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ABSTRACT: The co-assembly of oppositely charged amphiphiles provides a fascinating
approach for forming complex supramolecular structures, which are interesting from both
fundamental and technological viewpoints. Here, we report a stepwise morphology
transformation of co-assembled supramolecular structures in the aqueous mixture of
lithocholic acid (LCA) and cetyltrimethylammonium bromide (CTAB) at mixed molar
ratios of 1:1 and 2:1. The co-assembly of LCA and CTAB initially forms multilamellar
vesicles followed by the spontaneous growth of membrane tubes from the vesicles. The
vesicle-to-tube transition is accompanied by a fluidic-to-crystalline phase transition. After
being aged, the membrane tubes twist into left-handed helices, which then intertwine into
left-handed double helices and multihelix bundles. The single handedness of these
supramolecular structures is a reflection of the amplification of the chirality of LCA. An
understanding of the co-assembly mechanism and pathway is a key step toward
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producing supramolecular structures with distinguished morphologies.

Bl INTRODUCTION

Molecular self-assembly through multiple noncovalent inter-
actions, a ubiquitous phenomenon in nature, has emerged as a
powerful strategy for forming ordered supramolecular
structures at multiple length scales."”” Amphiphiles are a class
of relatively simple molecules that are known to self-assemble
into a variety of ordered supramolecular structures with well-
defined morphologies such as micelles, vesicles, fibers, ribbons,
and tubes, which are of great promise for technological and
medical applications.”™”

Bile acids are a chiral and facial amphiphile with a
hydrophobic convex side and a hydrophilic concave side,
which are synthesized in the liver from cholesterol and then
secreted into the intestine, where they solubilize dietary lipids
by forming mixed micelles.” Besides their biological
importance, the self-assembly behavior of bile acids in aqueous
solution has also attracted great interest.”'® It was reported
that bile acids could self-assemble into primary micelles
through the hydrophobic interaction between their hydro-
phobic sides, which could further aggregate to form the
secondary micelles through the hydrogen binding of primary
micelles.” The capability of these bile acid micelles for
encapsulating both polar and nonpolar drugs made them
suitable as drug delivery vehicles."”'” Recent studies also
showed that bile acids and their derivatives could self-assemble
into other ordered supramolecular structures such as helical
ribbons,"*~"* nanotubes,'™"® and spherulites'® by controlling
the condition under which the self-assembly occurred.
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The co-assembly of oppositely charged amphiphiles opens a
simple way to tune the morphology of supramolecular
structures by modifying the balance of multiple noncovalent
interactions.”’™** It is known that the hydrophobic/hydro-
philic balance of bile acids varies due to their structural
diversities. Cholic acid (CA), deoxycholic acid (DCA), and
lithocholic acid (LCA) are differ from each other in the
number of hydroxyl groups on their steroid skeleton. The
order of the hydrophobicity is LCA > DCA > CA.>> The
hydrophobicity of bile acids has a significant impact on their
assembly with classical amphiphiles with a flexible, hydro-
phobic tail and a hydrophilic head. For example, the co-
assembly of CA and cetyltrimethylammonium bromide
(CTAB) in aqueous solution could produce spherical micelles,
while the co-assembly of DCA and CTAB led to the spherical-
to-cylindrical micelle transition.”* Recently, the vesicle-to-
helical ribbon transition was reported in the salt-free system of
LCA and cetyltrimethylammonium hydroxide (CTAOH) at
the equimolar ratio with the decrease of temperature.” In this
paper, we report the co-assembly of LCA and CTAB in
ammonium solution at mixed molar ratios of 1:4, 1:2, 1:1, and
2:1. The multilamellar vesicles from the co-assembly of LCA
and CTAB at mixed molar ratios of 1:4 and 1:2 were found to
be stable at room temperature for months, while the
spontaneous growth of membrane tubes from the multilamellar
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vesicles formed by the co-assembly of LCA and CTAB at
mixed molar ratios of 1:1 and 2:1 was observed. After being
aged at room temperature, the membrane tubes twisted into
left-handed helices, which further intertwined into left-handed
double helices and multihelix bundles. The structure and
morphology of these supramolecular structures were charac-
terized.

