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ABSTRACT: The self-assembly behavior of the naturally
occurring steroidal bile compounds cholic, deoxycholic, ursodeox-
ycholic, and lithocholic acid was studied by combining atomic
force microscopy (AFM), polarized optical microscopy (POM),
Fourier-transform infrared spectroscopy (FTIR), absorption
spectroscopy (UV−vis), circular dichroism (CD), and wide-
angle X-ray scattering (WAXS). Molecular solutions of these
mono-, di-, and trihydroxyl substituted bile acids spontaneously
evolved into supramolecular aggregates upon the incremental
addition of H2O as a poor solvent. Highly crystalline nano-
structured multilayered assemblies were formed, which revealed a
very rich polymorphism of micro- and macro-structures depend-
ing on the chemical structure of the bile acid and the properties of the cosolvent (EtOH or DMSO) used. In particular, AFM
allowed resolving the crystalline structure to an unprecedented level. It was thus possible to establish that bile acids associate into
H-bonded chiral dimer building blocks, which organize in 2D layers of nanostructured lamellar surface topologies with unique
facial amphiphilicity. The detailed understanding of the hierarchical organization in bile acid assemblies may contribute to
develop strategies to design bioinspired materials with tailor-made nanostructured surface topologies.

■ INTRODUCTION
Bile acids (BAs) are naturally occurring steroidal biodetergents,
having diverse physiological functions in biologically relevant
processes.1,2 BAs consist of a chiral saturated tetracyclic
steroidal skeleton containing one or more hydroxyl groups
(OH), connected to a short chiral aliphatic chain with a
carboxylic end group.3 The cis configuration of the rings, which
imposes a slight curvature of the rigid steroidal backbone,
combined with the polar OH groups pointing toward the center
of the concave α-face, and with the apolar methyl groups on the
convex β-face, creates a unique facial amphiphilicity.3

The self-assembly of BAs in aqueous solutions is driven by
both hydrophobic association of the apolar β-faces and H-
bonding interactions from the OH groups on the polar α-faces
and acid groups.4 The number and conformation of OH groups
greatly influence the solubility and association behavior of BAs.5

Systems containing steroidal bile compounds have been
reported to establish a wide number of different association
modes by varying concentration, ionic strength, pH, and
temperature.4 The mechanisms responsible for this very rich
polymorphism presumably arise from combined electrostatic,
hydrophilic/hydrophobic, and H-bonding interactions. Molec-
ular solutions were reported to transform into micelles,6

nanotubes,7,8 and twisted7 or helical9−11 fibrillar supramolecular
structures. Depending on the solvent quality, steroidal
molecules were found to spontaneously self-assemble into
colloidal spheres, platelets, or helical ribbons.12 Certain
steroidal compounds are known for their solvent-specific
gelation ability in both organic13 and aqueous14 media. X-ray

diffraction experiments on fibrillar structures drawn from such
gels revealed an elongated helical configuration of hexagonally
packed nanofibers.15,16 The potential of BAs as host molecules
for the inclusion of a wide variety of organic molecules was also
assessed by single-crystal X-ray crystallographic studies.17−19

Owing to characteristics such as amphiphilicity, chirality, high
structural rigidity, biocompatibility, and ability to recognize
organic molecules according to size, shape, polarity, and
chirality, BAs and their derivatives are ideal building blocks
for the construction of supramolecular assemblies. Many recent
studies have shown their great potential for host−guest
chemistry, biomimetics, molecular recognition, artificial re-
ceptors and transmembrane carriers for anions, drug delivery,
and future biomaterials.20−22 Yet, the potential proposed
spectrum of supramolecular BA assemblies needs further
elucidation of its self-association principles on a very
fundamental level ranging from nano- to macro-scale.
The structural arrangement of self-assembled BA molecules

