controlled rheometer (TA Instruments) using
either parallel-plate or couette geometries, which were both
equipped with Peltier-based temperature control. A solvent
trap was used to minimize sample evaporation. Frequency
spectra were conducted in the linear regime of the samples, as
determined from dynamic strain sweep measurements. To
prevent the absorption of moisture by the samples during
rheological experimentation, it was found to be advantageous
to work under conditions when the relative humidity in the
laboratory was low (below 20%).

Small-angle neutron scattering (SANS)

SANS measurements were made on the NG-7 (30 m) beamline at
NIST in Gaithersburg, MD. Neutrons with a wavelength of 6 A
were selected. Two distances of 1.2 and 15 m between sample and
detector were used, so as to yield a range of scattering vector ¢
from 0.004 to 0.4 A" Samples for SANS studies were prepared
with deuterated cyclohexane and were measured in 1 mm quartz
cells at 20 °C. The scattering spectra were corrected and placed
on an absolute scale using calibration standards provided by
NIST. The data presented here are for the radially averaged
intensity / versus the scattering vector ¢ = (4w/2)sin(6/2), where
A is the wavelength of incident neutrons and 6 the scattering
angle.

SANS modeling

For dilute solutions of non-interacting scatterers, the SANS
intensity /(g) can be modeled purely in terms of the form factor
P(q) of the scatterers (i.e., the structure factor S(¢) — 1 in this
case). In this study, we considered form-factor models for
spherical micelles, rigid cylindrical micelles, and for mixtures
of these two shapes. The models were implemented using
software modules provided by NIST to be used with the
IGOR graphing package. The expressions used in these models
are given below. Here, (Ap)? is the scattering contrast, Ap being
the difference in scattering length density between the micelle
and the solvent.
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Spheres

The form factor P(g) for spheres with radius Ry is given by:>52¢
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Here « is the angle between the cylinder axis and the scattering
vector ¢ and J(x) is the first-order Bessel function of the first
kind.

Coexistence of spheres and rigid cylinders

For coexisting spheres and cylinders, the overall scattering
intensity would be the sum of contributions from each type of
structure. If the solutions are sufficiently dilute, the overall
intensity can be simply expressed by:

Ioverall(q) = C[¢5Psphere(q) + (1 - ¢5)Pcylinder(q)] (4)

Here c is the overall concentration and ¢ is the volume fraction
of spheres. The rationale for using this particular model is
explained later in the paper.

IFT of SANS data

SANS data were also analyzed by the indirect Fourier transform
(IFT) method, which yields particle shape and size without the
need for any a priori assumptions.”” To use IFT, first the
incoherent background is estimated from the asymptotic slope
of a Porod plot (Ig* vs. ¢*) at high ¢. The scattering intensity
I(g) (with incoherent background subtracted) is then Fourier-
transformed to obtain the pair distance distribution function
p(r) in real space. For non-interacting scatterers, I(¢) and p(r)
are related by:*’

I(g) = 4 J p(r)““q(—f’)dr s

p(r) provides information on the shape and size of the scattering
entities. In particular, the largest dimension of the scatterers can
be estimated, corresponding to the value of r beyond which
p(r) = 0. IFT analysis was implemented using the commercial
PCG software package.

Results
Gel properties: visual observations, birefringence

Photographs of AOT-SDC organogels in cyclohexane and
n-decane are shown in Fig. 1. Each gel contains 10 mM of

AOT and 2 mM of SDC. The gels are shown in inverted vials
to indicate that they are rigid enough to support their own
weight. Note that the gels are transparent, indicating that their
internal structures are in the nanoscale size range. This is in
contrast to many organogel systems that tend to be cloudy or
opaque — in those cases, the inherent structures are either thick
(microscale) fibrils®® or spherulitic crystallites.’® The gels do
become cloudy as the SDC : AOT molar ratio (Xspc) is
increased above 0.25 — however, these samples tend to become
unstable with time and are not the focus of our investigation.
All gels at low Xspc, however, remain transparent and stable
for more than one year when stored in sealed containers.

