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ABSTRACT

Supramolecular materials have drawn much attention in the past years, particularly because of their
great versatility in terms of structures, organization, and types of nano-objects they can form.
Among them, amino acid and peptide derivatives are biomolecules extensively used thanks to their
inherent properties and applicability for biological and health applications. Their exceptional
abilities to self-assemble have been harnessed to create a myriad of objects and materials, including
hydrogels. However, the use of one and only one molecule (i.e., monocomponent) is the widely
reported approach which offers a great interest in terms of simplicity of use, but numerous
limitations in terms of properties. To tackle these issues, the multicomponent approach is a
promising strategy, even if challenging for designing low-molecular weight molecules able to
interact each other to create new assemblies and new properties not achievable with a single
compound. In this context, we report herein on the design, synthesis and multiscale analysis of an
original series of nucleopeptides, i.e., comprised both peptide and DNA-nucleobase moieties linked
covalently. Thanks to their dual nature, these nucleopeptides are able to coassemble when
complementary nucleobase moieties interact intermolecularly via hydrogen bonding and -
stacking interactions, leading to impressive synergistic effects resulting in mechanical properties
improved by more than 270.000 % (with stiffness up to > 700 kPa) and self-assembly abilities by
~ 280 %. To decipher the structure/properties relationships, a comprehensive multiscale analysis
approach (including rheology, fluorescence, cryoSEM and TEM, FTIR, CD and NMR HR-MAS)
has been carried out to understand the impact of nucleobases on the supramolecular assembly
process and the subsequent formation of nanoobjects, three-dimensional architectures of the
hydrogel scaffold and the resulting physicochemical and mechanical properties of these highly

synergistic nucleopeptide assemblies.
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INTRODUCTION

More challenging to design but also much more attractive than mono-component materials, multi-
component systems are of growing interest in the field of soft matter. Indeed, it has been known
for a long time that the use of several chemical constituents is a method of choice to design and
synthesize materials with new properties which could not be obtained with one, and only one,
chemical. This is especially true for metal polymers and composites,*? alloys,®> metal-organic
frameworks,* or even gels. In the particular case of low-molecular weight peptide-based hydrogels,
a type of bioinspired soft materials in the spotlight for more than twenty years,>® research and
development of multi-component systems are currently attracting the attention of the scientific
community due to their promising high potential.>*! The use of proteins, peptides, and peptide
derivatives to formulate gels and mainly hydrogels, relies both on the intrinsic properties of specific
peptide sequences to self-assemble thanks to several intermolecular low energy interactions
(including hydrogen bonds, van der Waals and electrostatic forces or n-m and hydrophobic
interactions), and on their wide variety in terms of structure (i.e., length of sequence, position and
nature (e.g., aromatic, aliphatic, acidic, basic) of the amino acids). Also, their inherent properties
of biocompatibility, biodegradability and their generally low immunogenicity'?® have allowed
their applications in the biological and biotechnological fields in, for instance, tissue engineering,
regenerative medicine, controlled release of bioactive compounds, bioprinting, or as media for cell
culture.**° Interestingly, to optimize the properties of mono-component peptide-based hydrogels,
the main reported strategies have been the introduction of chemical modifications to the sequence,
from aliphatic chains to aromatic moieties, halogenated and non-natural amino acids, among
others.31%20 However, instead of focusing on subtle changes of the gelification-inducing molecule,

another approach can be considered to unlock the limitations induced by the use of one, and only
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one, compound to design next-generation materials: the multi-component-based strategy.®
Widely used in Nature and biological systems, the design of such materials is far from trivial, and
the choice of the sequence of the peptide derivatives remains highly challenging.®?%?2 Recent
results have confirmed the high potential and relevance of such an approach, with multicomponent
peptide-based hydrogels allowing a precise control of the mechanical properties,?>2 kinetics of
formation,?®2” or morphologies of the nanostructures,?®? depending on the ratio between the
peptide derivatives and/or their nature. Moreover, the multicomponent approach has been reported
to bring new properties such as photophysical®>®! or electronic® ones, biofunctionalization®*-3® or
also further sensitivities to stimuli such as temperature,?® pH3¢-38 or several of them®® (i.e., multi-
responsivity). However, applications of multicomponent peptide-based hydrogels are still in their
infancy, mainly harnessed in a biological context (e.g., for wound dressing*® and dental care*!)

