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The self-assembly of a mannose-labelled bile salt derivative gives rise to a metastable nematic phase of

monodisperse nanotubes in aqueous solutions that are characterized by a crystalline order. This work is

addressed to study the relative stability of these tubular aggregates in order to have full control of such

a system for possible applications. By using a static light scattering method we evaluate both the

solubilities of the metastable nanotubes and of stable nanocrystals, demonstrating that these are

remarkably lower than the critical micellar concentration of typical bile salts and other ionic conventional

surfactants. A partial stability map is developed by combining solubility and calorimetry data, where

a nematic nanotube phase region is highlighted below 60–65 �C.
Introduction

Self-assembly has been largely considered in the last decades to
be a ubiquitous strategy for the fabrication of structures of
controlled morphology in the nanometer scale.1–3 The stability
of these structures is a fundamental issue for their function-
ality, and it has been widely investigated within both funda-
mental and applied research. In many cases, the ultimate goal
of the fabrication is not necessarily to produce thermodynam-
ically stable materials, as kinetically trapped structures can
maintain functionality within the desired timescales and ach-
ieve the desired function. The knowledge of the non-
equilibrium stability of these systems is therefore required.
Solubility of these nanostructures establishes the low concen-
tration boundary of their colloid phase region and it is strictly
related to their stability to ripening. High or low soluble
colloidal particles are requested depending on the applications.
In the formulation of poorly soluble drugs, the reduction of
organic drugs into small particles (amorphous or crystalline) is
oen performed as it increases the drug dissolution rate and
therefore its bioavailability.4–11

Supramolecular tubular nanoparticles are unique structures
formed by molecular self-assembly,12 which can be employed in
several nanotechnological applications such as drug-
delivery13–16 and preparation of aligned nanomaterials17,18 and
metal nanowires.19,20 The ability to self-assemble in tubules is
shared by a variety of molecules such as peptides,21–26 phos-
pholipids,16,27 polymers,28 glycolipids,29 and rationally designed
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amphiphiles30–33 giving rise in some cases to very ordered semi-
crystalline structures.32

Another class of organic molecules particularly prone to
form tubular assemblies with high degree of monodispersity is
represented by bile salts (BSs), which are biological surfactants
with a rigid and peculiar amphiphilic structure (Fig. 1).34,35 A
stiff steroidal backbone determines a low number of confor-
mational degrees of freedom for their molecules36 and allows
such surfactants self-organize in ordered supramolecular
architectures. Nanotubes with diameters spanning a wide range
of dimensions, from hundreds37 to few nm,38,39 have been ob-
tained from bile salts and their derivatives. In some cases,
Fig. 1 Molecular structures of NaLC and its derivative NaManLC, ob-
tained by substituting the hydroxyl group in position C-3 of the
steroidal skeleton of the natural precursor with a mannose unit.

This journal is © The Royal Society of Chemistry 2017
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interesting systems providing stimuli responsive40–42 or
controlled charge tubules have been also identied.43

In particular, a natural bile salt, sodium lithocholate
(NaLC),44,45 and its mannose-labeled derivative, NaManLC
(Fig. 1),46 have been observed to form nanotubes in aqueous
alkaline conditions. Thanks to their biological origin these
nanotubes could have a signicant additional potential in
application. However, as NaManLC nanotubes seem to be
kinetically trapped self-assembled structures, a deep knowledge
of their stability is required to have full control in the
applications.

To obtain this information we addressed here a study on
NaManLC tubules by combining differential scanning calo-
rimetry (DSC) and solubility data. The solubility was analyzed by
using a method based on static light scattering (SLS) intensity
measurements.11 The method was recently described as
a particularly convenient way to estimate the solubility gain of
poorly water-soluble drug amorphous nanopowders with
respect to the crystalline ones. A similar approach was
employed in this work to evaluate the solubility of metastable
nanotubules and nanocrystals and therefore the low concen-
tration boundary of their colloidal phase region. The whole
study allowed for a description of the phase map for metastable
nanotubes and nanocrystal dispersions, thus providing funda-
mental information for the application of these nanostructures.

Experimental
Materials and methods

The synthesis of the derivative NaManLC has been reported
elsewhere.46 10.0 mM samples of NaManLC in aqueous solu-
tions of NaOH (Carlo Erba Reagents) at pH 12.0 were prepared.
The solubilization of NaManLC was promoted by heating the
samples at pH 12.0 up to the boiling point.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) measurements were
carried out using a VP-DSC differential scanning calorimeter
(MicroCal, Northampton, MA). More information of the
instrument can be found elsewhere.47 Approximately 0.5 mL of
sample and water (as standard sample) were injected into the
sample and reference cells (made from tantalum alloy),
respectively. The sample was equilibrated for 20 min at 10 �C
before starting the measurements. Four up-scan and four down-
scan measurements in the range of 10–90 �C with scan rate of
60 �C h�1 were carried out. Aer each rst scan, the sample was
equilibrated for 20 min before starting the following scan. To
collect and analyze DSC data, Origin soware supplied by the
manufacturer was used.

