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ARTICLE INFO ABSTRACT

Article history: In light of the biomedical interest for self-assembling amphiphiles bearing the tripeptide Arg-Gly-Gly (RGD),

Received 26 April 2017 a cholic acid derivative was synthesized by introducing an aromatic moiety on the steroidal skeleton and the
Received in revised form 5 July 2017 RGD sequence on the carboxylic function of its chain 17-24, thus forming a peptide amphiphile with the
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unconventional rigid amphiphilic structure of bile salts. In aqueous solution, the compound self-assembled
into long twisted ribbons characterized by a very low degree of polydispersity in terms of width (=25 nm),
thickness (=4.5 nm) and pitch (=145 nm). It was proposed that in the ribbon the molecules are arranged in
a bilayer structure with the aromatic moieties in the interior, strongly involved in the intermolecular interac-
tion, whereas the RGD residues are located at the bilayer-water interface. The nanostructure is significantly
different from those generally provided by RGD-containing amphiphiles with the conventional peptide-tail
structure, for which fibers with a circular cross-section were observed, and successfully tested as scaffolds for
tissue regeneration. From previous work on the use of this kind of nanostructures, it is known that features
like morphology, rigidity, epitope spacing and periodicity are important factors that dramatically affect cell
adhesion and signaling. Within this context, the reported results demonstrate that bile salt-based peptide sur-
factants are promising building blocks in the preparation of non-trivial RGD-decorated nanoaggregates with
well-defined morphologies and epitope distributions.
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1. Introduction hydrophobic unit. The self-assembly of these molecules is driven by

the intrinsic amphipathic nature and by specific interactions arising

Molecular self-assembly is widely recognized as an attractive and
versatile bottom up approach to construct nanomaterials for nanotech-
nology and nanoscience. Molecules spontaneously self-assemble into
large and ordered arrays of multiple length scales, giving a wide va-
riety of nanostructures. Depending on the structural units and the ex-
perimental conditions (e.g. pH, solvent, temperature) the shape and
the characteristic self-association properties of these aggregates can be
tailored to address specific functions [1-4].

In this regard, amphiphilic molecules containing a peptide se-
quence are particularly promising building blocks in designing new
materials for biotechnology and biomedicine. These compounds are
constituted by a hydrophilic peptide motif conjugated to a structural
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from the presence of amino acids, and their characteristic functional
groups.

The potential of these compounds lies in their extreme versatility.
Due to the chemical diversity of amino acids, proper sequences in the
peptide motif can be chosen to provide the molecule with the ability to
respond to external triggers. Moreover, the self-assembly can be tuned
by properly choosing the hydrophobic unit and the hydrophilic peptide
(amino acid sequence, charge, branching, length). Finally, the intro-
duction of biologically active subunits can be exploited for developing
biomaterials to serve in biomedicine or bioengineering, for instance as
scaffolds in tissue regeneration or carriers in drug delivery [5,6].

The features mentioned above collectively allow peptide-based
amphiphiles to provide a wide range of self-assembled architectures,
which are characterized by a high degree of order at the nanoscopic
level, able also to impart functionality to the entire structure. Differ-
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ent supramolecular structure, such as ribbons, tapes, rod-like micelles
and fibers to mention a few have been reported and studied for spe-
cific applications. In the last fifteen years extensive efforts have been
devoted to the investigation of peptide-based amphiphiles, and a com-
prehensive overview of their self-assembly properties and applications
is provided by recent reviews [7-9]. The interest is still high especially
when it comes to self-assembling units containing biologically active
amino acid sequences such as Arg-Gly-Asp (RGD). This tripeptide is
well-known for its biological role: being found in many extracellular
matrix (ECM) proteins, responsible for binding integrin, the RGD epi-
tope is the most common recognition motif involved in cell adhesion
processes [10,11]. Numerous RGD-based amphiphiles have been in-
vestigated and their assemblies challenged as drug carriers or scaffolds
for tissue regeneration [12—24].

