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Multi stimuli response of a single surfactant
presenting a rich self-assembly behaviory

M. C. di Gregorio,® M. Varenik,® M. Gubitosi,? L. Travaglini,® N. V. Pavel,® A. Jover,©
F. Meijide,© O. Regev*® and L. Galantini*®

This work reports on the multi stimuli sensitivity of a cholic acid derivative in a buffer. The molecules self-
organize in single walled tubules at room temperature and pH 8.0-9.5. By increasing the pH to 10.0-12.0,
these tubules open up and form scrolls, which transform by aging into different tubular structures. A further
evolution from scrolls or tubules into ribbons is induced by increasing the temperature. Moreover, a
transition into rolled lamellae can be triggered by adding NaCl. All transitions are reversible and

accompanied by drastic molecular rearrangements, manifested by spectroscopic and imaging

Received 23rd January 2015 . . - . . . .
Accepted 20th April 2015 techniques. Such rich multi stimuli responsiveness is usually accomplished by block copolymers or
peptides and seldom by pure surfactants. The reported surfactant provides in addition an uncommon

DOI: 10.1039/c5ra01394a variety of structures. The sharpness of the spectroscopic response suggests that the system could be
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Introduction

Self-assembly stimuli responsive materials are supramolecular
structures able to undergo reversible structural transitions of
the aggregates in response to one or more external stimuli. This
property is widely required in many applications since it offers
the possibility to predict, drive and program the behaviour of
the aggregates in different environments." Therefore, the
development of such systems has a tremendous potential for
application in complex processes such as drug delivery,>*
sensing and biomolecule identification.® Conventional triggers
for stimuli sensitive systems are pH, temperature and electro-
lyte concentration, while more sophisticated approaches are
also achieved by exploiting electrical potential,® light,”*°
magnetic field," chemomechanical feedbacks> and enzyme
activity."*'* The building blocks of these systems are generally
polymers," peptides''” and surfactants.®
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employed in physico-chemical sensors with a rather narrow dynamic range.

Bile salts are peculiar biological surfactants (Fig. 1). They
show an unconventional self-assembly, which cannot be easily
rationalized based on common geometric rules for surfac-
tants.” Indeed, due to the presence of a rigid steroidal back-
bone they present low conformational degrees of freedom and
are expected to pack in ordered aggregates.

Their aggregation numbers generally decrease with
increasing hydroxylation degrees and can be often tuned by
changing parameters such as pH, added electrolyte and
temperature, leading to the formation of a variety of aggregate
morphologies, e.g., globular or rod-like micelles and tubules.”*>*
For tubules some interesting stimuli responsive features have
been also shown in pure solutions or mixtures.”>*® Recently,
interest in the synthesis of bile salt derivatives for applicative
purposes has risen. For example, cholaphanes and cholapods
have been prepared and applied as carbohydrate and anion
receptors.” Bile salt-based molecular umbrellas,® linear
dendritic copolymers* as well as pegylated,* drug loaded*"** or
oxo derivatives®* have been used for drug delivery. Amine or
ammonium containing bile acid derivatives have shown

| OH
OO o
H
N OH

Fig. 1 Molecular structure of the cholic acid (top) and its derivative,
HNaphC (bottom).
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antimicrobial activity,***® whereas protein stabilizing capability
has been demonstrated by sugar-substituted derivatives.*®
Finally, the introduction of aromatic residues were found to
enhance the ability of bile salts to disperse carbon nanotubes.?”

Bile salt derivatives exhibit different self-assembly behav-
iours compared to their precursors.*®** They reveal efficient
gelation properties*»** and present appealing stimuli depen-
dent aggregation, especially in derivatives containing hydro-
phobic residues.***” One such derivative, the naphthoilamine-
substituted cholic acid (HNaphC, Fig. 1), is investigated in
this work. The study is aimed at exploring the effect of different
parameters (pH, salt concentration, temperature and ageing) on
its self-assembly in order to highlight possible multi responsive
features. A previous work demonstrated that this molecule
forms supramolecular tubules in water, which transform into
twisted ribbons upon pH increase via an unconventional
opening mechanism.*” Tubular structures are widely used, for
example, as nano-containers or to align nanomaterials. The
stimuli responsiveness of the tubular system can constitute a
significant advantage in applications as it allows a control on
their opening-closure and therefore, on inclusion-release of
materials. Stimuli multi responsive features enable a reversible
and particularly versatile control of these processes.