From a structural standpoint, it is also useful to examine the
gels under crossed polarized light. Such a photograph is shown
in Fig. 2 for a series of AOT-SDC samples (20 mM AOT,
varying SDC). The figure shows that samples above a SDC
concentration of 3 mM (Xspc = 0.15) exhibit pronounced
birefringence (all these samples are gels). Note that the samples
are being examined at rest, i.e., in the absence of any shear.
Birefringence at rest in organogels is usually indicative of
spherulites;'® however, no such structures could be observed by
optical microscopy. An alternate source of static birefringence
can arise from the spontaneous alignment of filamentous struc-
tures in solution. In particular, it is known that a dispersion of
rods or filaments can undergo a transition from an isotropic to
a nematic phase (where the particles show 1-dimensional order)
as the size and/or volume fraction of the particles is increased.?°
Such a transition is driven by entropy and is referred to as an
Onsager transition.?® Thus the birefringence in Fig. 2 could be
indicating that AOT and SDC are self-assembled into rather rigid
filaments and that there is a continuous lyotropic phase transi-
tion? whereby these filaments align to produce nematic gels.

We believe that AOT-SDC gels do indeed contain filaments,
and we will corroborate this aspect using SANS later in the
paper. However, these gels are unlikely to be true nematics,
i.e., there is no thermodynamic transition to an ordered phase
in these systems. In this context, the thermal behavior of these
gels is revealing. As the birefringent gels are heated to about
80 °C, the gels undergo “melting”,! i.e., they are transformed
from self-supporting solids to thin liquids (see below). This
melting transition is thermoreversible, ie., the gel reforms
when the sample is cooled. However, the cooled gels no longer
exhibits strong birefringence. If the gel is now shaken vigorously,
the birefringence reappears and it does not go away (samples are
still strongly birefringent after more than a year). The interpreta-
tion here is that the filaments in AOT-SDC gels become aligned

1.0 TN -5 T 2.0 NN -5 I - m M

Fig. 2 Photographs under crossed polarizers of AOT-SDC gels in
cyclohexane. The AOT concentration is 20 mM and the SDC
concentration (in mM) is indicated below each vial. The gels at higher
SDC concentrations show strong birefringence.
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by shear, but this alignment is locked in by the volume-filling
network.?® Interestingly, gels of F-actin also have similar proper-
ties: they show a persistent birefringence at high concentrations
that was initially believed to be indicative of a thermodynamic,
1** order phase transition,”?® but more recently has been corre-
lated with the shear-alignment of F-actin filaments into
domains.* The similarities with actin gels will be a recurring
theme in this paper.

Gel properties: effects of temperature, humidity

As mentioned above, gels of AOT-SDC melt when heated above
a characteristic melting temperature 7. This melting is abrupt,
i.e., the sample remains a self-supporting gel up to T, but then
it rapidly melts at 7},,. Such abrupt melting is characteristic of
organogels,! whereas viscoelastic organosols show a steady, expo-
nential drop in viscosity with temperature.>* We have studied the
variation of Ty, with gel composition — these experiments were
done for AOT-SDC gels in n-decane. T, was determined by
a combination of visual and rheological methods. We found
that T, occurred at ca. 80 °C independent of the SDC : AOT ratio
and increased only slightly with AOT concentration (from ca. 79
to 83 °C over an AOT concentration range from 25 to 100 mM).
Another point to be addressed is the thermoreversibility — as
mentioned, melted gels could be re-solidified upon cooling back
to room temperature. However, if a gel was heated well beyond
T (e.g., to about 90 °C), a precipitate formed in the sample
and it did not reform upon cooling. This irreversible precipitation
could be due to the thermal degradation or hydrolysis of the
precursor molecules (AOT or SDC) at these high temperatures.

