Colloids and Surfaces B: Biointerfaces 185 (2020) 110556

Contents lists available at ScienceDirect PO R

NS
S

A

Colloids and Surfaces B: Biointerfaces

journal homepage: www.elsevier.com/locate/colsurfb

C-12 vs C-3 substituted bile salts: An example of the effects of substituent
position and orientation on the self-assembly of steroid surfactant isomers

Check for
updates

a,2

Jacopo Cautela™®, Emilia Severoni®®, Carlos Redondo-Gémez”"*, Maria Chiara di Gregorio™~,
Alessandra Del Giudice®, Simona Sennato®, Roberta Angelini, Marco D’Abramo®,
Karin Schillén®, Luciano Galantini®*

2 Department of Chemistry, Sapienza University of Rome, P.le A. Moro 5, 00185 Rome, Italy

Y Escuela de Quimica, Centro de Investigacion en Electroquimica y Energia Quimica (CELEQ), Universidad de Costa Rica, San José, Costa Rica
€ CNR-ISC Sede Sapienza, Sapienza University of Rome, P. le A. Moro 5, 00185 Roma, Italy

d Department of Physics, Sapienza University of Rome, P. le A. Moro 5, 00185 Roma, Italy

€ Division of Physical Chemistry, Department of Chemistry, Lund University, P.O. Box 124, SE-221 00 Lund, Sweden

ARTICLE INFO ABSTRACT

Keywords: Biomolecule derivatives are transversally used in nanotechnology. Deciphering their aggregation behavior is a
Steroid derivatives crucial issue for the rational design of functional materials. To this end, it is necessary to build libraries of
Bile acid selectively functionalized analogues and infer general rules. In this work we enrich the highly applicative or-
E};er?;:wonswe self-assembly iented collection of steroid derivatives, by reporting a rare example of C-12 selectively modified bile salt. While

nature often exploits such position to encode functions, it is unusual and not trivial to prepare similar analogues
in the laboratory. The introduction of a tert-butyl phenyl residue at C-12 provided a molecule with a self-
assembly that remarkably switched from rigid pole-like structures to twisted ribbons at a biologically relevant
critical temperature (~25 °C). The system was characterized by microscopy and spectroscopy techniques and
compared with the C-3 functionalized analogue. The twisted ribbons generate samples with a gel texture and a
viscoelastic response. The parallel analysis of the two systems suggested that the observed thermoresponsive self-
assemblies occur at similar critical temperatures and are probably dictated by the nature of the substituent, but
involve aggregates with different structures depending on position and orientation of the substituent. This study
highlights the self-assembly properties of two appealing thermoresponsive systems. Moreover, it adds funda-
mental insights hereto missing in the investigations of the relation between self-assembly and structure of
synthetic steroids, which are valuable for the rational design of steroidal amphiphiles.

1. Introduction in a large set of application fields including biotechnology [4-6], cat-
alysis [7,8], material science [9-14] and drug [15-18] and carrier
[19,20] design. By following this approach, the steroid molecular

backbone has been used in particular as a fundamental framework in

Nature provides a large set of molecules, called steroids, which are
characterized by a common stiff molecular motif of four condensed

rings that are found both in plant and animal species and that fulfill
diverse and crucial biological functions such as signaling, membrane
fluidity regulation, antibiotic and detergent activities [1-3]. The ver-
satility of such compounds in natural processes promotes the steroid
molecular motif as an appealing substrate for the construction of new
molecules that expand the functions of the natural precursors and in
turn allow the researchers to explore the potential of steroid derivatives
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the preparation of a set of rigid amphiphiles. For their synthesis, bile
salts (BS) — a class of steroidal natural surfactants mainly acting as
emulsifiers of dietary fats in mammals [21] — have been mainly used as
precursors due to their intrinsic amphiphilicity and the presence of
many functionalizable groups [22,23]. The modified molecules, usually
identified as bile salt derivatives (BSDs), provide rigid building blocks
for the fabrication of intriguing self-assembled nanostructures. These
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rigid elements are indeed particularly prone to pack into ordered fra-
meworks stabilized by hydrophobic interactions, hydrogen bonds and
other geometrically constrained interactions depending on the sub-
stituents [24]. Natural amphiphiles like BSs provide important self-as-
sembling molecules for the preparation of environmentally friendly and
biocompatible materials that are also relevant for biomedical applica-
tions [25-27]. Chemical modifications on these molecules can be
exploited to introduce additional functionalities and self-assembly
features which can result in derivatives with improved performances.

