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ABSTRACT: It has been known that the addition of bile salts
to lecithin organosols induces the formation of reverse
wormlike micelles and that the worms are similar to long
polymer chains that entangle each other to form viscoelastic
solutions. In this study, we further investigated the effects of
different bile salts and bile acids on the growth of lecithin
reverse worms in cyclohexane and n-decane. We utilized
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rheological and small-angle scattering techniques to analyze the properties and structures of the reverse micelles. All of the bile
salts can transform the originally spherical lecithin reverse micelles into wormlike micelles and their rheological behaviors can be
described by the single-relaxation-time Maxwell model. However, their efficiencies to induce the worms are different. In contrast,
before phase separation, bile acids can induce only short cylindrical micelles that are not long enough to impart viscoelasticity.
We used Fourier transform infrared spectroscopy to investigate the interactions between lecithin and bile salts/acids and found
that different bile salts/acids employ different functional groups to form hydrogen bonds with lecithin. Such effects determine the
relative positions of the bile salts/acids in the headgroups of lecithin, thus resulting in varying efliciencies to alter the effective
critical packing parameter for the formation of wormlike micelles. This work highlights the importance of intermolecular

interactions in molecular self-assembly.

1. INTRODUCTION

It is well known that amphiphilic molecules beyond a critical
concentration in water can self-assemble into characteristic
structures, such as micelles and vesicles, of diverse shapes and
sizes."” The aqueous self-assembly of amphiphiles is recognized
to be driven primarily by hydrophobic interactions (i.e., water
molecules revert to a disordered state and gain entropy when
the hydrophobes of amphiphilic molecules are buried in the
cores of micelles). The self-assembly of amphiphiles can also
occur in low-polarity organic liquids (“oils”), and this is referred
to as reverse self-assembly."” Different from aqueous solutions,
the driving forces for this type of self-assembly are in general
the attractive forces, such as hydrogen bonding interactions,
between hydrophilic groups. This effect originated from the
tendency of enthalpy toward a minimum. Compared to self-
assembly in water, much less is known about reverse self-
assembly.>~"

Wormlike micelles are cylindrical chains that grow to lengths
of several micrometers while maintaining a local flexibility.
These micelles can be formed in both water and oils.'>'* The
self-assembly of reverse wormlike micelles in oils has been
pioneered by Luisi and co-workers.'>~*° The first examples of
such micellar systems were ternary mixtures of lecithin—water—
0il.'® Lecithin is a zwitterionic phospholipid with two
hydrocarbon tails (Figure 1), which, when added alone to oil,
form reverse spherical or ellipsoidal micelles.” When a small
quantity of water is added to these fluids, the micelles grow
axially into flexible cylinders. The added water is believed to
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bind lecithin through hydrogen bonds and alters the geometry
of the amphiphile to favor the formation of cylinders.**" The
growth of these micellar chains and their subsequent
entanglements into a transient network transform the sample
from a low-viscosity species to a viscoelastic one."®*° In turn,
the zero-shear viscosity 7, is enhanced by several orders of
magnitude relative to that of neat lecithin solutions. In addition
to water, other polar solvents such as formamide, glycerol, and
ethylene glycol are also capable of making such a trans-
formation.”

Different from conventional liquid additives, bile salts, a class
of naturally occurring solid steroidal amphiphiles, have been
shown to induce the same effects.*">*** Bile salts are insoluble
if directly added to oils but can be solubilized in the presence of
lecithin because of intermolecular hydrogen bonds between bile
salts and lecithin. Bile salts play a role analogous to that of
liquid additives and promote the longitudinal aggregation of
lecithin molecules into reverse micellar chains. The molar ratio
of bile salt to lecithin (denoted by B,) is the key parameter in
dictating reverse micellar growth. Recently, some more lecithin-
based reverse wormlike micellar systems induced by solid
substances have been reported.”* > In general, the low
solubility of additives in oils and strong interactions between
additives and lecithin are prerequisite for their addition,
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Figure 1. Molecular structures of soybean lecithin, bile salts, and bile
acids used in this study.

whether liquid or solid, to induce lecithin reverse worms. Their
molecular interactions and resulting arrangements in reverse
micelles, however, are still not clear.