It has been observed lately that the interface between cells and ma-
terials is a critical component in the design of scaffolds and recent
work has revealed that receptor-mediated cell adhesion and signal-
ing are critically influenced by several physical properties of the ad-
hesive surface, i.e. morphology, rigidity and epitope spacing [25,26].
For instance, the influence of the periodicity of RGD-labeled nanos-
tructures on the differentiation of stem cells has been proven [27], as
well as the effect of the morphology of self-assembled multivalent
RGD-peptide arrays on nanoscale binding events [28]. For cell adhe-
sion, peptide-containing self-organized biomaterials have drawn atten-
tion because of their ability to provide controlled and high density epi-
tope distributions. Due to this tunable feature and the ability to gen-
erate a variety of supramolecular architectures these materials could
be also attractive models to better understand the interactions between
RGD-based nanostructures and integrins.

The self-assembly behaviors of peptide based amphiphiles can
be further enriched by introducing complex hydrophobic units de-
rived from bile acid (BA) skeletons. BAs are natural surfactants with
characteristic self-assembly features. They have a rigid and curved
steroidal backbone and a specific distribution of polar and non-po-
lar moieties. This results in ordered aggregates that can have dif-
ferent size and shape, such as globular, rod- or fiber-like and tubu-
lar, depending on the type of BA and on the experimental conditions
[29-33]. In addition, synthetic derivatives of BAs showing a different
hydrophilic-hydrophobic balance can provide complex supramolecu-
lar structures and self-assembly behavior that cannot be observed for
the precursors [30,34]. Molecules that arrange into tubules are often
observed. In some cases, tubules can present stimuli-responsive fea-
tures as well as tunable size or charge [35-42]. A plentitude of low
molecular weight gelators formed by BA derivatives have been also
investigated [30,43-46].

In this framework, we reported in this work the preparation and
characterization of the aggregation behavior of the novel compound
N-3p3-(4-t-Butylbenzoylamine)-(70,12a-dihy-
droxy-5-cholan-24-oyl)-(S)-arginine-(S)-glycine-(S)-aspartic  acid
(RGD-tbutPhC). The molecular structure is depicted in Fig. 1.

To design our new compound, we chose as the main skeleton
the #-butylphenyl amide derivative of cholic acid (H-tbutPhC), also
shown in Fig. 1. It was considered particularly suitable, as it ensured
a sufficient hydrophobicity and presented by itself a unique self-as-
sembly. In fact, in bicarbonate buffer H-tbutPhC forms fibers that
reversibly interconvert into tubules through a temperature—triggered
process. As the temperature is raised above 35-37 °C tubules are
formed with a diameter of ca. 450 nm and length up to several pm.
Tubules are also observed at lower temperature in cases where high
concentrations of buffer are used [47,48].

The self-assembly behavior of RGD-tbutPhC was fully inves-
tigated in mild alkaline conditions by means of circular dichroism
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RGD-tbutPhC
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Fig. 1. Molecular structure of the derivative RGD-tbutPhC and of the 7-butylphenyl
amide derivative of cholic acid H-fbutPhC.

(CD), UV absorption spectroscopy, cryogenic transmission electron
microscopy (cryo-TEM), small angle X-ray scattering (SAXS) and
static light scattering (SLS).

2. Materials and methods
2.1. Synthesis of the derivatives

The derivative RGD-tbutPhC was synthesized following the syn-
thetic route depicted in Scheme 1, the key step being the merging of 1
and H-tbutPhC.

Compound 1 was prepared according to standard procedures for
solution phase peptide synthesis and using a Fmoc-/fBu- orthogonal
linkage/cleavage strategy [49]. Reaction between Fmoc-Arg(Pbf)-OH
and H-Gly-OMe-HCI gave the dipeptide 2. The selective hydroly-
sis in alkaline conditions of the ester group afforded the compound
3 [50,51]. Subsequent reaction with H-Asp(O7Bu)-OrBu-HCI gave 4,
from which 1 was obtained upon selective cleavage of the Fmoc pro-
tecting group. The key step of the synthetic pathway was the prepa-
ration of 5, through condensation between 1 and H-rfbutPhC, which
was synthesized according to a reported procedure [52]. Compound 5
was purified by silica gel chromatography (see ESI for details), then
completely deprotected using TFA as a cleavage agent, and purified
affording RGD-tbutPhC as a TFA salt. The tripeptide RGD was also
prepared for comparison through complete deprotection of 1. The de-
tails of the synthesis, the characterization of the compounds and all the
abbreviations used for chemicals and solvents are reported in the Sup-
plementary Information.