Most BSs bear some OH groups on their steroid backbone at C-3, C-
12 and C-7. Number, position and orientation (a or ) of these groups
depend on the bile salt families. Specific modifications have provided so
far self-assembling molecules with several appealing features. For in-
stance, many derivatives associate into one directional aggregates, like
fibrils and tubular structures. The cross section of the tubules spans a
wide interval of diameters thus providing tools for applications at dif-
ferent scales. Remarkable derivatives have been synthesized by in-
troducing amino acid [28-35] or sugar [36-38] substituents to provide
molecules where features of peptides/saccharides and amphiphilic
steroids are merged. Relevant systems are also those obtained by mo-
lecules bearing aromatic groups: they can aggregate into different
elongated morphologies (e.g. tubules, fibers, ribbons) often through
stimuli (pH, temperature, ionic strength) responsive self-assembly
[39-43]. Interesting behaviors are also observed in mixtures of ca-
tionic/anionic analogues [44,45] or derivative/precursor [36], which
are able to assemble into tubules with composition controlled charge
and cross section, respectively. These features make BSD aggregates
versatile tools for applications in different environments
[22,35,46-49]. In particular, we observed recently that BSD tubules are
suitable elements for higher order self-assembly, namely the supra-
colloidal aggregates [50]. This result highlights a novel employment of
supramolecular tubules, opening up for the implementation of new
functional materials.

Modification of BSs has been extensively investigated at the end of
the lateral chain and at the C-3 by substituting the original OH [22,23].
However, a selective functionalization has been only seldom performed
at the other OH bearing carbons C-7 and C-12, which are generally
more hindered to substitution. It is interesting to remark that the
steroid functionalization at C-12 is a particularly challenging issue that
has involved both industry [51] and academic research, since many
natural and synthetic C-12 substituted steroids exhibited pharmaceu-
tical [51,52,61,53-60], biological [62-65], optical [66] and catalytic
[67] properties. Moreover, the effect of a selective modification at C-12
on the self-assembly of BSDs is still unexplored.

In this work we investigated the synthesis and the self-assembly
behavior of a novel BSD (Nal2TPC) obtained by selectively substituting
the OH group at C-12a of sodium cholate (NaC) with a p-tert-butyl-
phenylamide group (Scheme 1b, left).

The substituent was chosen in the light of the results previously
obtained on the C-3f substituted analog (Na3TPC in Scheme 1b, right)
that showed an astonishing thermoresponsive self-assembly into
monodisperse tubular structures [41,42]. This knowledge allowed a
comparison that represents a fundamental information to rationalize
the effects of the substituted position on the BSDs self-assembly. The
combination of different techniques such as dynamic light scattering
(DLS), small angle X-ray scattering (SAXS), circular dichroism (CD),
conventional and cryogenic transmission electron microscopy (TEM
and Cryo-TEM), atomic force microscopy (AFM) and rheology was used
to characterize the BSD self-assembly.

2. Materials and methods
2.1. Synthesis of Na12TPC

The derivative Nal12TPC was synthesized by following the synthetic
route depicted in Scheme 2. The methyl ester 2 of cholic acid, obtained
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Scheme 1. Scheme of molecular structures and self-assembly behaviors of so-
dium cholate (NaC, a) functionalized at C-12a (Nal2TPC, b left) and C-38
(Na3TPC, b right) with a p-tert-butylphenylamide group.

as reported in the literature [68], was used as starting material.

Methyl ester 2 was selectively diacetylated in positions C-3 and C-7
to afford a free hydroxyl group at C-12 position in derivative 3. This
secondary alcohol was oxidised with pyridinium dichromate (PDC) to
the 12-keto derivative 4 with a quantitative yield. Condensation with
hydroxylamine afforded the oxyme 5. Subsequently compound 5 was
stereoselectively converted to the 12-amino derivative 6 first by hy-
drogenating through the Adams Catalyst and then by reducing through
Zn and acetic acid. The so obtained secondary amine on C-12 allowed
for the condensation with p-(t-butyl)benzoil chloride to afford amide 7
Finally, quantitative hydrolysis of the protecting groups at C-3, C-7 and
C-24 and conversion to the sodium salt allowed to obtain the desired
product 8.

Details on the chemicals, synthetic procedure and characterization
of the compounds are reported in the Supplementary Information.

2.2. Sample preparation

The self-assembly of Nal2TPC was investigated in alkaline condi-
tions, obtained for all the samples by using sodium carbonate/bi-
carbonate buffer (pH 10.0) at total concentration ([Na,COs] +
[NaHCOs]) of 6.0 x 1072 M. The experiments were carried out on
samples with a Nal2TPC concentration of 1.0 X 10~2 M, unless
otherwise stated. Measurement conditions and equipments are reported
in the Supplementary Information.