In the present study, we conducted a comprehensive
investigation on the effects of various bile salts as well as
their counterparts—bile acids in oils. The bile salts/acids
studied in this work are illustrated in Figure 1. The common
feature in the chemical structure of bile salts/acids is a
characteristic steroid structure with a rigid, nonplanar fused ring
and a carboxylic acid group that may be conjugated with amino
acids such as taurine and glycine. Furthermore, different bile
salts/acids contain different numbers (one to three) and
positions of hydroxyl groups attached to these rings. Because
the hydroxyl groups lie on the same side of the ring, bile salts
are an unusual class of facial amphiphiles with hydrophilic and
hydrophobic faces that are different from those of regular
surfactants with hydrophilic heads and hydrophobic tails.””
Although all of the bile salts/acids are derivatives of steroids
and similar in chemical structure, their abilities to induce
lecithin reverse worms are significantly different. Because of the
similarities in molecular structure, bile salts/acids can serve as
model molecules to clarify the role of each main functional
group, and this study will demonstrate that the interplays
between bile salts/acids and lecithin are crucial for the growth
of reverse lecithin micelles.

Lecithin—bile salt interactions are of general interest because
of their physiological functions and biomedical applica-
tions.”*>* Bile salts form mixed micelles with lecithin and
other lipids in aqueous solutions, and physiologically, the mixed
micelles help to emulsify fats in intestines for enzymes to
digests the fats.?**3° Also, bile salts have been known to
partition into phospholipid bilayers and alter membrane
properties, such as the permeability to divalent cations and
the surface potential, and may even disrupt cell membranes
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from light scattering,35 small-angle neutron scattering,‘?’éﬁ'7 and

HPLC® techniques have shown that bile salts and lecithin tend
to aggregate into rodlike micelles in water at a certain lecithin—
bile salt ratio and concentration. However, the detailed
interactions between bile salts and phospholipids are difficult
to study because of the disturbance due to the presence of
water. The present low-polarity solvents provide a nearly water-
free platform to elucidate the strengths and the binding sites of
the intermolecular hydrogen bonds. We will show that a slight
change in substituent groups on bile salts/acids may greatly
influence the intermolecular interaction, and it is such an
interaction that determines the molecular arrangements in oils
and thus regulates the reverse self-assembly behavior.

2. EXPERIMENTAL SECTION

2.1. Materials. Soybean lecithin (95% purity) containing 97.2 wt %
phosphatidylcholine and 2.8 wt % lysophosphatidylcholine was
purchased from Avanti Polar Lipids, Inc. The fatty acid distribution
of the lecithin is shown in Figure S1 in the Supporting Information,
mostly consisting of those with 18 carbons with 2 double bonds, as
drawn in Figure 1. The bile salts—sodium cholate (SC, >99%),
sodium deoxycholate (SDC, >97%), sodium taurocholate (STC,
>97%), and sodium taurodeoxycholate (STDC, >95%)—and the bile
acids, cholic acids (CA, >98%), and deoxycholic acid (DCA, >99%)
were purchased from Sigma-Aldrich. Cyclohexane (>99.5%) and n-
decane (>99%) were purchased from J. T. Baker and Alfa-Aesar,
respectively. Deuterated cyclohexane (99.5% D) was obtained from
Cambridge Isotopes.

2.2. Sample Preparation. Bile salts and bile acids are insoluble in
cyclohexane and n-decane. To facilitate sample preparation, they were
first premixed with lecithin in methanol, a common solvent for all of
the chemicals. Lecithin, bile salts, and bile acids were dissolved in
methanol to form 200, 100, and 100 mM stock solutions, respectively.
Samples of the desired composition were prepared by mixing the stock
solutions. Methanol was removed by drying in a vacuum oven at 50 °C
for 48 h, and solid mixtures of lecithin and bile salts/acids were
formed. The final samples with the desired concentrations were
obtained by adding cyclohexane or n-decane to the solid mixtures,
followed by stirring until the solutions became transparent and
homogeneous. The above procedure also ensured the elimination of
removable residual water from the sample and thereby facilitated
reproducible sample preparation. Samples were equilibrated for at least
3 days before measurements.