thanks to their good biocompatibility.2326:42-44

The formulation of such soft materials remains challenging because, depending on the structure of
the peptides, their possible chemical modification(s) and the experimental conditions/mode of
preparation, three main types of assemblies can occur,'®! known as: i-) self-sorting (i.e., in which
each gelator self-assemble with the same gelator)®®84; ii-) co-assembling (i.e., several gelators
interact each other) which can be cooperative (i.e., exhibiting a certain degree of organization) or
random; 24264946 and iii-) disruptive.*’ However, several main approaches have been proposed in
the last decade, with the mix of peptides containing aromatic moieties (e.g., Fmoc),2326:45:48:49
stereoisomers,>®>! oppositely charged®®74352 or cross-linked>*** peptides, among others. 1145 |n
particular, the introduction of DNA-nucleobases in peptide sequences is emerging in the field of
supramolecular gels, as recently reviewed.>® While most of these nucleopeptide-based hydrogels

are mono-component, some examples of multicomponent formulations highlight the benefits of
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introducing DNA-nucleobases. Indeed, thanks to their inherent ability to self-assemble, mainly via
H-bonding and =-stacking, to form, inter alia, the canonical pairings adenine/thymine (A/T) and
guanine/cytosine (G/C), nucleobases are excellent tools to develop complex supramolecular
systems with controlled intermolecular interactions.>”~>° For instance, the mix of the Adenine-Phe-
Phe with Thymine-Phe-Phe leads to an hydrogel with a storage modulus G’ = 18 kPa, better than
each compound alone, while the same approach with the tripeptide Phe-Phe-Tyr has deleterious
effects (G’ decreasing from 2.1 kPa to 0.2 kPa).®° Later, the same group reported on the use of two
pentapeptides, namely Leu-Gly-Phe-Asn-lle and Lys-Thr-Thr-Pro-Val able to co-assemble and
form hydrogels when thymine and adenine, respectively, are grafted on the N-term.%2 When only
thymine derivatives are mixed, the mechanical properties decrease from G’ = 8.9 kPa to 0.9 kPa,
attesting the importance of the presence of complementary bases. Similar tendencies were also
observed with the triphenylalanine peptide for which the multicomponent hydrogels containing the
complementary nucleobases (i.e., A/T or G/C) show an improvement of the stiffness, better than
with non-complementary (i.e., mismatches) nucleobases and than each compound alone.®? The
results, correlated with molecular dynamics simulation, suggest the formation of Watson-Crick and
n-stacking interactions. Also, our group confirmed that the presence of complementary nucleobases
is beneficial for the mechanical and physicochemical properties.®® Other more complex systems
were reported by Nilsson® and Stupp® groups in which the addition of external specific single-
stranded DNA can modulate the properties of two-component nucleopeptide-based hydrogels.
Altogether, although these systems are still under-researched, these data highlight the relevance of
using nucleopeptides to develop multi-component peptide-based hydrogels, harnessing both the
self-assembly abilities of peptide sequences and the well-known self-organization capability of

nucleobases to drive the global assembly process.
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In this context, we would like to report herein on a new series of co-assembling nucleopeptides
based on a short amphipathic peptide sequence on which two different and complementary
nucleobase-incorporating moieties (introduced via PNA (for peptide nucleic acid) strand) were
incorporated in order to drive and improve the co-assembly process. To understand and decipher
the origin of the high synergistic effects and of the resulting properties of these multicomponent
hydrogels, such properties and their relationship with the structure(s), a multi-scale approach has

been carried out and is discussed herein.