Static light scattering

The setup used for the SLS measurements was an ALV/DLS/SLS-
5022F, CGF-8F-based compact goniometer system from ALV-
GmbH, Langen, Germany. A more detailed description of the
instrument can be found elsewhere.48 The light source was a 22
mW He–Ne laser (632.8 nm) and the laser intensity was varied
This journal is © The Royal Society of Chemistry 2017
using a soware-controlled attenuator. A vertical polarization
was achieved using a Glan laser polarizer prism with a polari-
zation ratio better than 105 in front of the high-temperature cell
housing. The cylindrical scattering cells of borosilicate glass
with a diameter of 5 mm were immersed in a thermostated vat
lled with a refractive index matched liquid (cis-decahy-
dronaphthalene). In our experiments, the temperature was kept
at 25.0 and 40.0 � 0.1 �C by a Julabo heating water circulator
and the solvent used for the dilutions was ltered with pores of
0.2 mm. The unpolarized scattered light was collected at 90
degrees using a detection unit that included a near-monomodal
optical ber and two high-quality avalanche photodiodes placed
in a pseudo-cross geometry. The average of ve consecutive
measurements was reported for each concentration.

Cryo-TEM

The vitrication of the cryo-TEM sample was carried out using
a controlled environment vitrication system, CEVS,49 keeping
the relative humidity close to saturation at around 26 �C. A 5 mL
drop of the sample was placed on a lacey carbon-coated copper
grid, made hydrophilic using a Emitech glow discharge unit,
and the excess uid was gently blotted away leaving a thin lm
of the gel covering the grid. The grid was then rapidly vitried by
plunging into liquid ethane (�180 �C) and stored in liquid
nitrogen before the examination. The micrographs were recor-
ded using a Philips CM120 Bio TWIN electron microscope
equipped with a Gatan MSC791 cooled-CCD camera detection
system, operating at 120 kV, under low electron dose
conditions.

Wide-angle X-ray scattering

Wide-angle X-ray scattering (WAXS) measurements were per-
formed on the Ganesha SAXSlab instrument (JJ X-ray, Skov-
lunde, Denmark). The instrument had a 2D 300k Pilatus
detector from Dectris (Dectris Ltd., Baden, Switzerland) and
a Genix 3D X-ray Source (Xenocs SA, Sassenage, France). The X-
ray wavelength l was 1.54 Å. The scattered curves, recorded
covering the q-values up to 2.9 Å�1 (q ¼ (4p sin q)/l, where 2q is
the scattering angle), were corrected for solvent and capillary
contributions. Temperature was controlled to be 25 �C with
Julabo heating water circulator, having an accuracy of 0.1 �C.

Results and discussion

NaManLC was very poorly soluble in water even at high pH
(12.0), where the carboxylic group is deprotonated. However,
the solubilization could be promoted by heating. When cooled
down to 20 �C, the sample was trapped in metastable slightly
turbid viscous solutions for concentrations above 5.0 mM,
which were stable for more than six months. These samples, as
shown by cryo-TEM in Fig. 2, are constituted of nematic phases
of highly monodisperse tubules with cross section diameters of
about 20 nm, and showed birefringence when analyzed between
crossed polarizers.46 The formation of a nematic phase has been
reported for natural BSs as well.50–52 The natural precursor NaLC
itself formed nematic viscous solutions in the same
RSC Adv., 2017, 7, 512–517 | 513
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Fig. 2 Cryo-TEM images of a 10.0 mM NaManLC sample at pH 12.0
equilibrated for two weeks.
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experimental conditions of concentration and pH.44,45,53 WAXS
patterns of NaManLC tubules resulted in one broad peak
composed of two unresolved peaks at around 10.5 nm�1. This
signal was ascribed to the average molecular separation in the
tube wall.46,54
Sonication

A 60 min sonication was applied to the viscous samples. Ice was
added to the sonication bath in order to keep the temperature
below 35 �C. This led to the formation of turbid nano-
suspensions that exhibited no birefringence. TheWAXS curve of
a sonicated sample was compared with the one of crystals, ob-
tained by evaporation of solvent from a NaManLC solution in
methanol, and both are reported in Fig. 3. Such comparison
established that, aer sonication, the tubular aggregates expe-
rienced a rearrangement into crystals, since all the solid
Fig. 3 WAXS patterns of crystalline (green) and sonicated (blue)
10.0 mM NaManLC samples (pH 12.0).