2.3. Rheological Studies. Steady and dynamic rheological
experiments were performed on an AR2000EX stress-controlled
theometer (TA Instruments). Samples were run on cone-and-plate
geometries (40 mm diameter/4° cone angle). The plates were
equipped with a Peltier-based temperature control, and all samples
were studied at 25 + 0.1 °C. A solvent trap was used to minimize the
evaporation of solvent. Dynamic frequency spectra were conducted in
the linear viscoelastic regime of the samples, 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 Neutron and X-ray Scattering (SANS and
SAXS). SANS measurements were made on the NG-7 beamline at
NIST in Gaithersburg, MD. Neutrons with a wavelength of 6 A were
selected. Two sample—detector distances, 1.3 and 13.2 m, were used
to obtain data over a range of wave vector q from 0.004 to 0.4 A™".
Deuterated cyclohexane (d-cyclohexane) instead of protonated
cyclohexane was used as the solvent to enhance the scattering
contrast. Scattering spectra were corrected and placed on an absolute
scale using NIST calibration standards. SAXS measurements were
conducted on the BL23Al beamline at the National Synchrotron
Radiation Research Center (NSRRC), Taiwan.*®> A monochromatic
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beam of 4 = 1.240 A was used. The scattering patterns were collected
on a Mar-CCD with a diameter of 165 mm over a q range from 0.007
to 0.3 A™". Samples were studied at 25 °C. The data are shown as plots
of the absolute intensity I versus q = 4z sin(ﬁ/z)//l, where 4 is the
wavelength and @ is the scattering angle.

2.5. SANS and SAXS Modeling. Modeling of SANS and SAXS
data was conducted using the analysis package provided by NIST with
IGOR Pro software.*® For dilute solutions of noninteracting scatterers,
the SANS or SAXS intensity I(q) can be modeled in terms of the form
factor P(q) of the scatterers

1(q) = cAp*P(q) + B (1)

where ¢ is the total concentration, Ap is the excess scattering length
density, and B is the background. In this study, we consider form factor
models for flexible cylinders. The form factor for semiflexible chains of
contour length L, Kuhn length b, and cross-sectional radius R can be
represented as the product of cross-sectional form factor Pcg and

: . 1,42
wormlike chain form factor Pyc:*"*

P(q) = Rs(q, R) Pyc(g, L, b) ()

The cross-sectional form factor Pcg can be approximated by the
following expression, which is valid for cylindrical chains,

Pcs(‘i» R) = [%]

©)
where J(x) is the first-order Bessel function given by
sin x — x cos x
Mo = T e

For cylinders with a polydisperse radius, the form factor should be
averaged over the radius distribution in the following manner

Pcs(% Ro) = /f(R) Pcs(q» R)dR (s)

where R, is the average cylinder radius. The polydispersity in cylinder
radius f(R) is accounted for by a Schulz distribution

z+1 LZ R
T R

e
I'(z+1) R 0

where I' is the gamma function and z is a parameter related to the

width of the distribution. The polydispersity index py, is given by

1

Jz+1 (7)

The form factor Py for a wormlike chain with excluded-volume
interactions is detailed in the paper by Pedersen and Schurtenber?ar,”'2
where it was originally derived, and then modified by Chen et al.* The
parameters used in the fitting procedures included ¢, L, b, R, p,, Ap,
and B.

2.6. Fourier Transform Infrared Spectra (FT-IR). FT-IR spectra
were recorded in transmission mode with a PerkinElmer Spectrum 100
model FT-IR spectrometer. Liquid samples of 100 mM lecithin with
30 mM bile salts/acids in cyclohexane were loaded into a CaF, cell
(0.05 mm thickness) and analyzed over a range of wavenumbers from
4000 to 1000 cm™ at 25 °C. Each spectrum was collected under an
accumulation of 16 scans at 1 cm™' resolution. Pure solvents in the
CaF, cell were taken as background references before measuring
sample spectra.

z+1
RO

o =

by

3. RESULTS AND DISCUSSION

3.1. Rheology. We first focus on the rheological behavior of
lecithin—bile salts/acids in n-decane. Figure 2 shows the zero-
shear viscosity 77, of solutions containing 100 mM lecithin and
various concentrations of four bile salts in n-decane at 25 °C,
where B, is the molar ratio of bile salts to lecithin. The values of
1o were obtained from steady-shear rheological experiments in
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Figure 2. Zero-shear viscosity 7, of lecithin—bile salt mixtures in n-
decane at 25 °C as a function of By, the molar ratio of bile salts to
lecithin, with the lecithin concentration held constant at 100 mM. For
all of the bile salts, the viscosity increases dramatically with B, until
B,™™ is reached, where the sample flows very slowly in the overturned
vial. After By™, the sample phase separates into two coexisting liquid
phases. Note that the efficiency to enhance viscosity is in the order of
SC > SDC > STC > STDC.

the limit of low shear rates. For all four bile salts, 7, increases
dramatically as B, increases. All of these solutions are
transparent and isotropic below a critical ratio By™™. At By™™,
1o reaches its maximum and samples flow very slowly in
inverted vials because of their high viscosity. Above By™,
samples phase separate into two isotropic liquid phases, one
nonviscous and the other viscous. The lower, viscous phase
contains most of the lecithin and bile salts, and the upper,
nonviscous phase is a dilute solution. Similar behavior can be
found in cyclohexane, as shown in Figure S2 in the Supporting
Information.