3. Results and discussion
3.1. Nal2TPC self-assembly

Solubilization of Nal2TPC did not occur at natural pH, as pre-
viously observed for the Na3TPC isomer as well as for many other
BSDs. Based on the behavior reported for these molecules, high pH
conditions (pH 10) were accomplished to guarantee deprotonation of
the carboxylic group and facilitate solubilization, by using carbonate/
bicarbonate buffer. Despite of this, the sample appeared as a turbid
dispersion at 20 °C. However, different techniques highlighted ther-
moresponsive properties of such dispersion. The DLS intensity auto-
correlation function showed an exponential decay at temperatures of
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Scheme 2. Reaction sequence for the synthesis of Nal12TPC.
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Fig. 1.DLS normalized intensity autocorrelation function of Nal2TPC
1.0 x 1072 M in 6.0 x 10~ M buffer, at different temperatures.

20 °C or lower. The intercept value of the autocorrelation function de-
creased and the curve flattened when the temperature was increased at
25-30 °C, indicating an arrest of the dynamics. The effect is reported in
Fig. 1 where the curve were normalized to the same intercept.

UV spectra showed bands at 200 and 240 nm related to the s-ot*
transitions of the tert-butylphenylamide moiety (Fig. S1). In the same
region CD signals were also observed. At room temperature the CD
profile exhibited two oppositely signed bands around 240 (negative)
and 220 (positive) and a positive intense signal at 190-200 nm. A
temperature increase to 28 °C induced a consistent decrease in intensity
at A values < 230nm (Fig. 2). Visually, a sol-gel transition in the
sample was observed. By plotting the CD intensity at the representative
wavelengths of 209 nm, as a function of temperature, a sigmoidal trend
with inflection point at temperature around 25°C was obtained
(Fig. 2b). Such profile is typical of cooperatively responsive systems.
The inferred inflection point falls in the same temperature range where
the DLS experiments presented the slowing down of the dynamics in the
system. Furthermore, the CD curves were similar to those recorded for
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Fig. 2. CD spectra (a) of Na12TPC 1.0 X 102 M in 6.0 x 10”2 M buffer and
molar ellipticity values at representative wavelength of 209 nm [0]2095m, (b) of
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diluted (1.0 x 10~2 M) Na12TPC solution in ethanol and obtained by
means of TD-DFT calculations (Fig. S2a). This suggests that the CD
signal is mainly related to the chirality of the monomer and poorly
affected by supramolecular interaction of the aromatic substituent in
the aggregates forming in water. The calculated UV spectrum agreed
rather well with the corresponding experimental one, with a major peak
near 190 nm and a minor one near 230 nm (Figure S2b).

Cryo-TEM images showed that mainly pole-like structures with a
polydisperse cross section were present in the sample at 20°C
(Fig. 3a,b), whereas twisted fibers were imaged at 35 °C both by Cryo-
TEM (Fig. 3c—f) and AFM (Fig. S3). Such structures appeared straight
and quite rigid. The fibers have a rectangular cross section with the
wider side roughly 25 nm long and are twisted with a very regular pitch
of about 80 = 4nm (Fig. 3e,f bottom, Fig. S4). Despite their remark-
able length of tens of pm, the fibers do not crosslink. The low flexibility
and the remarkable length hinder the rotation and other internal mo-
tions of the fibers, thus explaining the arrested dynamic inferred by DLS
and the gel texture of the sample at the higher temperature. The regular
shape of the “poles” suggests that they have and ordered arrangement
of the constituting molecules. In addition, we observed that when the
pole samples were aged for a few days under stirring at 20 °C, they did
not show the same responsive behavior: the dispersions in this case
must be heated close to the boiling point to be solubilized and subse-
quently cooled to obtain the gel of fibers. According with this behavior,
we believe that the poles can turn into large stable crystals by aging.
The formation of fibers in a sample initially containing the pole struc-
tures can be appreciated at a critical temperature value during the in-
creasing temperature scan as the poles are small and in a metastable
partially ordered or pre-crystalline state.