MATERIALS AND METHODS:
Peptide synthesis, purification and chemical analysis

Peptide derivatives were synthesized both manually and on an automated ResPep XL synthesizer
(Intavis AG) using a Fmoc/'‘Bu strategy and double couplings for each amino acid and PNA moiety.
Fmoc-Rink resin (0.64 mmol.gt, 200-400 mesh) was used and deprotected using piperidine (20%
in DMF, 15 min under agitation, twice). The standard experimental conditions for each coupling
were: Fmoc-amino acid (5.5 equivalents), 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyl-uronium
tetrafluoroborate (HBTU, 5 equivalents), and 4-methylmorpholine (NMM, 10 equivalents) in
dimethylformamide (DMF) and N-methyl-2-pyrrolidone (NMP), coupling time = 40 minutes.
Fmoc-PNA-G(Bhoc)-OH, PNA-A(Bhoc)-OH, Fmoc-PNA-C(Bhoc)-OH, Fmoc-PNA-T-OH were
introduced manually (3.1 equiv.) using PyBOP (3.0 equiv.), DIPEA (3.0 equiv.) and 2,6-lutidine
(4.5 equiv.) in DMF and NMP (double coupling, 2 hours, room temperature, 400 rpm). Acetylation
was carried out using a anhydride acetic/2,6-lutidine/DMF (5/6/89) mixture (3 times, 15 min, 400

rpm). Fmoc-deprotection steps were carried out using a 20% piperidine solution in DMF (3x15
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min), and final cleavages were achieved using a trifluoroacetic acid/triisopropylsilane/water
(92,5/5/2,5) mixture for 2 hours. The crude peptides were precipitated from cold diethylether (-20
°C), centrifuged (3 x 5000 rpm, 5 min), washed with cold diethylether and dried. Then, peptide
derivatives were dissolved in solvent A (95 % water, 5 % acetonitrile, 0.1 % trifluoracetic acid),
sonicated, and purified by semi-preparative HPLC equipped with a Nucleosil (Macherey-Nagel)
100-5 Cyg 250%21 mm column using solvents A and B (100 % acetonitrile, 0.1 % trifluoroacetic
acid) with a 5-min isocratic elution (100% solvent A) followed by a linear gradient (from 0 to 100%
solvent B, 20 min)0% to 40 % solvent B) with a UV detection at 214 nm. The resulting solutions

were evaporated under reduced-pressure and double-lyophilized.

The purity of each peptide was evaluated by analytical reversed-phase HPLC equipped with a
Nucleosil (Macherey-Nagel) 100-5 C1g 250%4.6 mm column using solvent A’ (95 % water, 5 %
acetonitrile, 0.1% formic acid) and solvent B’ (100 % acetonitrile, 0.1 % formic acid) with a 5-min
1socratic elution (100 % A’) followed by a 10-min linear gradient (0 % to 100 % solvent B”) and a
5-min linear gradient (60 % to 100 % B”) with a UV detection at 214 nm. High resolution ESI-MS
analyses were performed on a Bruker Daltonics MicrOTOFQ mass spectrometer (MassLor
platform, Univ. Lorraine) and all the compounds were fully characterized by NMR *H, COSY,
TOCSY, NOESY, ROESY, *C-'H HSQC NMR experiments in a Bruker Advance NEO 400 MHz
instrument equipped with a BBFO smart probe in DMSO ([sample] = 10 mM). Data were acquired
and transformed using Bruker Topspin 4.1.1 software assignment was done using