B EXPERIMENTAL SECTION

Materials. Lithocholic acid (LCA, >98%), cetyltrimethylammo-
nium bromide (CTAB, >99%), and ammonium solution were
purchased from Sigma-Aldrich. Water used in our experiments was
purified with an Easypure II system (18 MQ cm, pH 5.7). Holey
Formvar films were from SPI supplies. Si wafer was purchased from
University Wafer. Glass slides and cover glass slides were from Fisher
Scientific.

Sample Preparation. LCA was mixed with CTAB in ammonium
solution at mixed molar ratios of 1:4, 1:2, 1:1, 2:1, and 4:1 in which
the concentration of LCA was always kept at 1 mM. The mixed LCA/
CTAB solution was sonicated at ~50 °C in an ultrasonic bath
(Branson 1510, Branson Ultrasonics Co.) for 30 min and then cooled
down to room temperature. After being aged in sealed glass vials, a
drop of the mixed solution was placed on substrates for character-
izations.

Characterization. For optical microscopy measurements, a 100
UL drop of mixed solution was placed on a glass substrate followed by
adding a cover glass slide on the top of the drop. The initial thickness
of the confined vesicle solution film was estimated to be ~10 ym by
moving the focus plane of an optical microscope from the bottom
glass substrate to the upper glass slide. Optical microscopy images
were captured with a digital camera (C2020 Zoom, Olympus)
mounted on an optical microscope (Olympus BX). Scanning electron
microscopy (SEM) images were taken with a Zeiss Ultra-S5 FEG
SEM operated at 20 kV. Transmission electron microscopy (TEM)
measurements were performed on a JEOL TEM-1011 operated at 100
kV. Tapping mode atomic force microscopy (AFM) images were
taken by a Dimension 3100 from Veeco Instruments in which a
silicon nitride cantilever (nanosensors) with a spring constant of 30
N/m and a resonant frequency of 260 kHz was used. X-ray diffraction
was recorded with a Rigaku D/max diffractometer with Cu Ka
radiation (4 = 1.542 A) operated at 40 kV and 30 mA. Fourier
transform infrared (FTIR) spectra were taken with a Perkin-Elmer
(100) spectrometer operating at 4 cm™" resolution.

Numerical Simulation. The twisting behavior of membrane
tubes was simulated by the finite element code ABAQUS in which the
membrane tubes were simulated as a neo-Hookean hyperelastic
material (Method S1) with an external diameter of 1 g#m and a wall
thickness of 50 nm. Shell elements were used in the simulations.
During the simulation process, torque was applied to both ends of
membrane tubes with varied shear moduli (Figure S1).

B RESULTS AND DISCUSSION

The molecular structures of LCA and CTAB are shown in
Figure la,b, respectively. CTAB is a cationic amphiphilic
molecule with a critical micelle concentration of ~1.0 mM.*
LCA is a secondary bile acid with a rigid, planar steroid
skeleton and a carboxyl group linked to the steroid skeleton
through a short alkyl chain. The critical micelle concentration
of LCA is ~1.0 mM.® We found that the co-assembly of LCA
and CTAB in 6% ammonia solution at mixed molar ratios of
1:4, 1:2, 1:1, and 2:1 formed microsized vesicles in which LCA
concentration was kept constant (1.0 mM). Figure 1c shows an
optical microscopy image of microsized vesicles formed in the
mixed LCA/CTAB solution with a molar ratio of 1:1 after 30
min of aging. The high-magnification optical microscopy image
of the vesicles revealed that they were multilamellar with
several bilayers (Figure 1d). We also noted that the
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Figure 1. Chemical structure of (a) LCA and (b) CTAB. (c) Low-
and (d) high- magnification optical microscopy images of mixed
LCA/CTAB vesicles formed at a molar ratio of 1:1 in 6% ammonia
solution. (e) Scheme of a possible arrangement of LCA and CTAB in
multilamellar vesicles.

multilamellar vesicles were able to fuse into large vesicles
when they collided (Figure S2), suggesting that LCA and
CTAB components were in a fluidic phase.