can be tuned by varying the number, position, and stereo-
chemistry of the OH groups in the BAs, as well as the solvent
quality in which their aggregation occurs. Considering all these
factors, naturally occurring lithocholic acid (LA), deoxycholic
acid (DA), ursodeoxycholic acid (UA), and cholic acid (CA)
were chosen as target molecules for the systematic study of the
self-assembly of BAs (Scheme 1). Starting from molecular
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solutions in good solvents EtOH or DMSO, the aggregation of
the respective BAs was induced by the incremental addition of
H2O as poor solvent. The hierarchical organization of the
resulting aggregates from good/poor solvent mixtures was
examined by combining polarized optical microscopy (POM),
absorption spectroscopy (UV−vis), circular dichroism (CD),
Fourier-transform infrared spectroscopy (FTIR), wide-angle X-
ray scattering (WAXS), and atomic force microscopy (AFM)
experiments. From these combined results, we were able to
resolve the BAs self-association at the molecular length scale,
demonstrating highly crystalline, hierarchical multilayered
lamellar assemblies, with supramolecular head-to-head BA
molecular packing, and we discuss next their complex
architectures based on their spontaneous self-assembly behavior
in solution.

■ EXPERIMENTAL SECTION

Materials. Cholic acid (CA) (3α,7α,12α-trihydroxy-5β-
cholanic acid), deoxycholic acid (DA) (3α,12α-dihydroxy-5β-
cholanic acid), lithocholic acid (LA) (3α-hydroxy-5β-cholanic
acid), and ursodeoxycholic acid (UA) (3α,7β-dihydroxy-5β-
cholan-24-oic acid) were obtained from Sigma-Aldrich and
used as received. Ethanol (EtOH) and dimethyl sulfoxide
(DMSO) were purchased from Merck and filtered by using 0.2
μm pore PTFE membranes. Ultrapure water (H2O) was
purified (18.2 MΩ·cm at 25 °C) from a Milli-Q integral water
purification system (Millipore Corporation) and filtered
through a 0.2 μm pore nylon membrane.
Sample Preparation. Molecular solutions of 1 wt % of

each BA were prepared by dissolving the respective BA in
EtOH or DMSO. The self-assembly behavior of the steroidal
molecules was studied upon the dropwise addition of H2O to
the molecular BA solutions. The final mixtures consisting of 0.1
wt % BA in the good/poor solvent ratio (1:9) were vigorously
vortexed and stored at room temperature. Liquid-state samples
were studied as prepared and solid-state samples were obtained
by recrystallization.
UV−Vis Spectroscopy and Circular Dichroism (CD).

Molecular solutions of 0.1 wt % BAs in EtOH or EtOH/H2O
(1:9) were loaded into 1 mm Hellma 110-QS quartz precision
cells and measured on a Jasco J-815 CD Spectrometer. UV−vis
absorbance, high tension, and molar ellipticity signals were
recorded from 700 to 190 nm with 1 nm intervals, and at the
scanning speed of 100 nm·min−1 and 64 ms digital integration
time in 3 accumulations at room temperature.

pH Meter. The pH values of all solutions were measured by
a compact VWR International 1000 L precision pH meter at
room temperature.

Fourier-Transform Infrared (FTIR) Spectroscopy. FTIR
spectra in absorption mode were obtained by using a Varian
640 FTIR Spectrometer equipped with a Specac Diamond ATR
Golden Gate. Solid-state samples were scanned over the range
of 4000 to 600 cm−1 with a resolution of 2 cm−1 at room
temperature and averaged over 256 scans.

Polarized Optical Microscopy (POM). The transparency/
turbidity of samples was first inspected by eye under normal
light conditions. The presence of birefringence was examined
under crossed polarizers in transmission mode on a Zeiss
Axioskop 2 MOT light microscope equipped with a color
chilled Hamamatsu Photonics 5810 3CCD videocamera.