Results and discussion
The effect of pH

The self-assembly of HNaphC was first investigated by
recording circular dichroism (CD) and UV spectra in buffered
aqueous solutions at different pH values. The spectra demon-
strate relevant structural changes upon pH variations. The
signal evolutions are summarized by molar ellipticity and molar
extinction values at representative wavelengths where they show
the most significant changes (Fig. 2). In both cases drastic
jumps around a transition pH range of 9-10 are observed. The
whole set of spectra are reported in the ESI (Fig. S1 and S27).
Scattered light intensity measurements demonstrate that a
slight increase of the aggregation number occurs during the
transition upon increasing the pH (Fig. S37).

A typical UV absorption spectrum of non-aggregated
HNaphC (in methanol) presents three main absorptions at
around 230, 280 and 330 nm related to the w—7t* transitions of
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Fig. 2 pH effect: CD and UV measurements: values of the molar
ellipticity [6] at 220 nm (6550, left axis, black circles) and of the
extinction, ¢, at 230 nm (e30. right axis, white circles) of a 1.0 mM
HNaphC in carbonate/bicarbonate buffer.
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the naphthoilamine residue. In bicarbonate buffered aqueous
solution (pH = 8.5) the HNaphC aggregation occurs, which
induces hypochromic effects on the main peak (Fig. Siat). In
the same conditions CD is characterized by a negative band
around 215-220 nm (Fig. S1bt). Increasing the pH to 9.5 results
in a drastic change in both the UV and the CD spectra: increased
intensity of the former, and formation of conservative bisignate
Cotton effects at 295 and 230 nm for the latter (Fig. Sict).
Further pH increase affects the intensities of the opposite bands
of the low wavelength bisignate Cotton effect. The whole
behavior suggests that a transition occurs between supramo-
lecular structures at low and high pH values.

Very similar UV and CD spectrum profiles and evolutions
have been reported in a buffer-free system.*”

Using cryogenic electron transmission microscopy (cryo-
TEM) we imaged the change in structure and morphology
around the transition pH. The vitrification process used in cryo-
TEM sample preparation allows for direct structural investiga-
tion of aggregates in solution without drying or crystallization
effects, which may disturb their morphology. Below the transi-
tion pH (pH = 8.5) the micrographs show single wall tubules,
60 nm in diameter, with a narrow polydispersity (Fig. 3a).

Fig. 3 pH effect: cryo-TEM micrographs of HNaPhC 1.0 mM in buffer
at pH 8.5 showing fully (a) and partially (inset (a)) formed tubes, heli-
cally-wrapping of ribbons and their opening (b and c). At pH 9.6 the
micrographs demonstrate flat structures (d) and twisted ribbons
(e). Bar =200 nm.
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Structures that are not completely formed reveal that tubules
are built by helically wrapped ribbons (Fig. 3a, inset).****> Above
the transition pH (pH = 10.6, 11.6 and 12.3) both single wall
tubules and scrolls are imaged (Fig. 4a-c), the scroll fraction
increasing with pH (Fig. 4e). Cryo-TEM micrographs of 24 h
aged samples show that a transformation of scrolls into single
walled tubules 60-70 in diameter, occurs (Fig. 4d). A sheet
merging mechanism of overlapping layers in a scroll has been
proposed for such scroll-to single-wall tubule transition.***

The samples at the extreme pH values (8.5 and 12.3) were
also characterized by small angle X-ray scattering (SAXS). The
scattering curves were fitted to a tubular morphology® (Fig. 5),
assuming external and internal diameters of 55 and 59 nm
(pH = 8.5) and 68 and 72 nm (pH = 12.3), within estimated
uncertainties of £2 nm. These values are in excellent agree-
ment with the diameters obtained by cryo-TEM image analysis
(Table S17).