In the absence of LCA, transmission electron microscopy
(TEM) images showed the formation of micelles with a
diameter of ~5 nm in 1 mM CTAB solution (Figure S3a). The
observed diameter of CTAB micelles is slightly larger than that
measured with dynamic light scattering in aqueous solution.*®
The increased diameter is likely due to the flattening of CTAB
micelles after being dried on substrates for TEM measure-
ments. In the absence of CTAB, we observed the formation of
straight nanotubes with an external diameter of ~60 nm and a
wall thickness of ~7 nm in 1 mM LCA solution (Figure S3b).
The adsorption of CTAB vesicles on the external surface of
LCA nanotubes was observed when 0.5 mL of vesicle solution
was mixed with 5 mL of nanotube solution (Figure S3c). The
controlled experiment suggests that the multilamellar vesicles
shown in Figure lc are a result of the co-assembly of LCA and
CTAB. The molecular structure of LCA is significantly
different from that of CTAB. The length of LCA from its
hydroxyl to its carboxyl group (~1.5 nm) is shorter than that
of CTAB (~2.1 nm) in a fully extended conformation. In the
mixed LCA/CTAB vesicles, the hydrophobic steroidal skeleton
of LCA is expected to insert into the bilayer wall of vesicles and
interacts with the hydrophobic tail of CTAB (Figure le) in
which the COO— group of LCA interacts electrostatically with
the head group of CTAB.

After the mixed LCA/CTAB solution with a molar ratio of
1:1 was aged for 2 h at room temperature, membrane tubes
with a diameter of ~1.0 ym grew from early formed vesicles
(Figure 2a). They were stable without retraction even after
being dried on substrates (Figure 2b). The membrane tubes
showed uniform birefringence when they were viewed between
two crossed polarizers (Figure 2c), suggesting that they had an
extended crystalline wall (Figure 2d). It was reported that
membrane tubes could be pulled from large vesicles by
applying external forces.”’~*° However, the growth of
membrane tubes from mixed LCA/CTAB vesicles was a
spontaneous process without external forces. To elucidate the
vesicle-to-tube transition mechanism in mixed LCA/CTAB
solution, we changed the mixed molar ratio of LCA and CTAB
and showed that there was a threshold molar ratio for the
vesicle-to-tube transition. At mixed molar ratios of 1:4 and 1:2,
which corresponded to lower LCA concentrations, the early
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Figure 2. (a) Optical microscopy and (b) SEM images of the growth
of membrane tubes from mixed LCA/CTAB vesicles formed at a
molar ratio of 1:1 in 6% ammonia solution. (c) Polarizing optical
image of membrane tubes. (d) Scheme of the growth of a membrane
tube from a vesicle. The direction of polarizer (P) and analyzer (A) is
indicated with arrows shown in (c).

formed multilamellar vesicles from the co-assembly of LCA
and CTAB were stable after 1 month of aging (Figure S4a,b),
while the multilamellar vesicles formed at mixed molar ratios of
1:1 and 2:1, which corresponded to higher LCA concen-
trations, were unstable. The spontaneous growth of membrane
tubes from the vesicles formed at mixed molar ratios of 1:1 and
2:1 was observed after 2 and 1 h of aging, respectively. When
the mixed molar ratio was increased to 4:1, short membrane
tubes with a length of 3—4 ym were observed within 30 min of
aging (Figure S4c). The fusion of mixed LCA/CTAB vesicles
shown in Figure S1 suggests that LCA and CTAB have a
fluidic phase. The strong birefringence of membrane tubes
indicates that LCA and CTAB form a crystalline phase. Thus,
we hypothesize that the fluidic-to-crystalline (disorder-to-
order) phase transition may be responsible for the vesicle-to-
tube transition. The spontaneous growth of membrane tubes
from vesicles was also reported in mixed cholesterol/
phospholipid solution with the increase of cholesterol
compositions.3 22

