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Supramolecular Hydrogels Derived from 2:1-[a/azal-
Pseudopeptides: Design, Structural Analysis and Self-Assembly in
Solution, Solid, and Gel Statest

Mohamed I. A. Ibrahim,*"2bc Jacques Bodiguel,® Guillaume Pickaert,? Loic Stefan,® Koichi Matsuo®
and Marie-Christine Averlant-Petit**

Synthesis of innovating supramolecular hydrogels based on low molecular weight gelators (LMWGs < 2000 Da)
has gained a significant interest within the scientific research community due to their wide-ranging potential applications.
Most supramolecular hydrogels, induced by a self-assembly process, are stabilized via non-covalent interactions. Recently,
our research group has investigated the gelation properties of new low molecular weight hydrogelators (LWMHGs) based
on Fmoc-functionalized 2:1-[a/aza]-azapeptides. This study presents the synthesis and characterization of two Fmoc-N-
functionalized 2:1-[a/aza]-trimers: Fmoc-FazaFA (1) and Fmoc-D-FazaFA (2). Both molecules have demonstrated their
capability to form hydrogels at pH 7.0 and 10.0, and the analysis of their monomeric states in solution using spectroscopic
techniques (including NMR and FTIR), and in crystal state (using X-ray diffraction) revealed a B-turn conformation. Molecular
dynamics simulations were used for 3D model determination. Additionally, the structuration of both molecules in the gel
state was examined by circular dichroism (CD) experiments. The findings have confirmed that intermolecular hydrogen
bonding and m-stacking between the aromatic moieties are the primary driving forces behind the self-assembly and
hydrogelation phenomena. Rheology measurements validated the solid-like behavior of both hydrogels (G' > G" within the
studied frequency range). Finally, the self-assembly is emphasized through the fibrous structure observed by SEM imaging.

Introduction

The demand for hydrogels has increased rapidly in the last few
decades and particularly hydrogels derived from small organic
molecules which have gained an extensive interest in supramolecular
chemistry. Synthesis and design of low molecular weight organic
molecules with the ability to gel aqueous solvents have become the
goal of many research groups due to their possible promising
applications in tissue engineering, drug release, and environmental
remediation for examples.l> Hydrogelation phenomenon reflects
the equilibrium state between the tendency of the molecules to
dissolve or to aggregate and depends on the
hydrophobic/hydrophilic balance of the gelating molecules. Thus,
they self-assemble in aqueous phase to form a three-dimensional
network that captures aqueous molecules leading to hydrogel. Self-
assembly of small molecules leads to physical gels stabilized through
noncovalent low energy interactions (including hydrogen bonds, Van
der Waals interactions, electrostatic forces, m-im and hydrophobic
interactions, etc.).®

Supramolecular hydrogels have been extensively studied, with
diverse gelator structures categorized into small organic molecules,’”
19 inorganic—organic hybrids,?>2®> nucleobase derivatives,?*28
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saccharides,?*33 and peptide-based systems. Among these, peptide-
based hydrogelators (LMWHGs) are
particularly promising due to their biocompatibility, tunability, and

low-molecular-weight

responsiveness to external stimuli.3437 Various types of LMWHGs
based on amino acids and peptides have emerged over the past few
decades. Some LMWHGSs are formulated with ionic amino acids,
while others use non-polar amino acids, functionalized amino acids
with aromatic groups like ferrocene, fluorene, naphthalene, and
pyrene, or amino-acid-based bolaamphiphiles.3®47 Additionally, a
significant number of LMWHGs have been designed using short
linear or cyclic peptide sequences.’® 485 Further research into
peptide-based LMWHGS has resulted in peptide derivatives featuring
capped N- and C-terminals, functionalized peptides with aromatic or
photoresponsive groups, and peptide bolaamphiphiles, among
others.>”7% While previous studies have explored various peptide-
based LMWHGs, challenges in achieving enhanced
mechanical stability, controlled self-assembly, and resistance to

remain

enzymatic degradation.

Our group has, for decades, be interested in the rational design
of, synthesis and conformational analysis of pseudopeptides and
peptide mimcs, particularly, the pseudopeptidic bis-nitrogen
compounds such as N-aminopeptides’® 72, and hydrazinopeptides’>
74, Our interest has extended to synthesize a new family of bis-
nitrogen compounds called azapeptides here at least one of the
amino acids’ a-carbon is replaced with nitrogen atom in the peptide
sequence.’>77 Various features of azapeptides have been highlighted
including their ability to adopt stable conformation (mainly B-turn) in
solution and crystal states and their ability to self-assemble and form
stable organogels.”® More recently azapeptides containing lysine
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residues was used as bioadditives and effectively improved the
membrane performance for CO, separation.”

Since then, our group has investigated the capacity of the
azapeptides to form hydrogels. In this regard, the current research
aims to design and characterize a novel class of LMWHGs based on
2:1-[a/aza]-azapeptides, representing the first reported formulation
of hydrogels from this family. By developing a straightforward
strategy to synthesize Fmoc-2:1-[a/azal-trimers from their Boc
analogues, this work explores their self-assembly behavior,
mechanical properties, and structural organization. The unique B-
turn conformation of azapeptides, stabilized by hydrogen bonding, is
expected to enhance hydrogel stability and enzymatic resistance,
for future biomedical

making them promising candidates

applications such as tissue engineering and cell culture.

Results and discussions

In this study, a simple and an efficient strategy was proposed
through which two Fmoc-azapeptides from the corresponding Boc-
analogues belong to the family 2:1-[a/azal-azapeptide series were
successfully synthesized, with yields of 76% for compound 1 and 74%
for compound 2 (Scheme 1). The prepared Fmoc-members could
effectively self-assemble in a wide range of pH leading to hydrogels,
in contrast to their Boc-analogues. The data obtained from the
different spectroscopic techniques was analyzed in order to study
the structure, conformation and characteristic features of the two
Fmoc-molecules in solid, solution and gel states. Interpretation of
these results will be detailed in the next sections.
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Scheme 1. Stepwise synthesis of 1 and 2 from the corresponding Boc-
precursors.