2.2. Sample preparation

RGD-butPhC did not dissolve either in pure bi-distilled H,O
(pH = 5.9) or in acidic conditions. Its self-assembly was therefore in-
vestigated in alkaline media. In the same conditions the solutions of
RGD and H-tbutPhC were also analyzed for comparison. The pH
was adjusted by using titrated solution of sodium carbonate/bicarbon-
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Scheme 1. i) HCI-H-Gly-OMe, EDC, HOBt, NMM, dry CH,Cl,, r.t., 16 h, 79%; ii) LiOH, H,0, CaCl,, i-PrOH, THF, r.t., 1 h, 89%; iii) HCI-H-Asp(O#Bu)-OBu, EDC, HOBt, NMM,
dry CH,Cl,, r.t., 16 h, 77%; iv) DBU, CH,Cl,, r.t., 20 min, 89%; v) H-tbutPhC, EDC, HOBt, NMM, dry CH,Cl,, r.t., 16 h, 78%; vi) TFA/H,O/TIS 95:2.5:2.5, r.t., 3 h, 18%; a) TFA/

H,O/TIS 95:2.5:2.5, r.t., 3 h, 84%.

ate Dbuffers (pH 10.0) at a total concentration of
[Na,COs] + [NaHCO;] = 60.0 x 10° M. All the experiments were
carried out on solutions with a solute concentration of 5.0 x 10> M,
unless otherwise stated.

2.3. UV—vis absorption and circular dichroism (CD)

UV-vis and CD spectra were recorded simultaneously on a JASCO
model 715 and reported in molar extinction coefficient ¢ and molar el-
lipticity [®], respectively, after correction for the solvent contribution.
The spectra were recorded in the wavelength A range 195-350 nm, by
using quartz cuvettes with path length 0.1 mm. The spectral resolution
was 1 nm. The reported spectra were the result of three scans.

2.4. Cryogenic transmission electron microscopy (cryo-TEM)

Vitrification of the cryo-TEM sample was carried out using a con-
trolled environment vitrification system [53], keeping the relative hu-
midity close to saturation at around 26 °C. A thin film of the dis-
persion on a lacey carbon-coated copper grid was rapidly vitrified
by plunging into liquid ethane (=180 °C) and stored in liquid nitro-
gen before the examination. The micrographs were recorded 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. The values of width and
twist pitch of the ribbons have been determined using the free software
Imagel.

2.5. Small angle X-ray scattering (SAXS)

The SAXS measurements were performed on the SAXSlab in-
strument (JJ X-ray, Skovlunde, Denmark). The instrument had a 2D
300 K Pilatus detector from Dectris (Dectris Ltd., Baden, Switzerland)
and a Genix 3D X-ray source (Xenocs SA, Sassenage, France). The
X-ray wavelength 4 was 1.54 A. The two-dimensional SAXS patterns
were processed using the Fit2D software [54]. All the scattering in-
tensities /(q) were recorded within the range of 0.07 < ¢ < 2.1 nm ' of
the scattering vector ¢ = (4nsind)/A (where 26 is the scattering angle)
and corrected for solvent contribution.

The SAXS patterns were analyzed by means of a model-based
fit that uses the form factor P(q) expression for long parallelepiped
systems [55]. The parallelepiped model is implemented in SASview
software. The indirect Fourier transform (IFT) method, developed in
the ATSAS program [56], was used to analyze the cross-section pro-
file of the aggregates, and to extract the cross-section pair correlation
function p(r). An integral over this function allowed for the estima-

tion of the radius of gyration of the cross-section R, whereas the
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cross-section maximum distance D,,. was inferred as the distance at
which the function vanished. The Guinier plots for rods In[g/(q)] vs q2
and flat particles ln[qzl(q)] Vs q2 were also used to analyze the SAXS
curve and to estimate R, and the gyration thickness R, respectively.
The thickness 7 was determined by using the relation Rg,2 =T%/12.