After 1 week of aging at room temperature, early formed
vesicles at mixed molar ratios of 1:1 and 2:1 disappeared.
Helical structures (single helices, double helices, and multihelix
bundles) were observed (Figure SS). The closer examination
with an optical microscope showed that membrane tubes
periodically twisted along their long axis into helices with a
pitch of ~16 pum (Figure 3a). SEM images revealed that helical
tubes were left-handed (Figure 3b). Occasionally, we observed
that helical tubes were partially broken (Figure 3c), which
revealed their hollowness nature. The wall thickness of the
helical tube, which was measured from the high-magnification
SEM image shown in Figure 3d, was ~50 nm. X-ray diffraction
revealed that the tube wall had a regular bilayer stacking with a
d spacing of ~4.1 nm (Figure 4a), which is near twice the
length of CTAB in its fully extended conformation (Figure
2d). Figure 4b shows the Fourier transform infrared spectrum
(FTIR) of helical membrane tubes. The absorption peaks at
2850 and 2920 cm ™' correspond to the stretching of the CH,
in the alkyl chain of CTAB and LCA. The absorption peak at
1035 cm™' can be assigned to the stretching of the C—N of
CTAB. The absorption peaks at 1550~ and 1700 cm™" in the
carbonyl stretching region can be assigned to the stretching
vibration of the COO- and COOH groups of LCA,
respectively. This result suggests the coexistence of deproto-
nated and protonated LCA in helical membrane tubes. The
pK, value of LCA depends on local environments. It was
reported that the pK, value of LCA was ~7.0—8.4 in crystalline
monolayers.”> LCA in helical tubes should be deprotonated in
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Figure 3. (a) Optical microscopy and (b) SEM images of a mixed
LCA/CTAB helical membrane tube formed at a molar ratio of 1:1 in
6% ammonia solution after 1 week. (c) SEM image of a partially
broken helical membrane tube. (d) Enlarged SEM image of the
broken region of the helical membrane tube shown in (c).
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Figure 4. (a) X-ray diffraction and (b) FTIR spectrum of mixed
LCA/CTAB helical membrane tubes formed at a molar ratio of 1:1 in
6% ammonia solution after 1 week.

ammonia solution. However, the hydrolysis of NH," may
increase the acidity of the solution, which turns some of
deprotonated LCA molecules to protonated LCA molecules. It
was reported that the nonassociated COOH group showed an
absorption peak at ~1750 cm™’, and the association of COOH
groups through a hydrogen bond showed a peak at ~1700
cm~1.>* Based on the FTIR data, we infer that the COOH
group of the protonated LCA forms hydrogen bonding with
the COOH or OH group of neighboring protonated LCA. The
COO- group of the deprotonated LCA interacts electrostati-
cally with the head group of CTAB in the helical membrane
tubes. Mesoscale simulations showed that the shape of one-
dimensional supramolecular structures of chiral amphiphiles
was determined by the balance between their elasticity and
chirality.” The cooperation of hydrophobic interaction,
hydrogen binding, and electrostatic interaction of LCA and
CTAB is expected to contribute the elasticity of membrane
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Figure S. Simulated twisting of membrane tubes with shear moduli of 2, 12, 20—30, 40, and 60 MPa. The von Mises stress is indicated by color

contours.

tubes. Our results suggest that the chiral interaction of LCA is
able to provide sufficient energy to compensate for their elastic
penalty to twist membrane tubes into helices.

To assess the elastic properties of membrane tubes, we
simulated the twisting of membrane tubes with a diameter of 1
pum and a wall thickness of 50 nm under torque with the finite
element code ABAQUS. During the simulation process, we
varied the shear modulus of membrane tubes. Figure 5 shows
the twisting behavior of modeled membrane tubes with shear
moduli of 2, 12, 20—30, 40, and 60 MPa. The color shown in
these twisted tubes is an indication of the von Mises stress.
The twisting of membrane tubes with shear moduli of 1, 12,
40, and 60 MPa under torque was localized. A uniform twisting
along the long axis of membrane tubes was observed for the
modeled tubes with a shear modulus of 20—30 MPa. The
simulation suggests that the membrane tubes from the co-
assembly of LCA and CTAB have a shear modulus in this
range. It was also clear from Figure S that the maximum stress
appeared at the twisted sites where the membrane tube was
significantly deformed.