Structure and conformation of molecules in solution

NMR spectroscopy: The H and 3C NMR spectra are provided in
Figures S1-S4 (Supporting data). The proton spectra for 1 and 2 are
very similar except for the signals of the CH, protons of the residues
(Phe) and (D-Phe) which appear chemically equivalent in case of 1
while they are nonequivalent in 2. This might reflect a little difference
in the molecules mobility induced by the chirality of C*(Phe).
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Figure 1. ROE correlations of B-turn in compound 1 (left) and B'-turn
conformation in compound 2 (right); (4.0 mmol L1, DMSO-dg).

2| J. Name., 2012, 00, 1-3

The conformations of both molecules were inyestigated by
conducting 2D NMR experiments at DEhel0. Karied4sarphes
concentrations (Figures S5 and S6; Supporting data). Figure 1
summarized ROE correlations observed in 2D-ROESY, reflecting the
spatial proximity between involved atoms. Strong ROE correlations
between C®H (Phe or D-Phe) and NH (azaPhe),
correlation between the NH (azaPhe) and NH (Ala) indicate that
compounds 1 and 2 adopt BlI-turn conformation.” & Based on the

and moderate

structural studies of acyclic series we can suggest that the change in
absolute configuration of the C%(Phe) from (S) in 1 to (R) in 2, led to
change from B-conformation to B'-conformation, subsequently BII'-
turn conformation.”” This finding was confirmed by X-ray study of
compound 2 (see below). Furthermore, compounds 1 and 2 revealed
the presence of a weak correlation between NH(Phe or D-Phe) and
NH(azaPhe) suggesting that molecules 1 and 2 might adopt BI- and
BI'-turn conformation, respectively.’ &

In order to determine the NH protons involved in hydrogen
bonding, 1D-NMR experiments in mixtures of polar/nonpolar
solvents were performed. Figure 2 shows that the chemical shifts of
the NH protons of Phe, D-Phe and azaPhe in both compounds are
highly sensitive to the addition of DMSO-dg, with AS values of 2.04,
and 2.44 ppm for molecule 1, and 2.21 and 2.27 ppm for molecule 2.
In contrast, the NH protons of the Ala residues are weakly affected,
showing A6 values of 0.05 and 0.049 for 1 and 2, respectively.
Regarding the OH protons in both compounds, it was difficult to
follow the variations of their chemical shift due to broadening of the
peaks (Figure S7; Supporting data). These results reveal that the NH
proton of Ala may be involved in intramolecular hydrogen bond.8!
Interestingly, the aromatic protons suffer deshielding effect when
increasing DMSO-dg percentage indicating that the conformation in
chloroform might be stabilized by n-stacking between the aromatic
moieties (Figure S8; Supporting data).

=== NH Phe
s NH azaPhe
e NH Ala

==s=— NH D-Phe
=4 NH azaPhe
b NH Ala

T T T T T T T T T
0 20 40 60 80 100 o 20 40 60 80 100
% DMSO-d, % DMSO-d,

Figure 2. Chemical shift-variations (8) of NH protons for: a) 1; and b)
2 as a function of % [CDCl3/DMSO-ds] mixtures; (300 MHz, 4 mmol L

),

NMR experimental observations suggest that both molecules 1 and
2 adopted B-turn stabilized by
intramolecular hydrogen bond [NH(Ala)---CO(Fmoc)] closing a 10-

conformation in solution

atom pseudocycle.
FTIR spectroscopy

Involvement of NH and CO groups in hydrogen bonds was also
checked using FTIR spectroscopy. Spectra were recorded for both
compounds at dilute conditions to diminish the intermolecular
shows two characteristic domains

interactions. Figure 3

corresponding to the NH and CO stretching regions.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. FT-IR spectra of the NH stretching region for 1 (a) and 2 (b),
and the CO stretching region for 1 (c) and 2 (d) at dilute
concentrations in CDCls.

FTIR spectra of compounds 1 and 2, clearly show that NH and OH
groups are partially involved in hydrogen bonding. Indeed, in the
stretching vibrations area of those two functions (between 3200 and
3500 cm'?), spectra exhibit rather sharp bands over 3400 cm™ (3435
cmfor1and 3432 cm for 2) typical of free groups. Below 3400 cm-
1, broad signals, with multiple shoulders, are attributed to the
bonded NH groups. In case of compound 1 (Figure 3a), the main band
located at 3369 cm™ bears at least one shoulder (3331 cm™), whereas
compound 2 exhibit at least three bands corresponding to bounded
groups (3368, 3349 and 3275 cm).
intensity ratio between free and bonded OH/NH, compound 2 seems
to have more hydrogen-bonded functions compared to compound 1
(Figure 3b).

The experimental infrared spectra (black line Figure 3c and 3d),
the CO stretching vibrations of compounds 1 and 2 show in both case

In addition, regarding the

four main visible bands. Deconvolution of these spectra give rise to
seven bands (in blue in Figure 3c and 3d found using second
derivative method) and fitted spectra (red line in Figure 3c and 3d).
Assignments were achieved by studying FTIR spectra of precursors or
derivatives of compounds 1 and 2 such as Boc-azaPhe-Ala-OMe, Boc-
Phe-azaPhe-Ala-OMe or Acetyl-Phe-azaPhe-Ala-OMe, (Figure S9;
Supporting data). Thus, the band found at 1762 cm for both
compounds was assigned to free carbonyl of carboxylic acid group.
Dimerization of carboxylic acid units can often be observed and give
rise to vibrator located at 1744 and 1738 cm™ for compound 1 and 2
respectively.®? Frequencies of free urethane CO of Fmoc group are
found at 1717 cm™ for 1 and 1719 cm? for 2, whereas bonded
vibration’s frequencies are both shifted to 1702 cm™. It is noteworthy
to notice, when looking at intensity ratios of free and bonded states
bands, that the urethane carbonyl is more involved in hydrogen
bonding in case of compound 2 than in compound 1. This result is
consistent with previous observations made on NH/OH stretching
vibrations. Considering CO Phe and CO azaPhe vibrators, the
corresponding bands are overlapped at 1675 and 1672 cm™ for
compound 1 and 2 respectively, while two separate bands are found

This journal is © The Royal Society of Chemistry 20xx
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for the H-bonded carbonyls vibrators at 1651/1633 ,cm? and
1650/1632 cm for compound 1 and 2 respeltVely - aneP164 Bedn 2565
bonded AzaPhe in 2. Unfortunately, we were unable to assign
unambiguously those vibrators. The presence of bands at 1675/1672
cm in compounds (1) and (2) respectively, along with 1651/1633
cm? (1) and 1650/1632cm™ (2), suggests a B-turn structure in
solution, consistent with NMR findings.