NMRFAM_sparky software.®
Sample preparation

As a global procedure, the samples were prepared at a total concentration of 15 mM dissolving

each sample in Tris.HCI (1 M, pH 7.4). All the buffers were prepared in deionized water (18.2
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MQ.cm) or D20 (for FTIR experiments). As a standard procedure, the glass vials containing the
solutions were sealed and subsequently heated (heatgun with a variable temperature control, 70 °C,
3 min), to ensure a complete dissolution of the starting powders. Samples were used directly
(rheology, Thioflavin T and Thiazole orange fluorescence experiments) or stored 24 hours at room

temperature before analysis.
Rheological characterizations

Dynamic rheological measurements were performed on an AR2000 rheometer (TA Instruments)
operating in oscillatory mode, equipped with a Peltier plate temperature control and a Couette
geometry immersed inside the samples, as already described.’” All the measurements were
performed on 300-pL samples and repeated a minimum of three times and 20°C. Frequency sweep
experiments were conducted at constant applied stress (1 Pa) for a range of 0.1-100 rad.s™. Stress
sweep experiments were performed for a range of 0.46-1000 Pa applied stress at a 1 rad.s™ angular
frequency. The limiting values of the linear viscoelastic region (i.e., the yield point ty) correspond
to the stress value at which the storage modulus loses 10% of its maximal value). For thixotropy
experiments, the samples underwent consecutive rest (constant applied stress (1 Pa)) and break
(100% strain amplitude) steps. The storage (G’) and loss (G’”) moduli reported were chosen at the

end of each step.
Electron microscopy

For cryo-scanning microscopy (cryo-SEM), a piece of hydrogel was placed on a home-made cryo-
holder and quickly plunged into an ethane slush. The sample was rapidly frozen during the plunging
by direct contact with the liquid ethane in order to form amorphous ice. Subsequently, the sample

was transferred into the Quorum PT 3010 chamber attached to the microscope. There, the frozen
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sample was fractured with a razor blade. A slight etching at —90°C may be performed to render the
sample more visible. The sample is eventually transferred in the FEG-cryoSEM (Hitachi SU8010)
and observed at 1 kV at —150°C. Several sublimation cycles were performed on each sample to
ensure the removal of the ice from the hydrogel. A FFT bandpass filter may be used with FiJi

software to suppress horizontal stripes that were created by scanning the image line by line.

Transmittance Electron Microscopy (TEM) experiments were performed on a Philips CM200
electron microscope operating at 200 kV and fitted with CCD MSC 600 Gatan camera (Institut
Jean Lamour, Université de Lorraine/CNRS, Nancy, France). Samples were prepared by placing a
drop of each sample (15 mM) on 200-mesh carbon-coated copper grids (CF-200-Cu-50) for 1 min.
The excess fluid was subsequently removed and a drop of phosphotungstic contrasting agent (2%
w/w in deionized water) was deposited for 0.5 min. The excess was subsequently removed and the
grid was air-dried for 10 min before analysis. Collected data were analyzed using Gatan

DigitalMicrograph and FiJi software.
FTIR

For FTIR experiments, samples were prepared as above-mentioned in a solution of Tris.HCI (pH
7.4) prepared in D20 in order to suppress the strong water absorbance in the 1600-1700 cm™
spectral region (corresponding to the amide I and nucleobase vibration region).58° Nota: additional
TEM and FTIR assays were carried out to confirm that D>O do not impact the supramolecular
assemblies and the nanostructures formed (see Supporting Information). FTIR measurements were
carried out at room temperature on a Invenio S spectrometer (Bruker) equipped with an ATR
Specac diamond (Quest), in a range of 4000-400 cm™ with a 2 cm™-resolution. Infrared spectra

represent an average of 128 scans recorded in a single-beam mode and corrected for the
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background. Data were analyzed, smoothed (Savitzky-Golay, 2" order, 13 points), and treated

using the OPUS software.