Apart from single helical tubes, a significant amount of left-
handed double helices was also observed. The analysis of SEM
images of helical structures formed from the co-assembly of
LCA and CTAB in 6% ammonia solution at a mixed molar
ratio of 1:1 showed that ~80% of them was double helices.
Figure 6a shows an optical microscopy image of a double helix
consisting of two intertwined membrane tubes. The double
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Figure 6. (a) Optical microscopy and (b) SEM images of mixed
LCA/CTAB double helices consisting of two helical membrane tubes
formed at a molar ratio of 1:1 in 6% ammonia solution after 1 week.
(c) Optical microscopy images of selected double helices with a
similar diameter but different lengths.

helix showed a high-fidelity braid pattern,*® which originated
from the 2D projection of two intertwined membrane tubes.
The pitch of the double helix was ~16 ym, which is close to
the pitch of the single helix shown in Figure 3a. In many cases,
we observed the separation of two single helical tubes from the
end of a double helical tube (Figure 6b). It was also clear from
Figure 6b that both single and double helical tubes were left-
handed. The same handedness reflects the amplification of the
chirality of LCA in these supramolecular structures. The
double helices showed a wide distribution in their lengths.
However, the pitch of the double helices with the diameter
remained near the same (Figure 6c¢).

Figure 7a shows an optical microscopy image of two double
helices, which are oriented at ~35° to each other. When these
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Figure 7. (a) Unpolarizing and (b) polarizing optical microscopy
images of two mixed LCA/CTAB double helices formed at a molar
ratio of 1:1 in 6% ammonia solution after 1 week. The direction of
polarizer (P) and analyzer (A) is indicated with the arrows shown in

(b).

double helices were viewed between crossed polarizer (P) and
analyzer (A), they showed periodic birefringent patterns
(Figure 7b). The birefringence patterns reflect the change of
the crystalline direction of double helices with respect to the P
direction or A direction. The double helix 1 was oriented at
~25° with respect to the P direction, and the double helix 2
was oriented at ~60° with respect to the P direction. The
untwisted regions of the double helix 1 appeared dark in Figure
8b, suggesting that their crystalline direction was either parallel
or perpendicular to the P direction, for example, at ~25° with
respect to the long axis of the helix 1. The twisted regions of
the double helix 2 appeared dark in Figure 8b, suggesting that
their crystalline direction was either parallel or perpendicular
to the P direction, for example, at 60° with respect to the long
axis of the helix 2. These results also indicate that the twisting
changes the crystalline direction of membrane tubes by ~35°.

Occasionally, we observed the alignment of double helices
by moving the air—water interface as water evaporated at room
temperature. Figure 8a shows an optical microscopy image of a
double helix located at the water phase of the air—water
interface. The evaporation of water caused the movement of
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Figure 8. Optical microscopy images of the moving air—water
interface across a mixed LCA/CTAB double helix formed at a molar
ratio of 1:1 in 6% ammonia solution. The enlarged optical microscopy
image of the end of the double helix is inserted in (c).

the air—water interface in which the double helix reoriented
and aligned perpendicularly with respect to the interface
(Figure 8b). Interestingly, the portion of the aligned double
helix in the water phase side becomes unwind. The unwinding
continuously proceeded along the double helix as the air—
water interface swept through it (Figure 8b,c). The inset of
enlarged optical microscopy in Figure 8c shows two parallel
packed tubes. The moving air—water interface of a liquid film
on substrates was used to stretch coiled DNA®"** and align
lipid tubes.”” The technique is referred as “molecular
combing”.36 In our case, the end of the double helix, which
poked through the moving air—water interface, adhered on
glass substrates. The surface tension of the moving air—water
interface exerted a force on the double helix locally at the
interface. The force (F) is proportional to the surface tension
(y) of the air—water interface: F = 2dy cos 0, where d is the
radius of the double helix, and @ is the contact angle of water
on the double helix. In our case, y = 72 mN/m and d = ~0.5
um. 0 is expected to be very low because the surface of double
helices is hydrophilic. Thus, it is reasonable for us to assume
cos @ =~ 1. Given these parameters, we estimated the force
exerted on the double helix to be 0.226 X 10~°mN, which
unwound the double helix.