Molecular dynamic calculations

The above experimental data has shown that both compounds
are structured with B-tuns. They also have suggested mobility of the
peptides’ backbones. In order to investigate the different possible
conformation(s) and their occurrences in 1 and 2, molecular dynamic
calculations were carried out according to the protocol described in

the experimental section.

Figure 4. Selected frame for molecule: 1 (left); and 2 (right) issued of
the molecular dynamic simulations showing the new intramolecular
hydrogen bond.

AMBER suite program was used to run molecular modelling
calculations and analyze the trajectories. Dihedral angles were
measured along the trajectories of molecular dynamic simulations
for molecules 1 and 2. According to classical values in peptides and
proteins (Table S1; Supporting data), the torsion angles measured in
oligomers 1 and 2 indicate that both molecules adopt distorted B-
and B'-turn conformations. However, no hydrogen bonds stabilizing
a beta turn were found in the calculations, while a 7-atom
pseudocylce stabilized by a CO(azaPhe)/OH(Ala) intramolecular
hydrogen bond was clearly found in 61% and 33% of the
conformations adopted by 1 and 2, respectively (Figure 4).
Interestingly, the deviation of torsion angles compared to optimum
values is smaller for compound 2 than for compound 1 (Table S2,
Supporting data). All these observations show the impact of the
chirality of the Phe/D-Phe, since it reduces the possibility of
hydrogen bond occurrence by about 50% in the (R, S) compound. This
predicted hydrogen bond could not be verified in NMR spectroscopy
due to the broadening of the OH signals; however, the modelling
method is consistent with the infrared results that showed extended
broad bound bands in both compounds 1 and 2. The difference in
modelling and NMR results may be related to the experimental
conditions in both techniques.

Structure and conformation analysis by X-ray crystallography

Only compound 2 gave single crystals suitable for X-ray
crystallographic analysis which were grown by slow evaporation
from EtOH. Compound 2 crystallizes in space group P1 with two
conformers in the asymmetric unit as shown in Figure 5a (two half-
asymmetric units in the unit cell (Z=2)), (Table S$3; Supporting data).
X-ray results revealed interatomic distance between CO(Fmoc) and

J. Name., 2013, 00, 1-3 | 3
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NH(Ala) of 3.060A and 3.049A for conformers 2A and 2B, respectively
(Table S4; Supporting data) which are adequate values for i, i+3
intramolecular hydrogen bond interactions®® closing 10 atoms
pseudocycle as shown in Figure 5b. Moreover the distances between
the oxygen atom CO of residue i (Fmoc) and C® of residue i + 3 (Ala)
of both conformers were less 7A which supports the existence of p-
turn conformation 8. Furthermore, each conformer is stabilized by
an orthogonal m-stacking between the phenyl groups of D-Phe and
azaPhe. The two conformers (2A and 2B) are antiparallel in the
asymmetric unit (Figure 5a). They present two intermolecular
hydrogen bonds between CO(Fmoc) of one conformer and
(NH)azaPhe of the other conformer with a distance of 3.0A between
the O and N atoms and, and bond angles of 175.84° and 175.10°
measured for both hydrogen bonds (Table S5; Supporting data).
Finally, Figure 5b shows that the two conformers in the asymmetric
unit are stabilized by intermolecular orthogonal n-stacking between
the benzyl groups (D-Phe and azaPhe) of one conformer and the
fluorenyl group of the other conformer.

Figure 5. Crystal molecular structures of: (a) asymmetric unit of 2,
and (b) conformers 2A (Top) and 2B (Bottom); and the packing mode
in 2: (c) side view, and (d) top view. Models are represented in
capped sticks. The hydrogen bonds are marked as dotted lines
colored in purple and orange for intermolecular while in green for
intramolecular interactions. The H atoms, except those of the NH and
OH groups, have been omitted for clarity (a,c,d). In (c) and (d) the
asymmetric unit cell is represented as light grey boxes.

Whilst the values of the torsion angle |w]| range from
175.16° to 179.87° confirming Z-configuration for all the peptide
bonds (Table 1), the torsion angles (¢, Y) help in determination the
nature of folding.”® The torsion angles showed values of: (@p.phe =
63.87°, Wp.phe = -125.12°) and (Pazaphe = -83.31°, Wazaphe = -8.2°) for
conformer 2A, and (@p.phe = 62.96°, Wp.phe =-122.06°) and (Pazaphe = -
87.58°, Wazaphe = -7.68°) for conformer 2B. These angles are close to
classical BlI'-turn in peptides, confirming that insertion of aza-amino
acid in the peptide sequence supports the B-folding, which is
stabilized through intramolecular hydrogen bond of i, i+3 type.”® &

4| J. Name., 2012, 00, 1-3

Table 1. Torsion angles in 2 based on X-ray data View Article Online

Residue (i +1) DOI Retiiid/ (4 3 022888
Conformer
[0} ) w %) [} w
2A 63.87° -25.12° 175.16° -3.31° -8.20° -78.66°
2B 62.96° -22.06° 175.36° -7.58° -7.68° -79.87°
BIl'-turn 60° -120° 180° -80° 0° 180°

Concerning the molecular packing of compound 2, three of
four carbonyl groups are oriented up and down perpendicularly for
intermolecular hydrogen bond, while the fourth carbonyl group is
involved in intramolecular hydrogen bond (Figure 5¢,d). In addition,
the packing is reinforced by perpendicular and parallel m-stacking
interactions between each fluorenyl ring of 2A or 2B and the two
phenyl rings of D-Phe and azaPhe residues of 2B or 2A, respectively.
Finally, intermolecular hydrogen bonds between NH(D-Phe), CO(D-
Phe), CO(Ala), and OH(carboxylic) of conformer 2A with CO(Ala),
OH(carboxylic), NH(D-Phe), and CO(D-Phe) of two molecules of
conformer 2B, respectively, so that each molecule of a one
conformer forms 4 intermolecular hydrogen bonds with 2 molecules
of the other conformer, so that each molecule of a one conformer
forms 4 intermolecular hydrogen bonds with 2 molecules of the
other conformer (Figure 5¢,d). The interatomic distances between
these hydrogen bonds are 2.949 A, 2.668 A, 2.980 A and 2.687 A,
while the bond angles are 162.02°, 165.22°, 161.40° and 162.28°,
respectively (Table S6; Supporting data). the
arrangement of the carbonyl groups support the formation of