The viscoelasticity of lecithin—bile salt samples was
characterized by dynamic rheology. Figure 3 shows the dynamic
rheological data (ie., elastic modulus G’ and viscous modulus
G") as functions of frequency @ for samples containing 100
mM lecithin at By™ for the four bile salts at 25 °C. The data
clearly reveal the viscoelastic response of these four samples. At
high @ or short time scales, the samples show elastic behavior,
with G approaching a plateau and dominating G”. On the
other hand, at low @ or long time scales, the samples show
viscous behavior, with G” exceeding G’ and the slopes of G’
and G” being close to 2 and 1, respectively, on the log—log plot.
In Figure 3, we also show fits to G'(w) and G"(w) using a
Maxwell model with a single relaxation time:

G aoztR2
G'(w) = — 2, 2
1+ o'ty (8)
G wt
" p 'R
G'(w) = 2, 2
1+ oty ©)

Here, G, is the plateau modulus (i.e., the value of G’ in the
high-frequency limit). The Maxwell model fits the data
reasonably well at low and intermediate frequencies, but
there is a discrepancy at high frequencies, which has been
attributed to the effect of a more rapid Rouse motion. This
confirms that a single relaxation time dominates the rheological
response of these samples. The dominant relaxation time t; of
these viscoelastic samples can be estimated as 1/w,, where @, is
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Figure 4. (a) SAXS and (b) SANS spectra for lecithin—bile salt mixtures in protonated and deuterated cyclohexane, respectively, at 25 °C. The
lecithin concentration is 20 mM in all samples. B, values for SC, SDC, STC, and STDC are 0.4, 0.4, 0.7, and 0.7, respectively. Model fits are shown as

solid lines through each data curve.

the frequency at which G’ and G” cross. Maxwell fluidlike
behavior is indicative of entangled wormlike micelles.** The
viscoelastic behaviors of lecithin—bile salt reverse worms in
cyclohexane are shown in Figure S3 in the Supporting
Information.

In Figure 2, an interesting observation is that B,™ values of
the four bile salts are different, in increasing order 0.14, 0.16,
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0.28, and 0.32 for SC, SDC, STC, and STDC, respectively. The
By™* values of the bile salts bearing a taurine group (STC and
STDC) are about twice as high as those without taurine (SC
and SDC), and the values of cholic-type salts are slightly
smaller than those of deoxycholic-type salts. We also mixed
lecithin with bile acids CA and DCA in n-decane. However, the
viscosity was only slightly increased to ~0.5 Pa-s, and the
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Table 1. Parameters from SAXS and SANS Modeling of Lecithin—Bile Salt Samples

av radius R, (A) polydispersity py Kuhn length b (&) Contour length L (A)
sample (B,) SAXS SANS SAXS SANS SAXS SANS SAXS SANS
SC (0.4) 13.1 20.2 0.12 0.17 280.9 + 0.3 218.3 + 1.6 946.7 + 1.7 17200 + 11.3
SDC (0.4) 132 19.7 0.10 0.16 3333 + 04 251.8 + 22 694.7 + 1.1 1386.4 + 10.0
STC (0.7) 12.7 19.6 0.10 0.18 230.6 + 0.2 349.5 + 24 1278.6 + 34 789.6 + 3.5
STDC (0.7) 13.1 19.5 0.14 0.18 276.5 + 0.3 3174 + 22 11749 + 3.7 6383 + 2.7

samples were still liquid-like, even though the By™™ values of
CA and DCA, 0.32 and 0.46, respectively, are higher than those
of bile salts. Very similar results were obtained in cyclohexane,
B, &~ 0.4, 0.45, 0.8, and 0.85 for SC, SDC, STC, and STDC,
respectively.”! The difference is that the B,™* values in
cyclohexane are larger than those in n-decane, which has been a
general observation in all lecithin-based wormlike micellar
systems. The different B,™ values for bile salts/acids are
associated with the strengths of intermolecular interactions and
will be discussed in the FT-IR section.