SAXS measurements confirmed the morphological properties of the
fibers observed by microscopy. At ¢ < 0.2 nm ™' the log-log plot follows
the trend I(q) ~ g2 (Fig. 4), in agreement with previous reports on long
twisted ribbons [69-72]. The IFT analysis of the qI(q) vs g curve pro-
vided an asymmetric profile of the cross section pair distribution
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Fig. 3. Cryo-TEM micrographs of Na12TPC 1.0 x 10 ?>M in 6.0 x 10~ > M buffer at 20 °C (a, b) and 35 °C (c—f). Intensity profile analysis of the structures labeled in e

and f are reported below the relative panels.
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Fig. 4. SAXS data of Na12TPC 1.0 x 102 M in 6.0 x 10~ M buffer (a, empty
circles) and relative fits by using the form factor of a long parallelepiped (a, top,
red line) and the form factor of a long cylinder with elliptical cross-section (a,
bottom, green line). Cross section pair distribution function p.(r) (b).

function pes(r) with maximum dimension around 28 nm (Fig. 4b),
which suggests a rectangular shape of the fiber cross section. The ex-
perimental scattering profile could be fitted by using the form factor of
a long parallelepiped with 9.4 nm x 27.9 nm cross section (Fig. 4), or
alternatively the form factor of a long cylinder with elliptical cross-
section having minor and major axes of 10.1 nm and 32.9 nm, respec-
tively (details of the fits are reported in Table S1).

Dynamic rheology was used to investigate the mechanical features
of the gel. Oscillatory experiments in strain sweep mode were first
performed on the fibrillar hydrogel (6.0 x 10~> M Nal2TPC) at a fixed
frequency of 1.0 Hz. Subsequently frequency sweep measurements were
collected at a constant applied strain amplitude falling in the linear
viscoelastic domain (y = 0.1 %) to provide the frequency dependence
of G’ and G” (Fig. 5). G’ was found to be larger than G” at all fre-
quencies, as expected for a soft elastic solid.
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Fig. 5. Elastic G’ (filled symbols) and viscous G” (empty symbols) moduli as a
function of frequency for gels of Nal2TPC 6.0 X 1073 M (black square) and
Nal2TPC 1.0 x 10~2 M (red circles) in 6.0 x 102 M buffer at 35 °C, strain
amplitude y = 0.1 %.

3.2. Nal2TPC - Na3TPC self-assembly comparison

Twisted elongated structures are generally formed by helically ar-
ranged molecules. When the molecules contain chromophores, this kind
of arrangements provides very intense CD spectra. This happens for
example in the case of the derivative substituted at C-33 Na3TPC pre-
viously studied [41,42]. For this derivative the formation of a gel at
room temperature is observed which gives a bisignate Cotton Effect
around 220 nm. A transition into microtubes with a complex CD profile
spreading the whole range of the UV absorbance is induced by heating
at critical temperatures similar to those reported for Na12TPC. The CD
intensity is much lower in the case of Nal2TPC fibers suggesting that
the chromophores interact weakly in these structures (Fig. 6)

However, like for Na3TPC, the self-assembly of Na12TPC is ther-
moresponsive. The temperature induced transition occurred at con-
venient critical values around 25°C for Na12TPC and 35-40 °C for
Na3TPC. Position and orientation of the substituent also affect struc-
ture and stability of the self-assembled aggregates at low temperature
where metastable poles are formed by Nal2TPC. The poles turn into
stable crystals by aging thereby loosing responsiveness, whereas stable
gel fibrils are provided by the C-3 substituted isomer.

4. Conclusions

A derivative of sodium cholate selectively substituted at C-12a by a
p-tert-butylphenylamide group was analyzed in this work and compared
with the C-3f substituted analogue. The results indicate that the sub-
stituent imparts similar features to the derivatives as both molecules
exhibit a thermoresponsive self-assembly at high pH accomplished by
carbonate/bicarbonate buffer. These outcomes of the two derivatives
suggest some possible intrinsic features of the substituent. The different
location and orientation of the substituent is reflected in very different
aggregate structures. Metastable poles are formed by the C-12 sub-
stituted analogue at low temperature instead of the more stable gel fi-
brils provided by the isomer functionalized at C-3. Stiff twisted paral-
lelepiped aggregates are given by the former instead of microtubes
provided by the latter, upon heating the sample above critical tem-
peratures around 25 and 35-40 °C, respectively. This study represents a
first step in the construction of a library highlighting the effect of po-
sition and orientation of substituents on the self-assembly of bile salt
derivative isomers, which is expected to be fundamental for a rational
design of steroid based molecules for application.
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Fig. 6. CD curves of Na3TPC 1.0 X 10 % M in
3.0 X 102 M carbonate/bicarbonate buffer so-
lution at 20 (a, light green line) and 40 °C (a,
blue line) and of Nal2TPC 1.0 x 102 M in
6.0 x 102 M buffer at 20 (a, orange line) and
40 °C (a, green line). Zoom in of the Nal2TPC
spectra are reported as inset in a. Cryo-TEM (b)
and TEM (c¢) micrographs of Na3TPC
1.0 x 1073 M in 3.0 x 102 M carbonate/bi-
carbonate buffer solution at 25 (b) and 40 °C
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