Atomic Force Microscopy (AFM). Sample solutions (30
μL aliquots) were deposited onto freshly cleaved Ted Pella 9.9
mm diameter mica disks, left to adsorb for 1 min at room
temperature and dried smoothly with pressurized air. The
surface topology of self-assembled BAs was analyzed on a
Bruker Nanoscope VIII Multimode Scanning Force Microscope
covered with an acoustic hood to minimize vibrational noise.
The AFM was operated in tapping mode under ambient
conditions using commercial silicon nitride cantilevers. Images
were taken continuously at a scan rate of 0.3−0.5 Hz, and a
number of pixels per image varying from 1024 × 1024 (low
resolution) to 5120 × 5120 (high resolution). The images were
flattened using the Bruker NanoScope 8.10 software, and no
further image processing was carried out. Fast Fourier-
transform (FFT) was performed using Wane Rasband ImageJ
1.45f software.

Wide Angle X-ray Scattering (WAXS). WAXS measure-
ments were performed using a Rigaku MicroMax-002+
microfocused beam (4 kW, 45 kV, 0.88 mA). The Cu Kα
radiation (λCuKα = 1.5418 Å) was collimated by three pinhole
(0.4, 0.3, and 0.8 mm) collimators. Solid-state samples were
probed over an effective scattering vector range of 0.15 nm−1 <
q < 26.01 nm−1, where q is the scattering wave vector defined as
q = 4π sin θ/λCuKα, with a scattering angle of 2θ. The scattered
X-ray intensity signals were acquired by a Fuji Film BAS-MS
2025 imaging plate system (15.2 × 15.2 cm2, 50 μm
resolution).

■ RESULTS AND DISCUSSION
Micro- and Macroscopic Morphological Polymor-

phism of Self-Assembled Bile Acid Aggregates. Proto-
nated BAs are known for their low solubility in water.6 While
trihydroxyl BAs can be made soluble by shifting the pH to basic
conditions, di- and monohydroxyl BAs require strong alkali
conditions or even the presence of solvents such as alcohols.16

Therefore, molecular BA solution precursors were prepared by
dissolving the corresponding BA in EtOH or DMSO. The self-
assembly was induced by the dropwise addition of H2O as poor
solvent, giving the final good/poor solvent ratio of 1:9 and a
final BA concentration of 0.1 wt %. The observation of turbidity
due to the presence of suspended structures upon the addition
of H2O confirmed the aggregation of the BA molecules. LA
solution samples turned turbid within a few minutes, solutions
of DA and UA became turbid after hours, and solutions of CA
after some days. Thus, decreasing the number of OH groups
promotes aggregation. The number of OH groups affects the
solubility in H2O by acting as H-bonding sites and by shifting
the hydrophilic/hydrophobic balance in the molecule.5 Similar

Scheme 1. Chemical Structure of (a) Cholic Acid, (b)
Deoxycholic Acid, (c) Lithocholic Acid, and (d)
Ursodeoxycholic Acid
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behavior was observed independently of the good solvent
quality, that is in both EtOH and DMSO.
BA aggregates with different morphology appeared upon

time depending on the chemical constitution of the BAs and
the solvent quality (Figure 1). UV−vis experiments were first

performed in order to gain further insight into such aggregates
(Supporting Information, Figure SI-1). CA formed flexible
fibrillar aggregates already visible to the naked eye. The UV−vis
spectra of this solution revealed no absorbance signal due to
their precipitation from the solution medium. The opaque
flake-like aggregates observed from DA, LA, and UA solutions
exhibited increased absorption intensities upon decreasing
wavelength as a result of the scattered light. Combined UV−vis
and CD experiments allowed assessing the optical activity after
aggregation. Molecular BA solutions showed a negative molar
ellipticity signal at wavelengths below 250 nm along with the
corresponding absorbance signal in the UV region which can be
attributed to the absorption of the COOH group (λmax = 230
nm).23 A decrease of the molar ellipticity signal upon the
addition of H2O was observed confirming again the presence of
aggregates which do not contribute to the molecular optical
signal as a result of precipitation (Supporting Information,
Figure SI-1).
Measuring the final pH media of aggregated samples allowed

a better understanding of the underlying driving forces of the
spontaneous self-assembly of BA molecules. Independently of
the solvent mixture, the pH values remained rather constant for
samples of the same BA. In contrast, the number of OH groups
had a great effect on the final pH. The pH values gradually
decreased with an increasing number of OH groups with the
following sequence: LA (pH 6.7) > UA (pH 5.5) > DA (pH