Cryo-TEM unambiguously detects a pH-induced single wall
tubules-to-scrolls structural transition around the transition
pH. Intermediate structures point out that these tubules open
up by releasing groups of curved layers similar to leaves (Fig. 3b
and c), in agreement with a mechanism previously reported.*
Moreover at pH = 9.6 we find both twisted ribbons (Fig. 3e) and
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Fig. 4 pH effect: cryo-TEM images of as-prepared HNaphC 1 mM in
buffer at pH values of 10.6 (a), 11.6 (b), 12.3 (c) and 24 h aged, at pH 12.3
(d). Bar =200 nm. Schematic report of the tube percentage at different
pH values (abscissa) and time (e). White and black circles represent
cryo-TEM image analysis of samples imaged after 1 h and 24 h aged,
respectively. The ratio single wall tube (SW) number/total number of
aggregates, expressed as SW and scrolls (SC), is shown in the ordinate.
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Fig. 5 pH effect: SAXS experimental data (black dots) and form factor
fitting to hollow cylinder (red curves) performed on HNaPhC 1 mM in
carbonate/bicarbonate buffer. Inner and outer diameters are 55 and
59 nm at pH 8.5 (a) and 78 and 72 nm at pH 12.3 (b).

thin flat sheets (Fig. 3d, darker regions), which are most prob-
ably the building blocks of the scrolls.

We note that the presence of buffer affects the high pH
structure. Indeed, in its absence twisted ribbons are formed,*”
rather than scrolls (Fig. 4e).

The peculiar molecular structure of the derivative induces
the formation of aggregates with complex interacting geom-
etries, stabilized by a delicate interplay between both
geometrically constrained interactions (hydrogens bonds and
m-1 stacking®™) and non-directional forces (hydrophobic
forces). By decreasing the pH, the protonation of the
carboxylic group is expected to trigger the transition by
regulating the electrostatic repulsions and the formation of
possible hydrogen bonds between the carboxylates. The used
buffer likely affects the specific interactions in the self-
assembly of the derivative as it determines the formation of
scrolls rather than twisted ribbons (formed in its absence) at
high pH. The available results do not make it possible to
propose a detailed mechanism for these interactions. The
kosmotropic features of carbonate could contribute to the
buffer effect.

The effect of NaCl concentration

The addition of NaCl to HNaphC samples results in increased
turbidity (Fig. 6), suggesting growth of the aggregate size.

The phenomenon is also revealed in UV spectra as an
increased background of the entire wavelength range, which
extends the chromophore's absorption tail (Figs. S4a and S5aft).
Moreover, a significant decrease in the main UV band intensity
and a remarkable change in the CD spectra occur upon NaCl
addition (Fig. S4 and S5t).

Both the changes in the UV and the CD spectra insinuate the
onset of yet another structural transition with salt concentra-
tion and its evolution (Fig. 7).

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 NaCl effect: solutions of HNaPhC 1 mM in buffer at pH 8.5 with
NaCl 0, 3, 5, 10, 20, 40 and 100 mM (from left to right).

Based on the UV profiles, both the turbidity (expressed as
molar extinction, er, on the tail of the UV curve at 340 nm) and
the extinction, ¢,, related to the absorption of the main band
(235 nm) are plotted as a function of NaCl concentration (Fig. 7a
and b). Both plots suggest that most of the structural transition
occurs within the 0-10 mM NacCl concentration range (roughly
10-30 mM Na' concentration considering the buffer contribu-
tions). A similar pattern is found by following the evolution of
the CD ellipticity at representative fixed wavelength of 243 and
219 for the samples at pH 8.5 and 12.3, respectively (Fig. 7c).

In order to verify the reversibility of the salt effect we
removed the salt from the aggregates in samples at the highest
NacCl concentrations by centrifugation and we re-dispersed the
aggregates in buffer at pH = 8.5 and 12.3. The CD measure-
ments of these samples showed the original spectrum before
the addition of salt (Fig. S67), proving the reversibility of the
salt-induced transformation. It also demonstrates that most of
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Fig. 7 Salt effect: turbidity, er, expressed as ¢ at 340 nm (a), extinction
due to absorption at 235 mm, e, expressed as the difference between
e at 235 and et (b), and the molar ellipticity, (6], at wavelengths of
243 (6243) and 219 nm (6,19) (c) for samples in buffer at pH 8.5 (right
axis, white circles) and 12.3 (left axis, black circles).
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Fig. 8 Salt effect: (a) cryo-TEM images of rolled aggregates in
HNaphC 1 mM in buffer in the presence of NaCl 20 mM at pH = 12.0,
bar = 200 nm; (b) scheme of the salt induced transition.

the added NaCl is not included in the aggregates and it is
eliminated with the supernatant. Cryo-TEM micrographs of
HNaphC samples in 20 mM NaCl show the presence of lamellae,
often edge-rolled, and forming truncated cones, ~0.5 um in
diameter at the transversal section (Fig. 8).