Figure 2 also reveals that the efficiencies of the four bile salts
in inducing the formation of wormlike micelles are quite
different, in the order of SC > SDC > STC > STDC. When the
viscosities of SC and SDC samples reach their maxima, STC
and STDC samples are still low-viscosity liquids. It has been
shown that the growth of lecithin micelles induced by bile salts
is caused by the change in effective molecular geometry as a
result of the fact that bile salts insert into lecithin headgroups
and consequently expand headgroup areas while tail areas
remain unchanged.21 Following this argument, cholic-type salts,
which contain one more hydroxyl group on the steroid ring and
thus possess larger molecular volumes, are reasonably more
efficient than deoxycholic-type salts. However, it is puzzling
that the taurine-based bile salts are less efficient at inducing
wormlike micelles, taking into account that the molecular
volumes of taurine-based bile salts are larger than those of the
bile salts without taurine. Furthermore, it is still mysterious that
bile acids can lead only to short cylindrical micelles that are
unable to impart viscoelasticity before phase separation,
considering that the chemical structures of bile acids are so
similar to those of corresponding bile salts. A more detailed
mechanism based on where exactly bile salt/acid molecules are
incorporated into the headgroups of lecithin will be provided to
explain these phenomena and will be discussed later in this
Article.

3.2. SAXS and SANS. SAXS and SANS experiments were
performed on lecithin—bile salt solutions to elucidate micellar
structures. SAXS data were obtained using protonated
cyclohexane as the solvent, and SANS data were obtained
using deuterated cyclohexane, both at 25 °C. The lecithin
concentration was fixed at 20 mM, and the values of B, selected
for the measurements were 0.4, 0.4, 0.7, and 0.7 for SC, SDC,
STC, and STDC, respectively, which are near By™™ of each bile
salt in cyclohexane to ensure the formation of wormlike
micelles.>' I (q) plots are shown in Figure 4, and the intensities
of the plots are rescaled for clarity. SAXS (Figure 4a) and SANS
(Figure 4b) data of all four bile salts show a power-law behavior
close to I ~ g~ (slope of —1 on the log—log plot) at
intermediate g, which is the scaling relationship expected for
cylindrical structures.*!

We have fitted a form-factor model for flexible cylinders with
a polydisperse radius to the SAXS and SANS data, and the fits
are shown in Figure 4 as solid lines through the data. Both
SAXS and SANS data could be well fit by the model, indicating
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the presence of wormlike micelles in the solutions. The slight
discrepancy at low q for SANS data could be due to the
polydispersity of the contour length of worms. The parameters
from the modeling are shown in Table 1. From the fit
parameters, the radii of the wormlike micelles induced by
different bile salts are nearly the same but the values obtained
from SAXS, ~13 A, are smaller than those from SANS, ~20 A.
The overlap of SAXS and SANS curves in the high-q range
shown in Figure S4 in the Supporting Information confirms the
very similar radii of the worms.

The scattering of X-rays arises from the interactions of
incident X-rays with electrons in samples. Thus, SAXS
measurements reflect the contrast of electron density between
scatters and their surroundings, which, in the present case, is
presumably the contrast between the hydrophilic headgroups
(with bound bile salts) and the hydrophobic hydrocarbon tails
of lecithin. The independence of the radius on the types of bile
salts implies that bile salt molecules are mostly distributed
within lecithin headgroups. In contrast, neutrons are scattered
by atomic nuclei in samples so that SANS intensity profiles
result from the contrast between the hydrogen atoms on
lecithin/bile salts and the heavier deuterium atoms on the
solvent (i.e., d-cyclohexane in the present study). Cyclohexane
is excluded from the hydrophilic headgroups and may only
penetrate and swell the outer portion of lecithin tails, which
explains why the radii measured from SANS are larger. It has
been shown that as the micelles grow upon addition of bile salt
(SDC) from oblate ellipsoids to cylinders and then to worms,
the cylinder radius remains constant and identical to that of the
minor axis of the oblate,’ unlike the addition of salts with
multivalent cations such as Ca®* and La**, which effectively
forces the tails into a more straightened conformation and gives
rise to an increase in the cylinder radius.” Similar radii from
SANS indicate that the bile salts have no significantly different
effects on the conformation of lecithin tails. The Kuhn length b
shown in Table 1 is in the range of 200—350 A, which is
consistent with the values from the Holtzer (or bending rod)
plot, as shown in Figure S$ in the Supporting Information. The
larger contour lengths L compared to Kuhn lengths imply that
the cylindrical micelles are flexible.