5.1) > CA (pH 4.2). The acidity constants in water were
reported to be the same for all BAs, independently of the
number of OH groups in the molecular structure.5 Assuming
constant acidity strengths for all BAs - pKa ≈ 5 -,24 an enhanced
aqueous solubility due to a higher hydroxylation is expected to
be the main responsible for the increased release of protons by
BAs. Thus, the pH is lowered when BA molecules become
more soluble in the order − CA > DA, UA > LA. In contrast,
aggregates are consisting of protonated molecules, which do
not contribute to the release of protons, and therefore these
structures do not change the pH media. In other words, bile
acids with an increased number of OH groups show a lower
tendency to aggregate due to their enhanced solubility, and are
more efficient to lower the pH by the release of protons from
the carboxylic acid groups to the solvent media. The
observation of the microstructure of the aggregates enables to
elucidate the hierarchical configuration and complex architec-
tures of their supramolecular structures. POM images of the
aggregates provide a first insight into the structural arrangement
on the microscale, which was found to vary among the BAs and
cosolvents used (Figure 2). The presence of birefringence in all
samples implies structural anisotropy (e.g., crystallinity) for all
BA aggregates.

Bile Acids Associate into Building Blocks of H-bonded
Dimers. A deeper understanding of the molecular association
mechanisms of BA molecules can be provided by FTIR
spectroscopy of their crystalline solid-state aggregates (Figure 3

Figure 1. Macroscopic aggregate morphologies of 0.1 wt % BAs in
good solvent/H2O (1:9) assembled through the dropwise addition of
H2O to molecular solutions of cholic acid (CA), deoxycholic acid
(DA), lithocholic acid (LA), and ursodeoxycholic acid (UA) in either
EtOH (left sample) or DMSO (right sample).

Figure 2. POM images of the cholic acid (CA), deoxycholic acid (DA), lithocholic acid (LA), and ursodeoxycholic acid (UA) aggregates from
EtOH/H2O (1:9) and DMSO/H2O (1:9) under crossed polarizers showing birefringence. Scale bars correspond to 100 μm.

Figure 3. FTIR spectra of the solid-state ursodeoxycholic acid (UA)
aggregates recrystallized by slow evaporation from EtOH/H2O (1:9)
and from DMSO/H2O (1:9) solvent mixtures.
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and Supporting Information, Figure SI-2). The FTIR spectra of
BAs can be divided into three main regions: (i) vibrational
bands above 3100 cm−1 arising from O−H stretching, followed
by (ii) the aliphatic C−H stretching appearing from 3000 to
2850 cm−1, and (iii) sharp absorption peaks at 1712 (CA),
1694 (DA), 1699 (LA), and 1715 cm−1 (UA) assigned to the
CO stretching from COOH groups. Variations in the range
above 3100 cm−1 are supposed to come from multiple
contributing factors (i.e., the number of OH groups in the
molecule, possible residual water content after recrystallization,
H-bonding, and the formation of dimeric clusters) which might
shift and broaden the absorption bands in this region.25 The
presence of sharp peaks above 3500 cm−1 is characteristic for
unassociated OH groups, while broad peaks below this
wavenumber range arise from associated forms of OH
moieties.25 It can thus be concluded that the majority of
aggregated BA molecules established intermolecular H-bonding
between the OH groups on the concave α-faces. However,
some OH groups remained unassociated depending on the
chemical structure of the BA compound. Assemblies which
contain some free OH groups are present in the crystalline
aggregates from the trihydroxyl BA (CA), as can be detected
from the sharp peak in its FTIR spectra. Small sharp peaks are
also present for the dihydroxyl BAs (DA and UA); the
difference among these two compounds might be explained by
the stereochemistry of OH groups which is out of plane in the
case of UA. The absence of this sharp absorption peak in the
case of monohydroxyl BA (LA) indicates the participation of its
only OH group in H-bond formation. The carbonyl stretching
from COOH groups at wavenumbers from 1715 to 1694 cm−1