Another interesting property of AOT-SDC organogels is that
they are very sensitive to water, and thereby to humidity. The
addition of trace quantities of water is enough to liquefy the gel.
Similarly, if a sample vial is left open and thereby exposed to
atmospheric humidity for a few hours, the gel will often melt.
Such sensitivity to moisture has been noted before by John and
co-workers'®! for their AOT organogels that were induced by
phenoliccompounds. This behavior strongly implies that hydrogen
bonding is the driving force for self-assembly and gel formation —
the action of water in disrupting the gel can then be attributed to
the disruption of hydrogen bonds by water molecules.'®*

Gel properties: linear rheology

We used dynamic rheological techniques to study the onset and
evolution of AOT-SDC gels as a function of composition. Our

initial focus will be on the linear sample response at low strain
amplitudes and as a function of frequency. Fig. 3 shows trends
as a function of SDC content at fixed AOT — data are shown
at 20 °C for samples in cyclohexane containing 10 mM AOT.
Note that a 10 mM solution of AOT alone in cyclohexane
contains spherical reverse micelles and its viscosity is close to
that of the solvent. Fig. 3a shows that adding just 0.5 mM of
SDC (Xspc = 0.05) converts the AOT micellar solution into
a viscoelastic fluid. In this case, the elastic modulus G’ exceeds
the viscous modulus G”at high frequencies, indicating elastic
behavior, whereas G” exceeds G’ at low frequencies, indicating
viscous behavior. The crossover of G' and G” occurs at
a frequency w = 0.01 rad s~! and the inverse of this frequency
gives a characteristic relaxation time of 100 s for this sample.
Note that this kind of dynamic spectrum is typical of transient
entangled networks (e.g., of polymer chains or wormlike micelles
in solution).'” Increasing the SDC content to 0.75 mM does not
change the nature of the response, but the entire frequency
spectrum shifts upward to higher moduli. Also, at low frequen-
cies below the crossover point, the slopes of G' and G” become
closer to each other, which indicates the onset of gel formation.?!
As the SDC concentration is increased to 1 mM (Xspc = 0.1),
the dynamic rheological response becomes characteristic of an
organogel (Fig. 3c). Here G’ is nearly independent of frequency
and exceeds G” over the entire range of frequencies, indicating
that the gel is an elastic material with an infinite relaxation
time (and thereby an infinite viscosity)."”*' The level of G
characterizes the strength and stiffness of the gel, and can be
termed the gel modulus.!”3!

Next, we describe trends in rheology as a function of the
overall (AOT + SDC) concentration. These experiments were
done at a constant SDC : AOT ratio, Xspc = 0.2. Data at
20 °C for a series of these samples in cyclohexane are shown in
Fig. 4. We observe that combining just 2.5 mM AOT with
0.5 mM SDC gives rise to a strongly viscoelastic solution
(Fig. 4a). Here, G’ and G” cross at a frequency w = 0.004 rad
s~!, indicating a relaxation time of 250 s for the sample. As the
concentration is increased to 5 mM AOT and 1 mM SDC
(Fig. 4b), we find the onset of a gel-like response. Note again
that G’ is frequency-independent and exceeds G’ over the
frequency range, i.e., the sample satisfies the strict rheological
definition of a gel.'”?! Increasing the concentration to 7.5 mM
AOT and 2.5 mM SDC makes the gel stronger, i.e., the value of
G’ becomes higher (Fig. 4c). The above rheological data thus
show that very low concentrations of AOT and SDC are enough
to produce organogels. Fig. 5 shows the scaling of gel modulus G’