When 100 pL of tube solution placed on a glass substrate
was diluted by adding S0 uL of water, we observed the
separation of double helices. Figure 9a shows an optical
microscopy image of a double helix, which was taken § s after
the addition of water. The separation of the double helix from
its end was observed 10 s after the addition of water (Figure
9b), which was clearly evident by the enlarged optical
microscopy image inserted in Figure 9b. Two helical tubes
completely separated ~20 s after the addition of water (Figure
9¢c). Over time, the separated helical tubes were recombined
into a double helix (Figure 9d). It was reported that the
intertwining of helical nanotubes into bundles could minimize
their interaction energy.40 In solution, ammonium ions are
expected to screen the charge of helical membrane tubes.
However, when tube solution is diluted with water, the
concentration of ammonium ions decreases. Thus, the
electrostatic repulsion of helical membrane tubes causes
them to separate from double helices. When water evaporates,

10pm 10pm

Figure 9. Optical microscopy images of the separation and
combination of a double helix in solution. The images were taken
(a) S5, (b) 105, (c) 205, and (d) 50 s after the addition of water. The
enlarged optical microscopy image of the end of the double helix is
inserted in (b).

the concentration of ammonium ions in tube solution
increases. The charge of helical membrane tubes is screened
by ammonium ions, which leads to the recombination of
helical tubes to minimize their interaction energy.
Furthermore, we carried out the co-assembly of LCA and
CTAB with a mixed ratio of 1:1 in 1% and 20% ammonia
solution. The pH value of these ammonia solutions is above
11. In 1% ammonia solution, we observed the formation of
vesicles, which were stable over time (Figure S6a). There was
no membrane tube observed for a week. The formation of
helical membrane tubes was observed in 20% ammonia
solution (Figure S6b). However, they often combined to
form large helical bundles with a pitch of ~24 um due to the
charge screening of helical membrane tubes by ammonium
ions. The small percentage of multihelix bundles was also
observed in 6% ammonia solution after 1 month of aging. The
multihelix bundles showed a brush-like end (Figure 10a). The
enlarged optical microscopy image revealed that the inter-
twined range of the multihelix bundles showed a regular braid
pattern with a uniform pitch of ~40 ym (Figure 10b) and the
brush-like end consisted of several helical tubes and double

Figure 10. (a) Optical microscopy image of a multiple helix bundle in
6% ammonia solution after 1 month. Enlarged optical microscopy
image of (b) intertwined range and (c) brush-like end of the
multihelix bundle. (d) Topography and (e) amplitude mode AFM
images of a section of a multiple helix bundle.
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helices with different pitches (Figure 10c). The brush-like end
is likely a result of the mismatching of the helical pitch of
membrane tubes, which prevents them to intertwine. Figure
10d shows a topography mode AFM image of a section of a
multihelix bundle in which individual membrane tubes in the
bundle were not clearly resolved due to the tip size effect. The
handedness of the multihelix bundle was better resolved in the
corresponding amplitude mode AFM image, which confirmed
that the bundle consisted of three left-handed helical
membrane tubes (Figure 10e).

B CONCLUSIONS

We report a stepwise morphology transformation of supra-
molecular structures in mixed LCA/CTAB solution over time.
The co-assembly of LCA and CTAB in ammonium solution at
mixed molar ratios of 1:1 and 2:1 forms multilamellar vesicles
followed by the spontaneous growth of membrane tubes. The
vesicle-to-tube transition is accompanied by a fluidic-to-
crystalline phase transition. After being aged, the membrane
tubes periodically twist along their long axis into left-handed
helices, which then intertwine to form left-handed double
helices and multihelix bundles. The single handedness of these
supramolecular structures reflects a stepwise amplification of
the chirality of LCA. The helical supramolecular structures
may be potentially used as templates to synthesize chiral
inorganic materials.
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