corresponds to the H-bonded dimeric state of carboxylic acids
in contrast to the carbonyl stretching of the monomeric COOH
form appearing at around 1750 cm−1.25 Furthermore, the
absence of the carbonyl stretching of carboxylates from 1610 to
1550 cm−1 also strongly indicates the presence of protonated
BAs in the aggregates. These results are in agreement with the
pH values and aggregation of BAs, mediated by intermolecular
H-bonding of protonated carboxylic groups in a dimeric state.
Resolving Self-Assembly of the Crystals at the

Molecular Length Scale. WAXS experiments were per-
formed in order to identify the molecular packing of the
structural anisotropic aggregates, which self-assembled from
building blocks of dimeric BA molecules. Solid-state aggregates
show characteristic WAXS scattering patterns with a multitude
of sharp peaks indicating highly crystalline structures, as shown
in Figure 4 and Supporting Information, Figure SI-3.
Aggregates from UA yielded nearly invariant patterns,
indicating a similar molecular arrangement independent of
the cosolvent used. However, the patterns and thus the
molecular packing do vary with the solvent quality for the other
types of bile acids. Thus, different good solvents, EtOH and
DMSO, promote different kinds of BA self-assembly. The
architectures of the aggregates are highly complex as reflected
by the multitude of reflections from WAXS spectra. The lowest
detected q reflection of solid-state aggregated samples (labeled
as q1) varies from 4.2 to 7.0 nm−1 (d = 0.9−1.5 nm) and is in
the same order of magnitude as the peaks from the
corresponding commercial BA powders (Supporting Informa-
tion, Table SI-1). In real space, this reflection indicates periodic
features ranging from 0.9 to 1.5 nm, which compares well with
the dimensions of BAs, whose long axis molecular length is
about 1.4 nm (Supporting Information, Figure SI-4). Dimeric
H-bonded molecules can indeed potentially associate in a

layered manner, as suggested from FTIR experiments, but
possible degrees of freedom arising from tilting, twisting
rotation, and chirality of the BA dimers in the crystals make the
resolution of the molecular packing structure within the repeat
cell based solely on WAXS results challenging.
Additional insight into the complex architecture of supra-

molecular BA aggregates was gained by AFM. The surface
topology of crystalline BA assemblies is illustrated by
representative AFM phase images (Figure 5 and Supporting
Information, Figures SI-5 to SI-11). Self-assembled structures
from DA, LA, and UA are essentially arranged in manifold
multilayers (the faces of CA aggregates, the most water-soluble
BA considered, could not be sufficiently well resolved by the
AFM). Nanostructured lamellae are observed on the surfaces of
DA and UA recrystallized from DMSO; similarly LA recrystal-
lized from both solvents exhibit highly crystalline faces, whereas
the surface layers of DA and UA aggregates recrystallized from
EtOH are rather flattened. These distinct regular lattices are
furthermore observed to arrange in differently oriented lamellar
domains (Supporting Information, Figures SI-6 and SI-8).
Therefore, BAs hierarchically self-assemble into polydomains of
lamellar lattices, resulting in multilayered crystalline aggregates.
The observation of multilayers is in agreement with the
multitude of sharp q reflections in WAXS patterns, indicating
the presence of highly crystalline structures.
The layered surface of UA aggregates recrystallized from