514 | RSC Adv., 2017, 7, 512–517
periodicities were restored. Therefore, dispersion of crystals was
obtained by sonicating tubular metastable structures. To visu-
alize the crystal nanosuspension, cryo-TEM images were
collected. They displayed elongated particles with lengths
usually smaller than 1 mm (Fig. 4).
Solubility study

Solubility studies of crystalline dispersions (the stable phase)
and tubular solutions (the metastable phase) were carried out at
both 25 and 40 �C by employing a method based on the
measurement of the total light scattering from colloidal nano-
suspensions.11 The basic idea of this experiment was that at
concentrations below the solubility, the solutions essentially do
not scatter light, while, above the solubility, the scattered light
has an intensity that increases with increasing number and/or
sizes of the particles (crystals or tubes) formed in the system.

The solubility was determined from the onset of intensity
increase. Samples of different NaManLC concentrations were
prepared by dilution of a concentrated stock solution of tubules
(10.0 mM). A portion of such stock solution of NaManLC was
transformed into crystal nanosuspensions by sonication and
then diluted to different concentrations for the estimation of
the crystal solubility. The static light scattering intensity ISLS
was recorded at q ¼ 90�. The results were presented in Fig. 5,
where ISLS was plotted as a function of the BS derivative
concentration. The onsets of the increase in the ISLS patterns of
the crystals and tubules occurred at 10 � 2 and 40 � 2 mM,
respectively, at 25 �C. This suggested that a metasolubility of
NaManLC was reached by diluting the latter at a concentration
which was signicantly higher than the crystal solubility, as
generally expected for comparisons of stable and metastable
nanoparticles. Moreover, the obtained values were signicantly
lower (approx. two orders of magnitude) than the typical critical
aggregation concentration of bile salts55,56 and other ionic
conventional surfactants.57 The measurements carried out at
40 �C exhibited breaks in the intensity curves at 25 � 2 mM and
0.2 � 0.02 mM for crystals and tubules, respectively. These
results highlighted a widening of the difference in solubility for
crystals and tubular aggregates, which probably goes in parallel
with an increase of the difference in their stability, with
increasing the temperature.
Fig. 4 Cryo-TEM images at different magnifications of a sonicated
NaManLC sample. The sample at a concentration of 10.0 mM and pH
12.0 was equilibrated for two weeks and then sonicated for 60 min.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Measured scattering intensity ISLS as a function of NaManLC
total concentration for crystalline suspensions at 25 (cyan triangles)
and 40 �C (blue diamonds), and dispersions of tubules at 25 (green
circles) and 40 �C (dark green squares).

Fig. 6 Raw DSC thermograms of a 10.0 mM NaManLC sample (pH
12.0). Up-scans (solid lines) and down-scans (dashed lines) are ob-
tained with a scan rate of 60 �C h�1 on the same sample.
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Indeed, supersaturation, dened as the ratio between the
solubility of the tubules and that of the crystals, could represent
an indication of the width of the metastability region of the
tubules in the stability map, and hence could be related to the
kinetics of the transition from the metastable phase (tubules) to
the stable one (crystals). We anticipated that the transition is
faster the bigger the supersaturation. By increasing the
temperature from 25 to 40 �C, both the solubilities increased,
but the tubule solubility increased more. This means that the
supersaturation increased with temperature, and hence that at
higher temperatures, tubules had a higher tendency to evolve
into crystals.

The birefringence, which was analyzed in order to verify the
presence of tubules in the samples obtained upon dilution of
the stock 10.0 mM solutions, was observed down to a concen-
tration of 1.0 mM at 25 �C, conrming that tubules were stable
in spite of the dilution. A loss of birefringence occurred at lower
concentrations (i.e., <1.0 mM). This was related to a transition
of the tubular phase from nematic to isotropic. In a system of
ideal rods with length L, diameter D and volume fraction ftube,
a phase boundary region, based on the Onsager theory,58,59

between isotropic and nematic phases is expected within ftubeL/
D ¼ 3.34 and 4.49, because of the balance of translational and
orientational entropy.60

Considering a negligible contribution of free monomers
(estimated solubility of 40 mM), the tubule volume fraction ftube

could be roughly calculated at a concentration of 1.0 mM
(z0.00054 wt%) under the approximation of tubules with thin
walls, as ftube z (R/2d) wt% ¼ 1.39 � 10�3, where R is the
average radius of the tubule (8.5 nm) and d the thickness of the
wall (1.8 nm).46 By considering this value, the agreement
with the Onsager nematic–isotropic boundary condition was
achieved for aspect ratios > 300, which was consistent with long
tubules (>6 mm) as those visible from the cryo-TEM
micrographs.46
This journal is © The Royal Society of Chemistry 2017
Temperature dependence and partial stability map