Therefore,

supramolecualr structure held via an antiparallel hydrogen-bonding
network plus the stacking between aromatic moieties leading to an
extended B-sheet conformation.8> 86

Characterization of LMWHGSs
Gel preparation and minimum gelation concentrations (MGCs)

The gelation ability of the two compounds Fmoc-Phe-azaPhe-Ala-OH
1 and Fmoc-D-Phe-azaPhe-Ala-OH 2 were tested in buffer solutions
pH 4.0, pH 7.0 and 10.0 with the “stable to-inversion of container”
method.8”: 88 For both compounds, hydrogels are stable within the
pH range [7.0-10.0] (Figure 6), and precipitation occurs at pH 4.0.
The MGC is the lowest concentration at which gelation occurs and
the flow of medium is restricted.®® The MGCs ranged from 0.6-0.8%
(w/w) for compound 1 and 0.7-1.0% (w/w) for compounds 2. This
indicates that compound 1 can gel approximately 4,000 to 5,000
water molecules, while compound 2 can gel around 3,300 to 4,700
water molecules. Interestingly, the MGCs of the corresponding
peptides possessing no aza-moiety (i.e., Fmoc-Phe-Phe-Ala-OH and
Fmoc-D-Phe-Phe-Ala-OH) gave higher MGCs in the range 1.2-1.4%
(w/w) and the corresponding gels were not homogenous and contain
suspended particles due to the poor solubility of the starting
peptides. Thus investigated the role of aza-moiety in supporting the
gelation process (Table S7 and Figure S10; Supporting data). More
specifically, the 2:1-[a/azal-trimers form more stable hydrogels due
to their B-turn conformation, which enhances hydrogen bonding and
structural integrity. These hydrogelators might exhibit increased
resistance to enzymatic degradation, making them promise for
biomedical applications.®® Additionally, and

- stacking

This journal is © The Royal Society of Chemistry 20xx
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intermolecular interactions reinforce the supramolecular structure,
differentiating them from Fmoc-modified native peptides.

Figure 6. Supramolecular hydrogels from 1 and 2 at pH 7.0 and pH
10.0, (1.0% w/w).

Hydrogels characterization in this study was conducted at
pH 7.0, as it aligns with physiological conditions relevant to medical
applications. A combination of spectroscopy techniques (IR, CD, and
fluorescence), rheometry, and scanning microscopy was used to
examine the influence of amino acid chirality on the hydrogels'
physicochemical, mechanical, and thermal properties, as well as their
morphology.

Mechanical properties

In order to investigate the mechanical properties of the
hydrogels obtained from 1 and 2, rheological measurements were
carried out at pH 7.0. All oscillatory stress sweep (OSS) experiments
were performed in the linear viscoelastic region (LVR).®> 92 Data
recorded at constant angular frequency (0.628 rad s?,i.e., 0.1 Hz),
strain of 1.0% and represented in Figure 7a,b indicates the weak
dependence of the storage modulus (G') and the loss modulus (G")
for both hydrogels on the applied stress until the yield stress is
reached and the gel begins to lose its solid-like behavior. The higher
yield stress of hydrogel 2 compared to hydrogel 1 indicates that gel
2 has more mechanical rigidity than 1, reflecting its higher resistance
to deformation when a stress is applied. This observation may
correlate with XRD data, where no good quality mono-crystals could
be obtained with compound 1, suggesting that molecules in the
homochiral compound are less organized. In contrary with
compound 2, XRD structure shows that changing chirality of one
carbon atom led to an organization of the molecules. In the
frequency sweep experiment (OFS) within the LVR region, gel
materials are characterized by G' greater than G" (G' < G") while
viscous materials exhibit G" is greater than G' (G" < G').%> %3

In the current study, the dynamic moduli G' and G" for both
hydrogels exhibited weak frequency dependence (Figure 7c,d),
suggesting entangled network structures. The moduli strongly
increase at higher frequencies which is most likely due to the gel
instability resulting from gel thickening associated with displacement
of gel water.?* %> These findings suggest that the two hydrogels
exhibit typical solid-like rheological behavior, with G' dominating G"
over the studied oscillation frequency range.*> %3 % Unexpectedly,
both hydrogels exhibited two crossover points in the oscillatory
stress sweep, suggesting distinct viscoelastic regimes and structural
transitions. The first crossover point marks the shift the viscoelastic
properties from elastic to viscous, indicating the initial breakdown of
the gel network. The second crossover point suggests further

This journal is © The Royal Society of Chemistry 20xx
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structural rearrangements, potentially driven by sol-spl transitions,
variations in  cross-linking density, &¥O!: tedfganizatRIR 288
intermolecular interactions such as hydrogen bonding and m-n
stacking. While these transitions provide insight into dynamic
behaviour of the gel, their detailed investigation was beyond the
scope of this study, which primarily aimed to determine the linear
viscoelastic region (LVR). Then, both hydrogels at pH 7.0 were
subjected to a shear stress ranging from 0.6 to 6.25 Pa for 2.0
minutes to induce deformation. Subsequently, the gel recovery from
the deformed state was monitored at 0.01 Pa as a function of time
(15 minutes) using an oscillatory time sweep (OTS) experiment
(Figure S11; Supporting data).
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Figure 7. Oscillatory stress sweep experiments (OSS) for hydrogels at
pH 7.0 from (a) 1 and (b) 2, (c = 2.0% w/w, w = 0.63 rad s, T = 25°C);
and the oscillatory frequency sweep experiments (OFS) for hydrogels
at pH 7.0 from (c) 1 and (d) 2, (c = 2.0% w/w, 6 = 1.5 Pa, T = 25°C).

The plotted data show a fast recovery behavior after removing the
applied shear stress (G' > G"). The gel strength is fully recovered with
time span of <100 sec for gel 1 and <40 sec for gel 2. These results
reflect a high re-healing property after deformation of both
hydrogels. The faster recovery of compound 2 shows again the
impact of the chirality of the C*Phe.