3.3. FT-IR. SAXS data suggest that bile salts are bound in
headgroup areas of lecithin. The interactions between lecithin
and bile salts, more specifically, the hydrogen bonding
interactions, must play an important role in the structural
transformation. The interplay between lecithin and bile salts
has been widely studied in aqueous solutions because of the
physiological importance. Now we focus on oil systems and the
interactions were studied using FT-IR. It has been shown that
the primary sites on lecithin headgroups for forming hydrogen
bonds are the phosphate groups (OPO™).*® The frequency of
asymmetric phosphate stretching on lecithin in low-polarity
organic solvents is near 1260 cm™), and the band shifts to lower
frequency (ie., a red shift) when hydrogen bonded.**® Figure
S shows the FT-IR spectra in the range of 1300—1200 cm ™" for
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Figure 5. FT-IR absorption bands of phosphate groups (OPO~) on
lecithin for lecithin—bile salt/acid mixtures in cyclohexane at 25 °C.
The lecithin concentration is 100 mM, and B, is 0.3 for all of the bile
salts/acids.

samples with 100 mM lecithin and 30 mM bile salts or bile
acids (B, = 0.3) in cyclohexane. Pure lecithin in cyclohexane
shows a phosphate absorption band at 1261 cm™. A shoulder
at around 1250 cm™' is the signal of phosphate groups
hydrogen bonded with a trace of bound water that cannot be
removed by drying.”' When mixed with bile salts and bile acids,
in addition to the 1261 cm™' band, absorption bands of
hydrogen-bonded phosphate groups become pronounced. The
peak positions are 1253, 1253, 1251, 1252, 1249, and 1250
ecm™ for SC, SDC, STC, STDC, CA, and DCA, respectively.
Because of the low B, of 0.3, only partial phosphate groups are
hydrogen bonded. This is why the 1261 cm™ band of non-
hydrogen-bonded groups can still be seen. Comparing the
absorption areas of the two bands, the 1261 cm™" band is still
notable for SC and SDC whereas it diminishes and instead the
hydrogen-bonded band dominates the absorption for STC,
STDC, CA, and DCA samples.

The changes in the peak positions and the absorption areas
suggest that the strengths of hydrogen-bonding interactions of
DA and DCA are the strongest, followed by those of STC and
STDC, and those of SC and SDC are the weakest. The
carboxylic acids on DA and DCA and the amide groups on
STC and STDC are strong hydrogen-bond donors. Therefore,
CA and DCA form stronger hydrogen bonds with phosphate
groups on lecithin primarily through the carboxylic acids while
STC and STDC do so through the amide groups. For SC and
SDC, the hydroxyl groups on the steroid rings are the only
weak hydrogen-bond donors, and thus the changes in the FT-
IR bands are the smallest. The strength of hydrogen-bonding
interactions explains the observation that a greater amount of
bile acids (CA and DCA) and taurine-based bile salts (STC and
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STDC) can be incorporated into lecithin solutions than those
of SC and SDC before phase separation, as the trend in By™
values shown in Figure 2. The functional groups on bile salts
and bile acids that form hydrogen bonds with lecithin and their
relative positions are depicted in Figure 8.

In addition to phosphate groups, the carbonyl groups (C=
O) on lecithin may form hydrogen bonds with bile salts or bile
acids. The stretching frequency of C=O groups on lecithin in
low-polarity organic solvents is near 1740 cm™.** In the
widely studied lecithin—water—oil systems, it has been shown
that this absorption band shifts to lower frequency because of
the formation of hydrogen bonds with water. However, the
shift is small compared to that of phosphate stretching bands,
and marked shifts are detected only at high water/lecithin
molar ratios w. It has been concluded that the hydrogen bonds
between water and C=O are relatively weak and water
molecules interact with C=0O only after the phosphate groups
are fully hydrated. Returning to the present systems, FT-IR data
in the range of 1770—1710 for lecithin—bile salt/acid samples
with B, = 0.3 are shown in Figure 6. Pure lecithin in

lec-DCA

lec-CA

lec-STDC

lec-STC

lec-SDC

lec-SC

lecithin

Transmittance

1770 1740 1710
Wavenumber (cm'1)

Figure 6. FT-IR absorption band of carbonyl group C=0 on lecithin
for lecithin—bile salt/acid mixtures in cyclohexane at 25 °C. The
lecithin concentration is 100 mM, and By is 0.3 for all of the bile salts/
acids. The bands are slightly blue-shifted for STC, STDC, CA, and
DCA mixtures.