2.6. Static light scattering (SLS)

SLS measurements were performed by using a Brookhaven instru-
ment constituted by a BI-2030AT digital correlator with 136 chan-
nels and a BI-200SM goniometer. The light source was a Uniphase
solid-state laser system, model 4601, operating at 532 nm. During
the measurements, the temperature of the samples was kept constant
within 0.5 °C by a circulating water bath. The solutions were ther-
mally equilibrated at each set temperature for at least 30 min prior to
the measurement.

3. Results and discussion

The solution behaviour of RGD-tbutPhC was investigated in the
presence of carbonate/bicarbonate buffer at pH 10.0, thus reproducing
analogous conditions to those used in our previous work on the precur-
sor H-tbutPhC [47,48]. This allowed for a comparison of the self-as-
sembly properties of RGD-tbutPhC and H-tbutPhC thus assessing
the influence of the peptide moiety on the aggregation process. The
samples were turbid, clearly showing scattering due to the presence
of large aggregates (Fig. S1). Elucidation of the aggregate structures
started by recording the UV absorption and CD spectra.

The UV spectrum of the RGD-tbutPhC solution (Fig. 2a) showed
a main band at 195 nm and a lower one at 240 nm. Only a slight de-
crease of the intensities of peaks was observed upon increase of the
temperature. A very similar UV profile was observed for H-fbutPhC,
whereas for the RGD peptide solution only a shoulder of significant
absorbance was recorded at the lowest wavelength (<230-240 nm).
Therefore, the comparison of the spectra of the three compounds (Fig.
2b and c) suggested that in the case of RGD-fbutPhC the RGD pep-
tide significantly contributed only to the main band with the n-n*
transitions and the tail of the m-n* transitions of peptide bonds and
carboxylic groups. By contrast, phenylamide residue transitions con-
tributed both to this band, mainly with n-n* transitions of aromatic
and amide groups, and to the second weaker band, only with n-*
transitions of the aromatic group. The CD spectra of RGD-tbutPhC
solutions recorded at 20 °C (Fig. 3a) presented three recognizable
bands, one band at 205 nm with negative 0 values, one with posi-
tive values at 240 nm and a less intense negative band at 270 nm.
The intensity of the peaks decreased gradually upon increase of the
temperature, probably due to a gradual breaking of the aggregates.
This was confirmed by SLS measurements, as the scattered inten-
sity recorded at #=90° (Fig. S2) decreased gradually upon increase
of temperature. The process of breaking of the aggregates was re-
versible, as the CD spectrum recorded again after 1 h on the same
sample cooled down to 20 °C, showed all the peaks with their origi-
nal intensity (Fig. 3a). To better understand the contribution of both
the moieties involved in the self-assembly, it was necessary to com-
pare these dichroic profiles with those recorded on solutions prepared
in the same conditions of both H-rbutPhC sodium salt and RGD (Fig.
3b and c). The dichroic profiles of the H-rbutPhC sodium salt were
recorded on a 2.0 x 10° M solution at different temperatures using
a concentration of buffer (60.0 x 10 M) in which the tubules are
present already at room temperature. It was possible to notice that a

£(10* mol'em™)

b)

- - [} %] [} %]
=] (<] =] &)

£(10* mol'em™)

o
o

o
o

L L L L L L L L

200 220 240 260 280 300 320 340
A (nm)

Fig. 2. UV absorption spectra recorded at 20 (bold line) and 60 °C (dashed line) of solu-
tions of a) 5.0 x 10> M RGD-tbutPhC; b) 5.0 x 10> M RGD; ¢) 2.0 x 10> M H-tbut-
PhC. All the solutions were prepared in carbonate/bicarbonate buffer at pH 10.0.