Despite small changes at the molecular scale, differences are
observed in the mechanical properties of the obtained gels. The
structuring of molecular assemblies of both hydrogels were then
investigated in greater detail, particularly at the macromolecular
level: CD, IR, fluorescence spectroscopy experiments were carried

out for that purpose.
Structuration and conformation analysis of hydrogels
CD spectroscopy

It is a powerful technique for studying molecular self-
assembly.52 %7 For instance, CD is used to (i) assess the nature of the
secondary structure in self-assembled materials, (ii) discriminate
between monomer and supramolecular induced chirality, (iii)
provide information about the handedness orientation of many
aromatic molecules, such as Fmoc-functionalized peptides and
amino acids > %, In addition, (iv) CD spectroscopy has been used to
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probe n-rt* and rt-* stacking interactions within the self-assembled
structures.® The formation of hydrogels from aromatic peptide
amphiphiles is driven by two major types of interactions namely
aromatic m-stacking and hydrogen bonding, resulting most often in
structures analogous to B-sheet observed in peptides and proteins.®®
100 |n addition, because of its aromatic ring, phenylalanine is a
relatively rigid amino acid that favors the formation of extended -
sheet structures.®> The terminal COOH group plays, as well, a key role
in self-assembly mechanism of this class of gelators.1% In the current
study, the CD spectra of the azapeptides 1 and 2 at pH 7.0 were found
to be very similar in gel and viscous states, particularly at higher
wavlengths. While viscous solution of 1 (2.0 mmol L™, 0.125 w/w%)
demonstrated a maximum at 192 nm and minima peaks at 207 and
215 nm (Figure 8a), viscous solution of 2 (3.3 mmol L™, 0.2 wt %)
reflects a minimum at 196 nm and a maximum at 218 nm, (Figure
8b). These CD signatures of both compounds are characteristics of B-
sheet structure in classical peptides and proteins.>> 192 |n previous
study, authors reported that the peak around 200 nm is associated
with t-rt* transition, and the peak around 217 nm is associated with
n-t* transition.'%3 Other studies assigned the minimum around 200
nm to the presence of cross- assemblies stabilized by n-stacking of
the aromatic side chains!® or due to the distortion of B-sheet
structures10s,
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Figure 8. Normalized CD spectra of gel and viscous states for
hydrogels from pH 7.0 of: a) 1; and b) 2.

In the gel state (~ MGCs) of 1 (9.9 mmol L™, 0.6 wt %) and
2 (16.5 mmol L7, 1.0 w/w%), it was difficult to have detectable CD
signals in the range 180 - 215 nm, except the positive maximum
shallow peak at 192 nm. The low response signals in the CD spectra
in the range 180-215 nm in the gel state of both 1 and 2 due to the
saturation effect which has observed in the UV-absorption spectra in
this region (Figure 8). In the range 215-350 nm, the CD spectra of
both hydrogelators in solution or gel states are very similar and show
the same interactions, but they exhibit opposite signs of CD signals
within the range 290-310 nm.
hydrogelators 1 and 2 at pH 7.0 in viscous or gel states show two

Indeed the CD spectra of

successive positive maxima peaks in the ranges 220-235 nm,
indicative of m—mt stacking of the aromatic phenylalanine residues,
and 240-280 nm which can be assigned to phenylalanine residues
with tertiary structure or interactions between phenyl and fluorenyl
groups.>% 1% Finally, the presence of cotton effect with opposite
maxima signs for 1 and 2 in the range 293-310 nm were assigned
previously to m->m* transition of the fluorenyl groups by Xu and
coworkers,100. 107, 108 The difference in the cotton effect associated
with the fluorenyl groups from negative maxima in 1 to positive
maxima in 2 implies that the Fmoc-groups in the two gels might have

6 | J. Name., 2012, 00, 1-3

different chiral orientation in the formed fibril sglf-assembled
nanostructures which may be attributed t&OtHe 1differeniBGR2ERe
chirality of the Phe/D-Phe amino acid.*>
Based on CD results, we could suppose that both hydrogelators (1
and 2) can self-assemble at pH = 7.0 into fibrils in which the
molecules orient themselves in supramolecular structure displaying
CD signatures characteristic of classical B-sheet arrangements
stabilized by m-nt stacking between the aromatic moieties. This
supramolecular organization is still conserved in the gel state as most
of the CD signals (215-310 nm) are the same in both normalized
spectra of viscous and gel states assuming a B-sheet self-assembly of
the gelator molecules within the fibrils in the gel state. Additionally,
changing the chirality of the first amino acid from L-Phe in 1 to D-Phe
in 2 reflected an opposite cotton effect sign in the ranges 180-215
nm and 195-310 nm which changes the chirality of the orientation
of Fmoc-groups in the self-assembled fibril structure yielding two
opposite orientation of handedness of the B-sheet structure.®> 106
Fluorescence emission spectroscopy

Fmoc and phenyl groups were previously found to play a
self-assembly mechanism inducing role for Fmoc-peptides, enabling
the gelator molecules to interact through hydrophobic mn-nt
interactions.® The fluorescence emission spectroscopy were used to
investigate and probe rt-rt* stacking interactions of aromatic units in
Fmoc-FazaFA, and Fmoc-D-FazaFA at pH 7.0 as functions of
concentration and  temperature. Concentration  gradient
fluorescence spectroscopy analysis of hydrogelators 1 and 2 was
carried out from 0.025 w/w% (sol) to 1.0 w/w% (gel) as shown in
Figure 9a,b. In solution state, molecules of compounds 1 and 2 move
freely and the fluorescence emission spectra for both hydrogelators
show two broad bands at 312-314 nm and 322-326 nm, respectively
which correspond to m-interactions of the monomeric states of the
aromatic moieties (fluorenyl and phenyl groups).10% 110 |ncreasing the
concentration to the gel state (1.0 w/w%) causes a slight red shift
recording a maximum peak around 325-330 nm in both hydrogels
(Figure 9a,b). The red shift was interpreted as the stacking of
aromatic groups in the gel state!'° and stabilized by excimer (excited)
n—Tt* stacking interactions of fluorenyl units (Fmoc)&- 198, |n addition,
a broad shoulder centered around 343-348 nm is recognized when
the concentration > 0.1 w/w%. This suggests that the self-assembly
is supported by further multiple m—n* stacking interactions of the

aromatic moieties in an antiparallel orientation.111 112
(a)
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Figure 9. Concentration-dependent fluorescence spectra of (a)
Fmoc-FazaFA (1) and (b) Fmoc-D-FazaFA (2); and temperature-
dependent fluorescence spectra of (c) Fmoc-FazaFA (1) and (d) Fmoc-
D-FazaFA (2) at 25°C and 90°C; (Aey. = 265 nm).