cyclohexane gives a C=0 stretching band at 1740 cm™". When
mixed with SDC and SC, the bands are unchanged. However,
although the changes are very small, we could consistently
observe that the maximum absorptions appear between 1740
and 1741 cm™ for STC and STDC and at 1741 cm™" for CA
and DCA (i.e., a blue shift for taurine-based bile salts and bile
acids). Opposite to the red shift in lecithin—water—oil systems,
the bands remain the same or even shift to higher frequency in
the present systems.
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Pure lecithin in low-polarity organic solvents, such as
cyclohexane, has been shown to form reverse spherical micelles
where lecithin molecules are organized in a closely packed
In such a micellar state, there would be an
intermolecular dipole—dipole interaction between C=O
groups, which would lead to a red shift of the C=0O stretching
bands.*” In other words, the band of C=0 stretching observed
in cyclohexane (i.e., 1740 cm™ shown in Figure 6) is not the
band of isolated lecithin molecules. To examine the interactions
of lecithin molecules in an isolated form, we used methanol as a
solvent in which lecithin molecules would not aggregate if the
concentrations were not particularly high. The FT-IR data of
100 mM lecithin in methanol are shown in Figure 7. The
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Figure 7. Comparison of the FT-IR absorption bands of carbonyl
group C=0 on lecithin in methanol and cyclohexane at 25 °C. The
lecithin concentration is 100 mM.

maximum in the C=O absorption profile appears at 1744
cm™, which is higher than that in cyclohexane. Although
lecithin is capable of forming hydrogen bonds with the hydroxyl
group on methanol, methanol molecules prefer to form
hydrogen bonds with other methanol molecules rather than
with lecithin molecules.*® Thus, the 1744 cm™ band can be
reasonably assigned to the isolated lecithin molecules that are
not hydrogen bonded, and the shoulder around 1725 cm™" is
the absorption given by a small number of lecithin molecules
hydrogen bonded to methanol.

Back to the lecithin—bile salt/bile acid cases, the unchanged
C=0 bands in SC and SDC mixtures indicate that SC and
SDC have trivial effects on the C=0O groups of lecithin. The
blue shifts for STC, STDC, CA, and DCA, however, imply a
net effect of isolation of lecithin molecules. In other words,
STC, STDC, CA, and DCA molecules insert between C=0
groups and work as a spacer to separate lecithin molecules. The
separation effect dominates the weak hydrogen-bonding
interactions between C=O groups and bile salts/acids that
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are supposed to cause a red shift. Moreover, the FT-IR data in
Figure 6 reveal that such separation effects are more
pronounced for bile acids (DA and DCA) than for taurine-
based bile salts (STC and STDC). The FT-IR results provide
important information about the mechanism for the formation
of lecithin reverse worms as described below.

3.4. Mechanism. We now have a clearer picture about how
bile salts/acids interact with lecithin so as to explain the
counterintuitive micellization behavior: (i) larger taurine-based
bile salts (STC and STDC) are less efficient at inducing long
wormlike micelles and (ii) similarly structured bile acids (CA
and DCA) are unable to induce long-enough wormlike micelles
to cause viscoelasticity. As interpreted from the FT-IR data
shown in Figure 5, STC and STDC make use of amide groups
whereas CA and DCA employ carboxylic acids to form
hydrogen bonds with phosphate groups on lecithin, which
means that the steroid rings on these four molecules insert
more deeply into the lecithin tails than do those of SC and
SDC, whose hydrogen bond donors are on the steroid rings.
This argument is supported by the blue shift of lecithin C=0
bands in STC, STDC, CA, and DCA samples shown in Figure
6 as a result of the insertion of steroid rings that separate C=0
groups. In contrast, the steroid rings of SC and SDC are
restricted around the phosphate groups by hydrogen bonds,
and thus the molecules are located mostly on the very end of
lecithin headgroups. The relative positions of lecithin—bile
salts/acids are depicted in Figure 8.