strong positive band at 250 nm (Fig. 3¢) was associated to the forma-
tion of tubes [48], revealing a strong chiral arrangement of the transi-
tion dipole moments of the chromophores responsible of the UV band
at higher wavelengths. The CD profile was very similar in shape to
that of RGD-tbutPhC, suggesting that a similar chiral intermolecu-
lar coupling of the transition electric dipole moment occurred both
in the peptide containing derivative and the precursor. The spectrum
recorded on a 5.0 x 10> M solution of RGD (Fig. 3b) showed the
presence of a negative peak at 205 nm that was not sensitive to tem-
perature change (Fig. 3c). Roughly in the same region RGD-rbut-
PhC showed a more intense negative peak which decreased upon in-
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Fig. 3. CD spectra as a function of temperature of solutions of a) 5.0 x 107> M
RGD-tbutPhC; b) 5.0 x 10> M RGD and ¢) 2.0 x 10> M H-tbutPhC. All the solu-
tions were prepared in carbonate/bicarbonate buffer at pH 10.0.

crease of temperature. The presence of a similar band in the H-tbut-
PhC sample was attributable to interacting phenylamide residues. It is
highly likely that the interactions of these residues were the main re-
sponsible for this band also in the RGD-substituted derivative.

The direct imaging via cryo-TEM revealed that the RGD-tbutPhC
aggregates were formed by twisted ribbons as dominant morphology
(Figs. 4 and S3). These ribbons were characterized by length up to
5 um, width of 25 + 5 nm and twist pitch of 145 + 9 nm (Figs. S4-S5).
It was possible to notice that a small fraction of ribbons merged in
wider ribbons that eventually rearrange into a helical structure some-
times closed to form tubes (Figs. 4b, S3d—f). The diameter of the heli-
cal tubes was found to be ca. 100 nm.

Fig. 4. Cryo-TEM images of RGD-butPhC 5.0 x 10> M in buffer (pH = 10.0). The
arrow indicates the merging of ribbons in helical tubes in panel b.

A complementary analysis of the structure of the RGD-fbutPhC
aggregates was performed by using SAXS. Intensity profiles at three
different temperatures were recorded (Fig. 5a). In all cases the curves
showed a slope in the log—log plot corresponding to the I « q—2 trend
typical of layered structures (Fig. S6) [57-59] in the intermediate ¢
range. The Guinier plot for flat objects in the range 0.4-0.8 nm " al-
lowed us to determine an R, value of 1.3 + 0.3 nm (Fig. S7), from
which a thickness 7 of the ribbon of 4.5 nm was estimated. The slope
progressively changed at lower ¢ values and approached the depen-
dence Txq—1 typical for rod-like structures at the lowest accessi-
ble scattering angles. These results confirmed that flat ribbons were
formed in the samples.
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Fig. 5. SAXS data and interpretations of 5.0 x 10 > M RGD-tbutPhC solutions in car-
bonate/bicarbonate buffer at pH = 10.0: a) SAXS patterns recorded at 20, 30 and 35 °C;
b) experimental (grey circles) and IFT best fitting (black line) /(g)g curve with corre-
sponding cross-section pair distance distribution function p(r) in the inset.

The IFT method (Fig. 5b) was performed on the /(¢)g curve to
extract the cross-section pair correlation function p (r) of the ribbon.
The extracted function provided a D,,. of 30 nm, consistent with the
ribbon width value estimated by cryo-TEM (the Guinier plot for the
cross-section was not reported due to the little number of data points).
The SAXS pattern was also analysed by using the form factor of a
homogeneous infinitely long parallelepiped to model the scattering
of the observed ribbons. Although twist was not considered in the

model, we obtained that the intensity calculated for a parallelepiped of
thickness 4.5 £ 0.1 nm and width 26.0 = 1.0 nm was able to reproduce
the experimental profile (Fig. S8).

The formation of the twisted ribbons could be explained on the
basis of previous examples reported in the literature [60,61] and the
Tilted Chiral Lipid Bilayer (TCBL) theory [62,63].