Temperature dependent fluorescence experiments were
performed (i.e., heating ramp from 25°C to 90°C at a 5°/min rate) for
each hydrogel at pH 7.0 and a concentration of 0.7% (w/w). Figure
9c¢,d show only the lowest and highest temperatures measurements
for clarity to focus on changes in the both gelators’ behaviors upon
heating. At high temperature (90°C, sol state), the two spectra show
distinct blue shifts at higher wavelengths, suggesting that most of the
intermolecular interactions (m-stacking and hydrogen bonds) are
broken and the gelator molecules move freely in solution. Hydrogel
2 shows a bigger red shift than 1 proposing that the arrangement of
aromatic moieties better in the gel 2 than for hydrogel 1. This result
is consistent with the rheological measurements as 2 shows more
mechanical strength than 1 and XRD data. The fluorescence study
clearly emphasized that, for both compounds, hydrogels formation
is induced by same intermolecular forces namely fluorenyl and
phenyl moieties n-stacking interactions. Moreover, we believe that
the intercalation of final phenyl rings and Fmoc-group via the m-
stacking interactions plays a key role in the stabilization of the
extended B-sheet structures at the tested pH values.

Morphological study

The HR-SEM was used to image the freeze-dried hydrogels from
gelators 1 and 2 at pH 7.0. The FE-SEM images of the lyophilized gels
for both gelators displayed a structure of randomly arranged thin
fibers (Figure 10).

rep  (b)

5kV X2,000

10pm
Figure 10. SEM images for dried gels from: (a) 1, and (b) 2 at pH 7.0.

X2,000 10pm

Figure 10 shows that both hydrogels display fibrous structures with
non-uniform thickness, indicating similar morphology for hydrogels
from 1 and 2. This suggests that hydrogelators molecules self-
organize in the same way, forming one-dimensional fibrils that align
laterally, creating thicker fibers. This interconnected 3D fibrous
structure traps water, forming hydrogels.10?

Experimental section

This journal is © The Royal Society of Chemistry 20xx
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Chemicals and reagents View Article Online

) DOI: 10.1039/D4TB02288B
All chemicals and reagents were purchased from commercial

suppliers (Sigma-Aldrich, Fluka, Merck or Alfa-Aesar). Dry CH,Cl, was
obtained by distillation over P,05 under an argon atmosphere, MeOH
was purchased in anhydrous form, and other reagent-grade solvents
were used without further purification as received. Buffer solutions
(pH 4.0 = citric acid/sodium hydroxide/hydrogen chloride, pH 7.0 =
potassium dihydrogen phosphate/disodium hydrogen phosphate,
pH 10.0 = borax/sodium hydroxide) were purchased from Fluka
company. Reactions were monitored by thin-layer chromatography
(TLC) using aluminum-backed silica gel plates. TLC spots were viewed
under UV light or/and by heating the plate after treatment with a
staining solution of phosphomolybdic acid. Flash chromatography
was carried out on silica gel 60 (0.04-0.063 um Mesh ASTM). All
yields were calculated for pure isolated products. Electron spray
ionization mass spectra (ESI-MS) were recorded with a Bruker
in the
Spectrométrie de Masse”, Faculté des Sciences et Technologies,

MicroTof-Q HR spectrometer “Service commun de

Vandoeuvre-lés-Nancy, France.

Synthesis of 2:1-[a/aza]-trimers

Compounds 1 and 2 were synthesized at good yields by carrying out
three additional steps on the general strategy that has been reported
previously.”> 77 Fmoc-products 1 and 2 were obtained from the
corresponding Boc-analogues in three consecutive steps.!13

General methyl ester deprotection procedure

To a solution of methyl ester-protected trimers (Boc-FazaFAOMe or
Boc-D-FazaFAOMe) (1.0 equiv, 2.0 mmol) in CH3;CN (10.0 mL), a
solution of 1N NaOH (2.0 equiv, 4.0 mmol) was added at 0°C. The
mixture was vigorously stirred for 6-10 h at room temperature until
reaction completion (as monitored by TLC). The aqueous phase was
cooled to 0°C and acidified with 2.0N HCI (pH 2.0) and extracted with
CH,Cl, (3 x 10.0 mL). The combined organic layers were dried over
MgSQ,, filtered, and evaporated in vacuum to give the corresponding
carboxylic acid in quantitative yield which was used in the next step
without further purification.

General Boc-deprotection procedure

To the Boc-deprotected compounds obtained from the previous
step (1.0 equiv, 2.0 mmol), EtOAc/3.0M HCI (10.0 equiv, 20.0 mmol)
was added. The mixture was stirred about 3-5 h at room
temperature for reaction completion without any control by TLC. The
solution was concentrated under vacuum, and the excess of HCI was
co-evaporated with DCM (4 times), affording the corresponding
hydrochloride salt compounds as a white solid in quantitative yield.
Synthesis of Fmoc-N-functionalized 2:1-[a/aza]-trimers

The crude residue (deprotected trimer) from last step (1.0 equiv, 2.0
mmol) was dissolved in 5.0 mL H,0 with the help of DIPEA (1.0 equiv,
2.0 mmol). Then, a solution of re-crystallized Fmoc-OSu in 5.0 mL
ACN (0.95 equiv, 1.9 mmol) was added one portion (Note 1;
Supporting data). The pH of the reaction mixture drops due to the
liberation of the free N-hydroxy-succinimide, so the pH of the
mixture should maintain at pH 8.0-9.0 by controlled addition of
DIPEA. The reaction was stirred overnight for completion monitoring
by TLC (20% EtOH : 80% DCM). The solution was concentrated,
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poured into 30.0 mL of 1.5 M HCl in a separatory funnel, and then
the product was extracted by ethyl acetate (10.0 mL x 3 times). The
organic layer was washed with water, saturated NaCl, dried over
MgSQO,, and then the solvent was evaporated under vacuum and the
resulting product was crystallized from hexane vyielding the
corresponding Fmoc-product (1 or 2) as a white solid.