0.5 mM SDC 0.75 mM SDC 1 mM SDC
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Fig. 3 Dynamic rheology at 20 °C of three AOT-SDC mixtures in cyclohexane, each containing 10 mM AOT and with varying SDC concentrations
(indicated on the plots). Each plot shows the elastic modulus G’ (circles) and the viscous modulus G” (triangles) as functions of frequency .
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Fig. 4 Dynamic rheology at 20 °C of three AOT-SDC mixtures in cyclohexane with a constant molar ratio of SDC : AOT = 0.2 and with varying
overall concentration. The composition of each sample is indicated on the corresponding plot. Each plot shows the elastic modulus G’ (circles) and

the viscous modulus G” (triangles) as functions of frequency .
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Fig. 5 Elastic modulus at 20 °C of AOT-SDC mixtures in cyclohexane
as a function of the total amphiphile volume fraction ¢. The SDC : AOT
molar ratio is 0.15 in all these samples. The solid line through the data
corresponds to a scaling of G' ~ ¢!,

with overall volume fraction ¢ of the amphiphiles (AOT + SDC)
for a molar ratio Xgpc = 0.15. G’ increases with ¢ according to
a power law with an exponent of 2.1. This exponent is close to
that found for gels of semiflexible biopolymers such as actin,
where the values range from 2.0 to 2.2.3

Gel properties: non-linear rheology (strain-stiffening)

We now briefly discuss the non-linear rheology of AOT-SDC
organogels, ie., their response at high deformations exceeding
the linear viscoelastic regime. Fig. 6 shows the dependence of
elastic modulus G’ on strain-amplitude y at a constant frequency
of 10 rad s7'. Data are shown for gels with different (AOT +
SDC) concentrations and a constant Xspc = 0.15. In the low-
strain regime (y < 0.3), G’ is a constant (= Gy), representing
the linear response. As the strain-amplitude of the deformation
is increased, there is an increase in G’ to a maximum value (=
Gmax) followed by an abrupt decrease. This increase in G’ vs. v
is termed strain-stiffening or strain-hardening or strain-thick-
ening by different researchers.'’"* Note that an increase with
strain-amplitude is also seen for G”, but the focus is usually on
G’ since it is the parameter that most correlates with the network
structure. Similar behavior is also seen at other frequencies as
well. Fig. 6 also shows that the magnitude of the strain-stiffening
effect (i.e., the ratio Gn.,/Gp) is higher at lower amphiphile
concentrations. As the AOT-SDC network becomes more dense
(e.g., at overall concentrations exceeding 25 mM), strain-stiff-
ening becomes negligible.

I\Illlli T HIIIII‘ T IHIIII[

10 & AOT/SDC (mM)

20/3

G' (Pa)

15/2.25

10/1.5

LR |
vl

0.01 0.1 1 10
Strain Amplitude (y,)

Fig. 6 Strain-stiffening response at 20 °C of AOT-SDC samples in
cyclohexane (SDC : AOT molar ratio = 0.15 in all cases). All samples
show an increase in their elastic modulus G’ over a range of strain
amplitudes, i.e., they exhibit strain-stiffening.

To put strain-stiffening in perspective, it is worth noting that
most polymeric or colloidal networks generally show strain-thin-
ning, where G’ decreases with vy beyond the linear regime.!”
Strain-thinning can be understood to occur due to the deforma-
tion-induced rupture of the physical bonds in the network.!”
Strain-stiffening, on the other hand, is unusual because it implies
that the network becomes stiffer when it is deformed compared to
its stiffness at rest.!* In effect, the tendency to stiffen makes the
network become more resistant to rupture. Interestingly, strain-
stiffening has been seen in a range of soft biological materials
(e.g., blood clots, cornea, blood vessels) and biopolymer
networks, leading some researchers to speculate that the added
resistance at large deformations is a material property that has
useful biological relevance.' A model system for laboratory
studies on strain-stiffening has been gels of F-actin.'*** Signifi-
cantly, actin gels show the same trends as a function of concentra-
tion as seen in Fig. 6, i.e., the magnitude of strain-stiffening in
these gels drops with increasing actin concentration.'>!3

Gel structure: SANS

Finally, we turn to SANS to elucidate the microstructure of
AOT-SDC gels. For these experiments, samples were made in
deuterated cyclohexane (these samples were identical to those
in cyclohexane). The AOT concentration was fixed at a relatively
low value of 20 mM so as to minimize interactions (structure
factor effects) between the assemblies. SANS spectra (I vs. q)
for 20 mM AOT solutions containing varying amounts of
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Fig. 7 SANS data from samples in deuterated cyclohexane containing
20 mM AOT and different SDC concentrations. The solid curves through
the data are fits to appropriate models (see text for details).