DMSO/H2O reveals a hierarchically organized lattice of
alternating lighter and darker lines, which appear to be
somewhat interconnected and broken down by regular black
cavities, as shown in Figure 5. The spacing between lighter and
darker lines, as measured by FFT, is 1.5 nm which corresponds
to half the distance between light lines measured to be 3.0 nm
(Supporting Information, Figure SI-5). The lamellar nanostruc-
tures can only be observed on the declining aggregate face on
the right part of the main AFM image. In contrast, the
ascending face on the left AFM image side does not present a
distinct lattice arrangement. The orientation of 3D randomly
deposited BA aggregates is therefore crucial for the direct
imaging of nanostructures, which may explain why the same
highly hierarchical self-assembly is not resolved in DA and LA
multilayer aggregates.
In a similar way, the small variations of the lattice spacing and

other features size within the repeat unit observed for different
BAs and solvents might be explained by the preparation of the
sample, the exact plane observed, and the angle of observation

Figure 4. WAXS crystalline scattering patterns of the solid-state
ursodeoxycholic acid (UA) aggregates recrystallized from EtOH/H2O
(1:9) and from DMSO/H2O (1:9) solvent mixtures.
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of the deposited 3D aggregates: any change in the above may
induce a change in the resolution of the corresponding AFM
mapping.
For the cases in which the smallest lattice spacing (1.0 to 1.7

nm) can be observed by both the FFT analysis on high
resolution AFM images (dAFM) and by WAXS measurements
(2π/q1), a good agreement between the two techniques is
systematically found (Supporting Information, Table SI-2). The
values of q1 and its resulting real space distances d = 2π/q1 can
thus be identified with the spacing of lamellar structures
observed by AFM, dAFM, which in turn correspond closely to
the molecular length of straight, or slightly tilted BA molecules
(Supporting Information, Figure SI-4). This lattice spacing
indicates a 1D longitudinally association of BAs, consistent with
the lamellar layering observed. More specifically, the lattice
spacing of 1.5 or 3.0 nm, observed for supramolecular UA
aggregates from DMSO/H2O (1:9), fits with the molecular
length of a single BA molecule or to its intermolecular H-
bonded dimeric state. Also supported by the FTIR results, the
dimeric BA molecules are expected to self-assemble lengthwise
in repeating units of H-bonded dimers, with intermolecular H-
bonds between OH groups on the concave α-faces of the BA
molecules. It is therefore the unique combination of hydrogen
bonding and chirality which assists the hierarchical formation of
the highly crystalline nanostructured 2D lamellar layers. The
absence of WAXS reflections corresponding to the width of the
dimeric BA molecules can arise by the nearly identical
scattering length densities of the head and tail, dominated by
OH and COOH, hydrogen bonded moieties. AFM experi-
ments, on the other hand, can resolve specific interaction forces
from differences in the surface topology. Depending on the 3D
(chiral) orientation of dimeric molecules and the kind of
intermolecular H-bonding, a lattice spacing of the molecular
length or the dimeric unit can be mapped. The proposed
lengthwise association via intermolecular H-bonding between
terminal OH groups of H-bonded dimeric BA molecules is
presented in Figure 6. Periodic lighter and darker lamellae are
proposed to result from alternating oriented BA molecules
presenting their concave α- and convex β-face, respectively.
These molecules result arranged with a tilt angle of ϕ = 20°
with respect to the normal to the lamellar layers, as evaluated
by considering the spacing between layers (WAXS) and the
long axis molecular length obtained by 3D chemical structures
evaluation (Figure SI-4).
The supramolecular BA aggregates reported here self-

assemble as a result of the different polarity, formation of H-
bonds, and the hydrophilic/hydrophobic balance in the
molecule, which allows their self-assembly into periodically

nanostructured crystalline aggregates by changing the solvent
quality. BA molecules dissolved in a good solvent sponta-
neously aggregate upon the incremental addition of a poor
solvent. The observed multilayered structural arrangement of
the crystalline assemblies bearing nanostructured lamellar
surface topologies pursues the multitude of complex
architectures previously reported for steroidal bile compounds.
To bridge the gap between the molecular and macroscopic
length scales, we have combined spectroscopic (UV−vis, CD,
and FTIR), scattering (WAXS), and single-molecule imaging
(AFM) techniques. The present results can provide additional
clues for the elucidation of the self-assembled structures of
chiral facial amphiphiles, as well as to generate new perspectives
of potential uses and functionalities.