Characteristic properties

Homochiral trimer [Fmoc-Phe-azaPhe-Ala or Fmoc-FazaFA] (1)
Compound 1 was isolated as a white powder (925 mg, yield 76%)
after flash chromatography (0.04-0.063 um) using (20% EtOH : 80%
CH,Cl,) as eluent. Characterization data: m.p. 196 - 197°C. *H NMR
(300 MHz, DMSO-dg, 4.0 mmol L) §,;1.17 and 1.20 (d, 3H, CH3), 2.85
and 2.87 (d, 2H, CH,), 3.99 - 4.02 (m, 1H, C®H), 4.11 - 4.13 (br s, 1H,
C9H), 4.14 - 4.26 (s, 3H: 1H, CH and 2H, CH,), 4.27 and 4.69 (br s, 2H,
NCH,), 6.38 and 6.40 (d, 1H, NH), 7.07 —7.90 (m, 19H: 18 H arom, and
1 H, NH), 10.36 (s, 1H, NH), 12.29 (br s, 1H, OH). 13C NMR (75 MHz,
DMSO-ds, 8.0 mmol L) 8. 17.53 (CHs), 36.29 (CH,), 46.53 (CH), 48.92
(C*H), 51.01 (NCH,), 54.53 (C*H), 65.67 (OCH,), 120.07 (CH arom
fluorenyl), 125.10, 126.16, 126.40, 126.89, 127.04, 127.24, 127.60,
128.00,128.10,128.87, and 129.18 (CH arom Ph), 137.75 and 143.62
(Carom fluorenyl), 137.10 and 140.63 (C arom Ph), 156.21 (O=C-NH,
fluorenyl), 156.53 (HN-N-C=0), 170.96 (O=C-NH), 174.49 (O=C-OH).
IR (CDCl3) Umax = 3331 cm?, 3369 cm?, 3435 cm™® (NH), 1642 cm™,
1653 cm?, 1672 cm, 1685 cm, 1715 cmt, 1736 cm™?, 1759 cm™?
(C=0). HRMS (ESI) (m/z) for [C35H34N4OgNa]: calculated 629.2376;
found, 629.2398 [M + Na]*.

Heterochiral trimer [Fmoc-D-Phe-azaPhe-Ala or Fmoc-D-FazaFA] (2)
Compound 2 was isolated as white powder (900 mg, yield 74%) after
flash chromatography (0.04-0.063 um) using (20% EtOH : 80%
CH,Cl,) as eluent. Characterization data: m.p. 176 - 177°C; *H NMR
(300 MHz, DMSO-dj, 4.0 mmol L) 8, 1.26 and 1.28 (d, 3H, CH;), 2.80
- 2.96 (dd, 2H, CH,), 3.92 - 3.99 (m, 1H, C®H), 4.11 - 4.14 (br s, 1H,
C°H), 4.14 - 4.21 (s, 3H: 1H, CH and 2H, CH,), 4.23 and 4.43 (br s, 2H,
NCH,), 6.55 and 6.58 (d, 1H, NH), 7.14 - 789 (m, 19H: 18 H arom, and
1 H, NH), 10.25 (s, 1H, NH), 12.28 (br s, 1H, OH). £3C NMR (75 MHz,
DMSO-d;, 8.0 mmol L) 8. 18.24 (CHs), 36.51 (CH,), 46.50 (CH), 49.29
(C2H), 50.79 (NCH,), 54.69 (C°H), 65.77 (OCH,), 120.07 (CH arom
fluorenyl), 125.23, 126.36, 126.94, 127.04, 127.61, 128.08, 128.15
and 129.21 (CH arom Ph), 140.65 and 143.82 (C arom fluorenyl),
137.86 and 143.63 (C arom Ph), 156.15 (O=C-NH, fluorenyl), 156.60
(HN-N-C=0), 170.82 (0=C-NH), 174.68 (0=C-OH). IR (CDCl3) Upnax =
3275cm™, 3349 cm™, 3368 cm™?, 3432 cm™ (NH), 1644 cm, 1657 cm-
1,1672cm™, 1686 cm™,1714cm™, 1730 cm™, 1761 cm™ (C=0). HRMS
(ESI) (m/z) for [C3sH34N4OgNal: calculated 629.2376; found, 629.2384
[M + Na]*.

Hydrogels preparation and minimum gelation concentrations
(MGCs)

Stock solutions of 1 and 2 were prepared by dissolving an exact
weight of 1 or 2 in ethanol (10.0% w/w), and then buffer solution
(i.e., pH 4.0, pH 7.0 or pH 10.0) was added dropwise to a final weight
corresponding to the desired concentration (w/w%). The mixtures
were mixed by handshake until obtaining homogenous solutions and
then the tubes were maintained at room temperature till

8| J. Name., 2012, 00, 1-3

transparent hydrogels were formed. To determine the MGC, 3 gel
sample of 2.0% (w/w) was further dilute®! By 1afféert SElatiste
handshake and then kept at room temperature to see the possibility
of gelation process. The previous step was repeated continuously
until reaching to the concentration that below it, no gelation occurs
which considered as MGC.%’

Structure analysis and characterization techniques

NMR spectroscopy

1D (*H and *3C) and 2D (COSY, TOCSY, ROESY) NMR spectra were
recorded using a Brucker Advance NMR spectrophotometer (300
MHz) in DMSO-dg at room temperature, chemical shifts (5; ppm)
were referenced according to the residual solvent resonances. The
chemical shifts for DMSO-dg were 2.50 ppm and & = 39.5 ppm for H
NMR and 3C NMR, respectively. The coupling constants (J) are given
in hertz. Multiplicities are reported as follows: s = singlet, d = doublet,
g = quartet, m = multiplet, br = broad, arom = aromatic.

FTIR spectroscopy

FTIR measurements for 1 and 2 were recorded in diluted condition
of CDCl; with Bruker Tensor 27. All the spectra were acquired in the
4000-400 cm™ range with a resolution of 4.0 cm™ over 128 scans
after atmospheric background subtraction from each spectrum.