SDC (from 0 to 5 mM) are shown in Fig. 7. It is clear that the
addition of SDC causes a dramatic increase in the low-q scat-
tering, while there are slight (but important) changes at higher
q as well. The increase in low-g scattering is consistent with
a transformation of spherical AOT micelles into elongated struc-
tures (note also the asymptotic slope of —1 at low ¢, which is
indicative of cylinders).?® Thus, SANS confirms the growth of
filamentous structures upon addition of SDC to AOT solutions.

Further insight can be obtained by modeling the SANS data
using appropriate form factors (eqn (1)-(4)). Model fits are
shown as solid lines through the data in Fig. 7, and we focus
on the data at ¢ > 0.01. First, for the case of AOT alone in cyclo-
hexane, we can adequately model the micelles as spheres (eqn (1))
with radii of 16 A, in agreement with other studies.'® As SDC is
added, we expect the spheres to grow into cylinders; however, we
cannot fit the SANS data for AOT-SDC samples assuming
cylinders alone to be present (eqn (2)) (in particular, the fits
break down at high ¢, where SANS mainly probes the cross-
section of the micelles). We therefore hypothesize that the
AOT-SDC samples contain co-existing populations of spherical
micelles and cylindrical filaments. This can be rationalized if we
assume that at these low molar ratios of SDC : AOT, the SDC
collects in only some of the AOT spherical micelles, which in
turn grow while the rest remain intact. Accordingly, we use
eqn (4) to model the data, and this yields excellent fits. From
the fit parameters (Table 1), we infer that all samples contain
co-existing spheres with radii of 16 A (consistent with pure
AOT micelles) and cylinders of radii 22 A. With increasing
SDC, the key parameter that changes is the fraction of cylinders,
which increases from 0 (no SDC) to 60% (at SDC = 5 mM). In
turn, an increasing fraction of cylindrical filaments correlates
with the onset of gel-like behavior in the sample.

Table 1 Parameters from SANS modeling of AOT + SDC samples in
d-cyclohexane. The AOT concentration is 20 mM in all samples

[SDC)mM RJA? RJA? b ol =1 — ¢,
0 16 — 1 0

1 16 22 0.97 0.03

2 16 22 0.81 0.19

4 16 22 0.57 0.43

5 16 22 0.40 0.60

“ Ry: radius of spheres. b R.: radius of cylinders. ¢ ¢: volume fraction of
spheres. ¢ ¢.: volume fraction of cylinders.

[SDC] (mM)

p(r) (A.U.)

vl b b bra 1

0 100 200 300 400 500

Fig.8 Pair distance distribution functions p(r) obtained by IFT analysis
of the SANS data shown in Fig. 7 for 20 mM AOT + SDC samples in
deuterated cyclohexane.

The notion of co-existing spherical micelles and cylindrical
filaments might appear unusual, although a similar idea has
been proposed earlier for other AOT-based organogels.”* To
further substantiate this claim, we have resorted to modeling
the SANS data in a different way, using the IFT technique.
This method allows SANS data to be analyzed without assuming
a priori if spheres or cylinders are present.”” Pair distance
distribution functions p(r) from IFT are shown in Fig. 8 for
the I(g) data from Fig. 7. For the pure AOT solution, p(r) is
symmetrical, and this is typical of spherical micelles.?” The point
where p(r) meets the x-axis gives the micelle diameter, which is
33 A in this case, in good agreement with the value obtained
above. Next, we examine how p(r) changes upon addition of
SDC. Note that if only cylinders are present, p(r) should show
an inflection point followed by a linear decrease to zero at a value
of r equal to the cylinder length.?”** However, the p(r) curves for
AOT-SDC mixtures are not consistent with either spherical or
cylindrical structures alone. For example, the p(r) for | mM
SDC initially tracks the symmetrical curve of pure AOT, but
then it has a further tail that extends up to 270 A. Likewise,
the p(r) curves for 2 and 4 mM SDC have inflection points at
36 and 45A, respectively, followed by shoulders at higher values
of r and eventual drops to zero above 400 A. These complex p(r)
curves imply a co-existence of spheres and cylinders, although it
is difficult to deconvolute their individual sizes.?* Nevertheless,
IFT does offer model-independent confirmation for the presence
of two distinct types of structures in AOT-SDC samples, in
agreement with our direct SANS modeling. Why do only some
AOT spherical micelles grow into cylindrical filaments? The
answer is discussed in the next section, where we also explain
why the value of cylinder radius of 22 Ais significant.