It is known that the shape of the self-assembled structure
formed by amphiphiles is governed by the effective molecular
geometry, which can be simply expressed by the critical packing
parameter p = v/ ayoli,y, where vy, is the tail volume, ay,, is the
headgroup area, and I is the tail length. The ratio v/l can
be converted to tail area ay,j, namely, p = a,,3/ap,. " In organic
solvents, the formation of reverse micelles requires a packing
parameter p well in excess of 1, and for reverse spherical
micelles to grow into reverse cylindrical micelles, the packing
parameter p must decrease. All of the bile salts and bile acids
can bind the phosphate groups of lecithin and increase the
headgroup area ay, thus leading to a net effect of decreasing p.
Their efficiencies to decrease p, however, are dependent on the
location of bile salts/acids relative to lecithin. In the cases of SC
and SDC, bile salt molecules concentrate in the areas next to
the phosphate and choline groups of lecithin (Figure 8). apg 18
largely increased whereas a,; is maintained about the same and
thus p decreases quickly with increasing amounts of SC and
SDC. For STC and STDC, the molecules are longer and the
amide groups form hydrogen bonds with the phosphate groups
so that their steroid rings are extended into the glycerol ester
areas. Although aj,, is increased, ay,; is also slightly increased. In
other words, the efficiency to decrease p is lower than that of
SC and SDC, and this is why more STC and STDC is required
to reach the viscosity maximum. Note that the missing OH of
STDC is the one in the middle of the steroid rings, not the one
on the end. The OH group at this position may still increase ay,,
more than a,; so that STC is more efficient than STDC.
Following the same argument, bile acids CA and DCA, which
are mostly distributed around the areas of phosphates and
glycerol esters so that they are less able to expand the choline
areas, are supposed to have very low efficiencies to decrease p,
and this is the reason that they are unable to induce sufliciently
long wormlike micelles before phase separation.

The findings in this work inspired us to answer an unsolved
problem in the widely studied lecithin—water—oil reverse
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Figure 8. Schematic of hydrogen bonds formed between lecithin and bile salts/acids and the relative molecular positions in oils. Lecithin is shown as
a molecule with a blue head and two red tails, and the bile salts/acids are schematically represented as facial amphiphiles. When bile salts/acids bind
to the lecithin headgroups, their positions relative to lecithin are dependent on the groups that form hydrogen bonds. SC and SDC are more efficient
at expanding headgroup areas whereas STC, STDC, CA, and DCA are less efficient because of their steroid rings inserting into the areas of glycerol

esters on lecithin. Here, p is the critical packing parameter.

wormlike micellar systems. It has been shown that when water
is added to a lecithin organosol, the viscosity increases to a
maximum at a certain water/lecithin molar ratio wy,™* whereas
further addition of water typically causes a decrease in viscosity,
followed by phase separation."®*° This is qualitatively different
from the behaviors with bile salts. Such a phenomenon has
been correlated with the formation of branched wormlike
micelles above w,™™, as inferred from the scaling dependences
of rheological parameters.*” FT-IR studies, however, may tell
another story. Previous FT-IR studies have shown that water
molecules initially prefer to bind phosphate groups of lecithin
and the viscosity dramatically increases with w,, and after
phosphates groups are completely hydrated, excess water
molecules begin to interact with C=0 groups. Coincidently,
the shift of the C=O stretching band becomes noticeable
when the samples experience a significant decrease in
viscosity.”* On the basis of those reported FT-IR results
and the support from the present study, we would like to
suggest an alternative explanation: above wy™™, because of the
insertion of excess water molecules into the glycerol ester area,
Ay is increased while ay, is fixed at the fully hydrated level and
thus p is increased, which in turn gives rise to a gradual
transformation of the long wormlike micelles back to shorter

ones. Therefore, a decrease in viscosity is observed.
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4. CONCLUSIONS

In this study, various bile salts and acids were incorporated into
lecithin organosols, and the efficiency to induce reverse
wormlike micelles from high to low was found to be regular
bile salts (SC and SDC), taurine-based salts (STC and STDC),
and then bile acids (CA and DCA). We have demonstrated that
the positions of the primary groups on bile salts/acids that form
hydrogen bonds with lecithin are the key to modulating the
self-assembly. Although bile acids and taurine-based bile salts
interact more strongly with lecithin and taurine-based bile salts
are even larger in size, they are less eflicient at inducing reverse
worms compared to regular bile salts. This is because in order
to form the most stable hydrogen bonds, bile acid and taurine-
based bile salt molecules must go deeply into the glycerol ester
areas of lecithin, which, in terms of the critical packing
parameter, reduces the net effect of expanding effective
headgroup areas, and thus the tendency to form long worms
is prohibited. This work successfully correlates molecular
interactions with molecular self-assemblies and also rheological
behavior. Although they were focused on oil systems, the
experimental methods and the results shown here may inspire
research into biomolecular interactions as well as serve as a
guideline for the self-assembly of amphiphiles.
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