■ CONCLUSIONS

The self-assembly behavior of naturally occurring mono-, di-,
and trihydroxyl bile acids has been investigated based on their
spontaneous self-association in solution. Starting from molec-
ular solutions in either EtOH or DMSO as good solvents, the
aggregation was induced by a change in the solvent quality

Figure 5. AFM phase images of self-assembled ursodeoxycholic acid (UA) from DMSO/H2O (1:9). (a) Crystalline aggregates in arranged
multilayers. (b) Zoom-in from the green square in panel a, showing nanostructured lamellae with a lattice spacing of 3 and 1.5 nm, respectively. (c)
Zoom-in from the blue dotted square in panel a, with the corresponding FFT analysis as inset.

Figure 6. (a) Molecular arrangement of H-bonded dimeric bile acid
(BA) molecules in self-assembled ursodeoxycholic acid (UA)
recrystallized from DMSO/H2O (1:9). The interlattice spacing of 3
nm fits with the molecular length of dimers, consisting of alternating
concave- and convex-oriented BA molecules. (b) Detail of the self-
assembling UA dimer unit with the corresponding feature dimensions.
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upon the incremental addition of H2O as a poor solvent. The
transformation to cloudy dispersions was faster and more
intense for BAs with a lower state of hydroxylation. An
increasing number of OH groups and a concomitant higher
aqueous solubility in contrast promoted the dissociation of bile
acid molecules as indicated by a decreasing pH value of the
solvent media, while diminishing the formation of aggregates.
The absence of carboxylate stretching vibrations in FTIR
spectra from the solid-state aggregates indeed confirms
protonated states of aggregated molecules.
Self-assembled bile acids established different macroscopic

aggregate morphologies and various microstructures revealing
birefringence under crossed polarizers. On a molecular level,
the BA assemblies were essentially arranged in multilayers,
presenting nanostructured lamellar topologies of differently
oriented domains or a rather flat surface, depending on the type
of BA, cosolvent, and experimental conditions applied. The
complex architecture of the supramolecular bile acid assemblies
was also observed by the large number of sharp peaks in the
WAXS scattering pattern, indicating the presence of highly
crystalline solid-state aggregates. The greatest features in the
assemblies of d = 2π/q varying from 0.9 to 1.5 nm are in the
range of the smallest lattice spacing of the nanostructured
surface topologies observed by AFM experiments, and
correspond to about the long axis molecular length of the BA
molecules. Regular lamellar lattice spacing of about 3 nm is
accordingly suggested to comprise two lengthwise associated
molecules. In support of this scenario, the carbonyl stretching
from the COOH groups observed in the FTIR spectra
suggested self-assembled units of dimeric BAs with H-bonded
carboxylic groups. The hierarchical configuration of the
complex architecture of supramolecular BA assemblies is
understood to arise from the lengthwise association in
repeating units of H-bonded dimers, forming 2D layers of
lamellar nanostructures driven by intermolecular H-bonding
between hydroxyl groups on the concave α-faces of facially
amphiphilic molecules.
The supramolecular assemblies of BAs unifying character-

istics of facial amphiphilicity, chirality, and biocompatibility,
offer a great potential in host−guest chemistry, material science
and nanotechnology. The design of systems composed of
steroidal compounds requires a detailed understanding of the
underlying driving forces of the self-assembly and the resulting
complex, hierarchical aggregate organization. The present
findings may contribute to the understanding of the hierarchical
structural arrangement of self-assembled pristine BAs having
important implications in the design of tailor-made nanostruc-
tures and in the understanding of the physiological and
pharmacological role of steroidal aggregates.
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