Discussion

We have shown using SANS that the bile salt, SDC transforms
spherical AOT micelles into cylindrical filaments. As the SDC :
AOQOT ratio is increased, the number density of these filaments
increases and so does their length. When the filaments are
sufficiently numerous and long, we believe they form a highly
interpenetrated and entangled network, leading to gel-like
behavior of the sample.** Note that there is no evidence for
any other types of physical or chemical cross-links in
AOT-SDC networks. Such gel formation simply by entangle-
ment of long, semi-flexible filaments is directly analogous to
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that occurring with biopolymers such as actin®*? (in the absence
of cross-linking proteins). One might argue that the filaments in
both AOT-SDC and actin networks will indeed relax by repta-
tion at extremely long times since they are not constrained by
cross-links. However, for all practical purposes the samples
behave as gels, ie., as permanent networks,>3? and they also
satisfy the rheological definition of a gel'”! (Fig. 3 and 4).

Structure of AOT-SDC filaments

Given that AOT-SDC samples behave as gels due to the
presence of filaments, we still need to explain why SDC induces
these filaments to form. Also, why do filaments co-exist with
spherical micelles, as suggested by SANS? To answer these ques-
tions, we need to know how SDC molecules are distributed
within the filaments. Being insoluble in non-polar solvents,
SDC can either orient next to the AOT molecules at the inter-
face, or it could arrange in the core of the filament. If the SDC
were oriented at the interface, the radius of the filament would
be close to that of AOT spherical micelles (i.e., 16 A). However,
from SANS, we estimated a larger filament radius of 22 A (ie.,
diameter of 44 A). We suggest that this larger radius can be
explained only by assuming that the SDC molecules are stacked
in the filament core and surrounded by AOT molecules. This
scenario is depicted in Fig. 9 and it envisions that SDC molecules
are arranged with their hydrophilic faces close to the AOT head-
groups while their hydrophobic faces are directed towards the
center of the filament. Thus, the core of AOT micelles provides
a hydrophilic environment in which SDC can stack, with the
driving force being the strong hydrogen bonding between AOT
headgroups and the hydroxyl groups on the outer face of SDC.

AOT-SDC cylinders

WA L
e“.- 0

Fig. 9 Schematic of the structures formed when AOT and SDC are
added to non-polar liquids (oils). AOT is represented as a molecule
with a head and two tails, while SDC is represented as a facial amphi-
phile. AOT alone tends to form spherical reverse micelles in oil. When
small amounts of SDC are added, the SDC preferentially segregates in
some of these spheres, causing their transformation into long cylinders.
The remaining AOT spheres remain intact and coexist with the cylinders.
Based on their radii from SANS, the cylinders are expected to comprise
stacks of SDC surrounded by AOT molecules.