Molecular dynamic calculations

Molecular calculations were conducted on 1 and 2. Dynamics
simulations were carried out over 5ns, with time steps of 2
femtoseconds, in explicit solvent (dimethyl sulfoxide; DMSO box).
These simulations were performed without any constraints under
periodic boundary conditions, at 300K, constant pressure (1.0 atm).
The AMBER 12 suite of molecular dynamics simulation programs was
employed for this purpose!!* 115> Molecules were constructed using
MarvinSketch (ChemAxon), and since they contain non-canonical
amino acids, Antechamber and Xleap from the AMBER program suite
were used. Molecular simulations were run using general AMBER
force field (GAFF) and amino acid force fields (ff99SB). A trajectory of
25000 structures was generated and analysed using Ptraj AMBER
suite program.

Rheology measurements

All hydrogels from Fmoc-FazaFA and Fmoc-D-FazaFALG were
prepared directly in 7 mL glass tubes and left overnight (~ 12 h) at
room temperature to obtain stable gels.!'2 116 All rheological
experiments were performed on Advanced Rheometer-AR2000 (TA
instruments) operating in oscillatory mode with a 20 mm parallel
plate geometry with serrated surfaces to prevent sliding due to the
liquid film expelled by samples (diameter gap was adjusted to 1000
um).17 To keep the sample hydrated by minimizing the solvent
evaporation, a solvent trap was used and the atmosphere within the
sample chamber was saturated with water.!8 In order to determine
the linear viscoelastic region (LVR), each gel sample (2.0% w/w, pH
7.0) was subjected to an oscillatory stress sweep experiments (0SS);
(G' and G" were measured as a function of oscillatory stress (o =
0.6-505 Pa) at a constant angular frequency of w = 0.628 rad s1.118
119 Then a dynamic oscillatory time sweep was performed for 15
minutes with an angular frequency of w = 0.628 rad s%, and applied
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stress of 0 = 1.5 Pa chosen within the LVR from the 0SS.120 After that,
each sample was subjected to an oscillatory frequency sweep
experiment (OFS) over a frequency range of w =0.1-628.3 rad s* and
applied stress of 6 = 1.5 Pa obtained from OSS step at 25°C.8 Repeat
measurements on fresh samples (three times) were also carried out
to ensure reproducibility.

Fluorescence emission spectroscopy

Fluorescence spectra were recorded on a Fluorolog FL3-222
spectrofluorometer (HORIBA Jobin Yvon, LONGJUMEAU, France)
equipped with 450 W Xenon lamp, a thermo-stated cell
compartment (25°C), a UV-visible photomultiplier R928
(HAMAMATSU, Japan). Excitation beam is diffracted by a double
ruled grating SPEX monochromator (1200 grooves/mm blazed at 330
nm). Emission beam is diffracted by a double ruled grating SPEX
monochromator (1200 grooves/mm blazed at 500 nm). All spectra
were measured in 4 faces 1.0 cm path-length quartz cuvettes. The
fluorescence emission spectra were measured for a series of
concentrations from 1.0% (w/w) (i.e., gel state) to 0.025% (w/w) (i.e.,
sol state) for both hydrogels (1 and 2) in phosphate buffer solution
(pH 7.0) by excitation at 265 nm (slit width of 2.0 nm), and the
emission spectra were recorded from 250 to 600 nm.

CD spectroscopy

The CD spectra of viscous solutions and gels (at MGCs) for 1 and 2 in
phosphate buffer (pH 7.0) were monitored on Chirascan-plus qCD
spectrometer equipped with a temperature control and reported in
molar ellipticity [€]; spectra were recorded in the wavelength range
of 180-350 nm at 25°C. Samples were loaded into a 0.1 mm path
length quartz cover slip cuvette and spectra were measured at 50 nm
min with a 1.0 nm step size and a 1.0 nm bandwidth, taking two
averages. Additional synchrotron radiation circular dichroism (SRCD)
experiments were carried out at Research Institute for Synchrotron
Radiation Science (HiSOR; Hiroshima University, Japan) including
temperature- and concentration-dependent experiments; however,
the results are not presented in the current work while all findings
will be detailed in the following study regarding the kinetics and
thermodynamics of hydrogels’ formation.

Morphological study

Lyophilized dried gel samples of hydrogels from 1 and 2, prepared in
phosphate buffer (pH 7.0), were inspected at nanoscale level using
high-resolution field emission scanning electron microscopy
(HRSEM) (JEOL JSM-6490LV, France, high vacuum, acceleration
voltage of 5.0 kV, large field detector) after treatment by gold
coating.

Conclusions

This study opens up new possibilities for creating supramolecular
hydrogels using pseudopeptides, focusing on the azapeptides family.
The research explores the synthesis and characterization of two
newly developed Fmoc-N-functionalized 2:1-[a/aza]-trimers: Fmoc-
FazaFA (1) and Fmoc-D-FazaFA (2). Spectroscopic and X-ray
techniques showed that, in their monomeric states, both molecules
adopt a B-turn conformation. When transitioning to the gel state,

This journal is © The Royal Society of Chemistry 20xx
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various spectroscopic methods indicated that both hydrogelators
could self-assemble into a supramoleculd?B-shéetoseriictinedt
different pH values. The driving forces for this self-assembly and
hydrogelation were found to be intermolecular hydrogen bonding
and m-stacking among aromatic groups as verified by fluorescence
spectroscopy. This self-assembly process was confirmed by
observing a fibrous structure through SEM imaging. Rheological tests
demonstrated that both hydrogels exhibited solid-like behavior, as
G' was greater than G" across the studied frequency range. The
findings suggest that changing the chirality of the initial amino acid
from (S) in 1 to (R) in 2 has little impact on the physicochemical
properties in both solution and gel states, indicating similar behavior
for both hydrogels.
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The details of the crystal structure have been submitted to the

Cambridge Crystallographic Data Centre (CCDC) — deposition
number: 2383629. Space Group: P1 Cell:  10.1084 b 11.218A ¢
15.476A, a 99.653(4)° S 96.494(3)° y 116.412(4)°, Formula: C35
H34 N4 06, Temperature: 100 K
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