We believe that the added salt screens the electrostatic
repulsions between the charged head groups, leading to the
structural transition. Kosmotropic effects of the added salts
could also influence the transition.

The effect of temperature

Samples heated to 55 °C (pH = 12.3) show a transition from
tubule (Fig. 5¢) to ribbon-like structures (Fig. 9).

The temperature effect is also manifested by measuring the
molar ellipticity and the extinction coefficient at 233 and
220 nm, respectively (Fig. 10). Both these parameters present a
step change at 35-40 °C.

In detail, the UV spectra of 1.0 mM HNaPhC at pH 12.3 remain
unchanged up to 30 °C, whereas further temperature increase
produces a remarkable intensity drop in the 200-300 nm range,
which is completed above 40 °C (Fig. S7at). Accordingly, the CD
spectra do not significantly changes up to 30 °C (Fig. S7b¥), above
which it drastically drops. Cooling the sample back to 25 °C, both
UV and CD original curves reappear, demonstrating the revers-
ibility of the transformation and the possibility to toggle between
the two different molecular packings.

The transition is also detected by differential scanning
calorimetry (DSC), which shows a broad endothermic peak in
the 40-50 °C range (Fig. 10 inset).

RSC Adv., 2015, 5, 37800-37806 | 37803
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b) Temperature
35-40°C

And pH > 9.5

~—
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Fig. 9 Temperature effect: (a) cryo-TEM micrographs of ribbons in
1 mM HNaphC in buffer at 55 °C (pH 12.3), arrows indicate twists in a
narrow ribbon, bar = 200 nm; (b) scheme of the temperature induced
transition.
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Fig. 10 Temperature effect: molar ellipticity at 223 nm, 6,3 (left axis,
black circles), and molar extinction at 233 nm, 533 (right axis, white
circles), in 1 mM HNaphC in buffer. The up-scan DSC thermogram is
reported in the inset.

Static and dynamic light scattering (SLS and DLS) measure-
ments at increasing temperature also confirm the transition,
showing a decrease in the scattered light intensities and
hydrodynamic radii, starting from the transition temperature
(Fig. S87).

Within the complex framework of intermolecular interac-
tions provided by HNaphC, thermal response could be due to an
increase in the strength of hydrophobic interactions during

37804 | RSC Adv., 2015, 5, 37800-37806
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heating that involves both the naphthoilamine residue and the
hydrophobic face of the rigid group.

Experimental
Materials

HNaphC was obtained by reacting the 2-naphthoyl chloride
with the 3B-amino derivative of cholic acid. Details on the
synthesis were reported elsewhere.*”

Solutions of HNaphC were prepared by solubilizing the
powder in aqueous solvents. Starting from a sample containing
sodium or potassium bicarbonate 10 mM (initial pH = 8.5), the
pH value was progressively increased by adding sodium or
potassium hydroxide up to a pH of 12.3. Samples with NaCl
(Carlo Erba) ranging from 5 mM to 100 mM are also prepared to
study the electrolyte concentration effect on the self-assembly.

In order to test the reversibility of the transition with elec-
trolyte concentration, centrifugation on samples both at pH 8.5
and 11.5 with NaCl 100 mM was performed at 5000 rpm for
5 minutes. After removing the supernatant, the precipitate was
re-dispersed in buffer solution at the same initial pH, obtaining
homogenous solutions.

CD and UV measurements

The UV absorbance spectra were recorded on a Cary/1E spec-
trophotometer and reported in molar extinction coefficient e.
CD spectra were recorded on a JASCO model 715 and reported
in molar ellipticity 6. The spectra were recorded in the range of
wavelength (1) 200-350 nm and the temperature was controlled
by a Peltier unit, with an accuracy of 0.02 °C. Quartz cuvettes
with path lengths ranging from 0.1 to 1 mm were employed,
depending on the signal intensity. The reported spectra are
results of four scans and solvent baseline correction.