The above model for AOT-SDC filaments can be used to
explain several aspects. First, we mentioned earlier that among
all the bile salts we have studied (the others being sodium
cholate, sodium taurocholate, and sodium taurodeoxycholate),
SDC is the only one that induces AOT to form organogels.
SDC is known to be one of the most hydrophobic bile salts,
and significantly, it is the only bile salt that can directly form
a hydrogel in water.?** This gel has been shown to consist of
helical fibrils formed by the stacking of SDC molecules.’**
Thus, SDC has a proven tendency to stack, and the radius of
its fibrils was determined to be about 9 A by X-ray diffraction.’®
Combining the above fibril radius with the length of a fully
extended AOT molecule (13 A), we obtain a net figure of 22 A,
which nicely matches with the filament radius from SANS
modeling. This agreement supports the structural model in
Fig. 9. It also follows from this model that the binding of SDC
to AOT must be a highly co-operative process, i.e., for a filament
to form, there has to be a sufficient number of SDC molecules in
the core. This readily explains why filaments must co-exist with
native AOT micelles; in other words, only a few spheres can
grow into filaments when only a few SDC molecules are present
(i.e., at low SDC : AOT molar ratios). All in all, we believe the
unique ability of SDC to stack and form fibrils is a key to its
organogel-inducing ability.

Similarities with actin gels

Finally, it is worth summarizing all the features that are shared
between AOT-SDC organogels and actin hydrogels. Structur-
ally, both materials are gels simply due to the entanglement of
long, semiflexible filaments.>3* No other cross-linking agents
are necessary to yield a gel, although in the case of actin, the
addition of cross-linking proteins can further strengthen the
gel.>¢ Both gels are formed at very low concentrations of
precursor molecules (less than 0.2 wt% or 2 mg mL™").>7 In
both cases, the initial structures present are spheres (AOT
micelles vs. G-actin monomers) that transform into filaments
upon appropriate conditions. Interestingly, in the case of actin
also, a co-existence of filaments and spheres is known to occur
during its assembly, quite similar to that shown in Fig. 9.%%
Actin filaments are also known to be semiflexible, ie., their
persistence length /, is comparable to their contour length.>”
Although, we have not measured /, for AOT-SDC filaments,
our hypothesis for their structure (with the planar and rigid
steroidal rings of SDC in the core, Fig. 9), suggests that these
filaments should also be quite rigid.

Actin and AOT-SDC gels have similar properties as well.
Both gels show a persistent birefringence, reminiscent of
a nematic fluid,? although it is more likely to reflect the shear-
induced creation of aligned domains that are trapped within
the network.** Both actin and AOT-SDC gels also exhibit
similar rheological response in the linear regime, and their gel
moduli scale with concentration in similar ways.*? Lastly, both
types of gels exhibit strain-stiffening, ie., their gel moduli
increase with strain amplitude.""* Even the variation in the
magnitude of strain-stiffening with concentration (Fig. 6) are
similar for the two classes of gels.'*'* Currently, the origin of
strain-stiffening is a matter of debate and at least two mecha-
nisms have been put forward.'’'* Both mechanisms, however,
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correlate strain-stiffening with the intrinsic rigidity of network
filaments. If this is correct, it reiterates that AOT-SDC filaments
must be quite rigid, much like actin filaments. Indeed, the rigidity
imparted by steroidal bile salt molecules to AOT filaments is
analogous to the rigidification of lipid bilayers by addition of
steroidal cholesterol.*

Conclusions

We have shown that the addition of the bile salt, sodium deoxy-
cholate (SDC) to AOT reverse micellar solutions induces a tran-
sition from low-viscosity liquids to elastic and rigid organogels.
Organogel formation can be induced by very small (millimolar)
amounts of SDC. SANS measurements show that the addition
of SDC progressively transforms spherical AOT micelles into
long, semiflexible filaments. The gel is believed to form by the
entanglement and interpenetration of these filaments within
a volume-filling network. Based on SANS data, we suggest
that the filaments consist of an AOT shell surrounding a core
of planar and rigid SDC molecules, with the AOT and SDC
connected by hydrogen bonds. AOT-SDC gels share many
properties with gels of biopolymers such as actin, including their
birefringence, gel-like linear rheology, and strain-stiffening in
non-linear rheology.
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