In the case of RGD-tbutPhC, we propose that the molecules
self-assemble into a bilayer to form the ribbons. Reasonably, in the bi-
layer, the fert-butyl-phenyl groups would be oriented towards the in-
terior, while the hydrophilic peptide moieties would be located on the
surface. With a thickness of the ribbon of 4.5 nm as estimated from
SAXS it is likely that the fert-butyl-phenyl moieties overlap in the bi-
layer (Fig. 6). This type of molecular organization would thus allow
for a stabilization of the supramolecular aggregate by z-z interactions
involving the aromatic moieties and on the same time would explain
the intense CD signal of the ribbons samples. This arrangement could
be kept up to the edges of the ribbon where the molecules could be
oriented with the hydrophilic face toward the solvent to minimize the
surface energy. In spite of this, the surface energy would still be higher
at the edges compared to the main ribbon surface, the latter being cov-
ered by RGD groups, which are the most hydrophilic moieties of the
molecules. In light of this, merging and fusion of the thin twisted rib-
bons into wider helical ones is expected and sometimes observed (see
cryo-TEM micrographs of Fig. 4b and S3d—f), since this process can
reduce the lateral surface energy. A wide ribbon should transform into
an helical ribbon through twisting and bending in order to afford the
morphological stability. [57,65-67]. Eventually, according to TCLB
theory [62,63] the helical ribbons might close into tubules, in order to
further reduce the lateral surface free energy. This process has already
been observed in studies of the kinetics of formation of supramolec-
ular tubes. [57] Accordingly, it is reasonable to believe that the ob-
served RGD-tbutPhC twisted ribbons are unstable and that nanotubes
could be the final structure of the long-time evolution of the system.

The formation of twisted ribbons by self-assembly of peptide am-
phiphiles, has already been observed. For example, they have been
reported for di-alkyl peptide amphiphiles, although with very larger
sizes (width 1.2 pm and pitch 18 pm), a multibilayer structure and in
coexistence with other aggregates [64]. It is worth mentioning that
the formation of chiral superstructures like twisted ribbons is pro-
moted by specific interactions involving the chiral groups of the am-
phiphiles. In the case of peptide amphiphiles, the involvement of the
peptide moiety is in many cases crucial to induce the self-assembly
into chiral organizations. In our case, the CD results demonstrated
that the interactions between the RGD groups within the chiral aggre-

Fig. 6. Aggregation model for RGD-tbutPhC into twisted ribbons. The different colours in the molecule represent C (cyan), N (blue), and O (red). (For interpretation of the refer-

ences to colour in this figure legend, the reader is referred to the web version of this article.)
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gates seem to be very weak. This means that these groups are rela-
tively free and by that available for interactions with the surrounding
environment, which could be crucial for the applications.

4. Conclusions

In this work, a novel bile salt derivative bearing an aromatic moi-
ety on the steroidal skeleton and the biologically active RGD se-
quence was synthesized. The purpose was to obtain a peptide-based
amphiphile with a unique and possibly unusual self-assembly, due to
presence of the rigid amphiphilic structure of the derivative. The mol-
ecule self-assembled in mild alkaline solutions in long twisted rib-
bons characterized by width, thickness and twist pitch with a very
low degree of polydispersity. The circular dichroism measurements
clearly revealed a chiral arrangement of the molecules and a bilayered
structure, in which the aromatic moieties are positioned in the inte-
rior and the RGD residue at the bilayer/water interface, was proposed.
The nanostructure is significantly different from those generally pro-
vided by conventional RGD-containing amphiphiles, which has been
observed to form fibers with a circular cross-section. According to the
literature, features like morphology, rigidity, epitope spacing and peri-
odicity determine the performance of nanostructures, as they dramat-
ically influence cell adhesion and signaling [27,28]. Bile salt-based
peptide amphiphiles are therefore useful to exploit for the preparation
of nanostructures with well-defined monodisperse morphologies and
epitope distributions, which in turn pave the way towards designing of
new non-trivial RGD decorated nanoaggregates.
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