SAXS measurements

SAXS measurements were performed on a Ganesha SAXS
system. The instrument has a Pilatus detector and a Genix 3D
X-ray source and it uses a X-ray wavelength, 1, of 1.54 A. All the
scattering curves, recorded within the range of 0.01 <g <0.4 A"
(g = 4t sin(6)/A, where 20 is the scattering angle), were cor-
rected for solvent and capillary contributions.

For very long tubular scattering particles, the SAXS spectra
can be interpreted on the basis of the following theoretical
expression of the intensity for infinitely long hollow cylinder:*®

(b2 B2)

where D, and Dj are the outer and inner diameters of the tube,
respectively, and J,(x) is the n order Bessel function of the first
kind. The average in this equation is considered with respect to
a distribution of diameters. In our calculations a Gaussian
distribution with a 10% standard deviation was considered. In
the fit we observed that the calculated scattering curves with
this polydispersity show deeper minima than the experimental
data, and that a larger polydispersity allowed for a better fit.
However, larger percentages were not used because a partial

This journal is © The Royal Society of Chemistry 2015
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smearing of the experimental form factor minima is expected to
be due to other effects, such as a continuous rather than
discontinuous cross section profile of the electron density, as
considered in the fit equation.

Cryo-TEM measurements

Cryo-TEM images were collected using a FEI Tecnai 12 G2
(equipped with a Gatan 794 CCD camera) operating at 120 kV.
The samples were prepared using a controlled environment
vitrification system. A drop of the sample was deposited on a Cu
TEM grid, coated with a holey carbon film (Lacey substrate
300 mesh, Ted Pella, Ltd.) at 25 °C. The grid was blotted to
remove excess fluid, resulting in a thin film (20-300 nm) of the
solution suspended over the grid's holes. The samples were
vitrified by rapid plunging into liquid ethane at its freezing
point, then transferred to a cryo holder (Gatan model 626) and
examined at —178 °C.

SLS and DLS measurements

A Brookhaven instrument constituted by a BI-2030AT digital
correlator with 136 channels and a BI-200SM goniometer was
used for static and dynamic light scattering (SLS and DLS,
respectively). The light source was a Uniphase solid-state laser
system model 4601 operating at 532 nm. The temperature was
controlled within 0.5 °C by a circulating water bath. The data
were collected at a fixed angle of 90°.

DSC measurements

DSC measurements were carried out using a VP-DSC differential
scanning calorimeter (MicroCal, Northampton, MA.). Approxi-
mately 0.5 mL of sample and water (as standard sample) were
injected to the sample and reference cells (made from tantalum
alloy), respectively. The sample was equilibrated for 20 min at
20 °C before starting the measurements. Two up-scan
measurements in the range of 20-80 °C with scan rate of
60 °C h™" were carried out. After the first up-scan the temper-
ature was decreased to 20 °C and it was equilibrated for 120 min
before starting the second up-scan. Both first and second up-
scans gave similar thermograms. To collect and analyze DSC
data, Origin software supplied by the manufacturer was used.

Conclusions

We report a multi stimuli responsiveness of a cholic acid
derivative to pH, salt concentration, temperature and ageing.
Manipulating these external stimuli dictates different self-
assembled structures: SW tubules, scrolls, ribbons or rolled
lamellae. The transitions between these structures are revers-
ible and entail chromophore rearrangement. The multi stimuli
responsiveness of the tubular system offers advantages in
applications, allowing versatile opening-closure manipulation
in inclusion-release of materials.

Such rich and varied multi (four) stimuli responsiveness is
sometimes provided by block copolymers,**** peptide chains®®
or surfactant based mixtures,””® but it is uncommon for a
single surfactant system. The few cases of pure surfactant

This journal is © The Royal Society of Chemistry 2015
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systems reported in the literature**"* involve the formation of
different and generally less ordered aggregates, like micelles or
gels. Finally, the structural transitions take place within a rather
narrow range of the triggering stimulus: 1 pH unit, few kelvins,
and 10 mM of salt concentration, demonstrating a significant
change in UV and CD. Therefore, this system could be employed
in physico-chemical sensors with a rather narrow dynamic
range.
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