The thermal stability of dispersions of tubules at NaManLC
concentrations of 5.0 and 10.0 mM was visually monitored in
a thermostated oil bath. As the determination of the Kra point
was carried out in a plugged vial, the pressure was not constant
in all the experiments, as high temperatures involved high
pressures. The increase in the temperature promoted a rst
transition at around 65 �C, where the separation of a white
precipitate was observed. The latter was solubilized at temper-
atures in the range 160–170 �C, which was identied as the
Kra temperature region. The Kra temperatures were
conrmed by using the same method on dispersions of crystals
at NaManLC concentration of 1.0, 5.0 and 10.0 mM. For
a deeper insight into such processes, differential scanning
calorimetry (DSC) measurements were performed on a 10.0 mM
viscous dispersion of tubules. The thermograms are reported in
Fig. 6. Four up- and down-scans were performed on the same
sample to observe their evolution in several temperature loops.
The analysis of the thermograms could not allow for a proper
subtraction of the background, hence raw data were reported.

The rst up-scan prole exhibited a broad endothermic peak
in the range 60–80 �C, outlining a rst transition that involved
the breakage of the tubules. The peak was reproduced in the
down-scan. In the successive up- and down-scans, the same
peaks were detected, but with lower and lower intensities at
each scan. Moreover, a shi towards lower temperatures for the
down-scan peaks was observed. We anticipated that the
breaking of the tubules, i.e., the metastable phase, led to
a supersaturated solution of monomers that contained some
crystals as well. Hence, in the successive down-scan, tubules
could be formed again due to this condition of supersaturation,
but in a smaller amount. The following loops of rising and
decreasing of temperature endorsed more and more the
nucleation of crystals, to the detriment of the tubules, which
were progressively consumed. The thermogram related to the
natural precursor, taken for comparison, showed also a broad
RSC Adv., 2017, 7, 512–517 | 515
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Fig. 7 Partial stability map of the NaManLC/NaOH aqueous system.
Here M denotes the presence of the compound as monomer in
solution, L stands for an isotropic solution of micelles (a), N for
a nematic metastable phase of tubules (b), and X is related to the
presence of crystals (c). Please note that the pressure is not constant
(see text). Grey and black circles represent the solubility values ob-
tained by SLS for tubules and crystals, respectively. Grey triangles are
related to the breakage of the tubules outlined by DSC. Black triangles
are the Krafft points for crystals in the aqueous medium at different
NaManLC concentrations.
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endothermic peak, but at lower temperatures (20–40 �C) than
that of the NaManLC sample (Fig. S1†). The peak was related to
the solubilization of the tubules that the precursor is also
known to form.

A partial stability map could be sketched by reporting the
visually determined Kra points and the solubility data (from
SLS) for the crystals in a T vs. NaManLC concentration plane
(Fig. 7). The typical pattern of surfactants was obtained, with an
almost vertical line representing the phase boundary between
the region of the monomer solution and that of the crystals in
the aqueous medium, and an almost horizontal line separating
the latter phase from the micellar liquid one (L).

Within this map, a region with a similar shape at signi-
cantly lower temperatures could be outlined for the nematic
metastable tubular phase (N) by plotting the solubilities and the
tubule-to-crystal transition conditions highlighted by DSC.

Conclusions

A bolaamphiphilic derivative of the natural bile salt sodium
lithocholate was described to form a metastable nematic phase
of monodispersed tubules, which showed crystalline order in
the arrangements of the molecules in the 2D walls. Such
a unique system was characterized in order to obtain a picture
of the relative stabilities of the metastable tubular region and
the stable phase, nanocrystals.

Static light scattering method demonstrated that the meta-
stable nanotubes formed by NaManLC were stable to dilution
and showed a solubility of tens of micromolar at room
temperature. Such a value, signicantly lower than the critical
aggregation concentration of typical bile salts, indicates that
nanotubes were preserved upon dilution to very low concen-
trations, thus providing encouraging information about their
stability and potential employment in applications.
516 | RSC Adv., 2017, 7, 512–517
The nanotubes showed a slightly higher solubility than the
nanocrystals, which is consistent with their lower stability. The
solubility of the nanotubes increased with the temperature
more prominently than that of the nanocrystals. Probably
strictly related to this behavior, a transition from nanotubes to
supersaturated dispersion of crystals was observed around 60–
65 �C.
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