Circular dichroism

Circular dichroism spectra were recorded using a Chirascan Plus spectrophotometer (Applied
Photophysics, UMS 2008 IBSLor platform, Université de Lorraine/CNRS/INSERM, Nancy,
France) at 20°C. Hydrogels were prepared in an aqueous solution of NaF (500 mM in deionized
water (18.2 MQ.cm) adjusted to pH = 7.4 with NaOH) at a final concentration of peptide of 10
mM. The samples were deposited carefully inside a 0.01-cm-pathlength dismountable cuvette prior
to be analyzed. Their spectra were measured between 180-320 nm (step = 0.5 nm, response = 0.5
s, bandwidth = 1 nm) averaged on three repetitions. After background subtraction and smoothing
(Savitzky-Golay, 2" order, 13 points), all raw data (6, mdeg) were converted into mean residual

ellipticity (MRE) according to the equation below:

0
(n—1)Xxcxdx10

MRE =
where MRE is in deg.cm2.dmol™, d is the cuvette pathlength in cm, and ¢ the molar concentration
in mol-L™.

Fluorescence

Fluorescence spectra were recorded using a FP-8300 spectrofluorometer (JASCO Corp.) on 7.5
mM samples in Tris.HCI buffer (1 M, pH 7.4). For each experiment 800 pL of the samples were
transferred into quartz cuvettes (1 x 0.3 cm-pathlength). Fluorescence spectra were obtained at 20

°C with a 3D measurements mode (parameters: scanning speed = 200 nm/min, response time = 1
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sec, emission bandwidth = 5 nm and excitation bandwidth = 1 nm). Excitation spectra were
recorded from 290 to 420 nm (step = 1 nm) for an emission wavelength varying from 302 to 580
nm (step = 2 nm), and emission spectra were recorded from 300 nm to 600 nm (step = 1 nm) for
an excitation wavelength varying from 290 to 420 nm (step = 2 nm). Data were processed and
smoothed (Savitzky-Golay, 2" order, 9 points) using OriginPro 8.5. For the determination of the
REES phenomenon, the maximum of emission is spotted on each smoothed emission spectrum for
all compounds as a function of the excitation wavelength. Subsequently, the graph Aem = f(lex) Was

plotted and fitted by a linear regression.
Thioflavin T and Thiazole orange fluorescence experiments.

Fluorescence spectra were recorded on a Varioskan LUX microplate reader (Thermo Fisher) at
20°C using black 96-well microplates. Stock solutions of Thioflavin T (ThT, 750 M) and Thiazole
orange (TO, 200 uM) were prepared in deionized water (18.2 MQ.cm), and the actual
concentrations were determined through UV-vis spectral analysis at 412 nm (g4120m = 36000 M-
Lem™) and 500 nm (es00nm = 63000 Mt.cm™)™, respectively. Samples were prepared mixing the
ThT or TO solution with peptide derivative solutions (previously dissolved in Tris.HCI (1 M, pH
7.4)) to reach final concentrations of [ThT] = [TO] = 50 uM and of each peptide derivative from
2.510 15 mM. Samples were subsequently transferred into microplates (150 uL per well), protected
with an optical adhesive film (to avoid evaporation) and the fluorescence was measured during 24
hours using the following parameters: measurement time = 1 sec, excitation bandwith = 12 nm,
automatic dynamic range, kinetic interval = 2 min, continuous shaking time between readings (60
rpm, low force), 20°C, with Aex = 440 nm, Aem = 485 nm for ThT, Aex = 500 nm, Aem = 540 nm for
TO. Fluorescence emissions were plotted as a function of time, and results are mean of four

experiments. Characteristic values were extracted from the graphs: the inflexion point
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corresponding to the time at which the 1% derivative is at its maximum, the apparent growth rate
kapp calculated from the tangent at the inflexion point, and the lag time tiag corresponds to the

intercept between the above-mentioned tangent and the baseline.”
NMR experiments (HR-MAS)

Gels were prepared at a total concentration of 15 mM of the nucleopeptides mix in a solution of
TrisHCI-d11 (1M pH = 7.4) with 5% D,O. After being shaken at 70°C for 3 min the sample were
transferred in a 4 mm ZrO, MAS rotor, experiments were run after 24 hours. The 1D experiments
were acquired with a rotation speed of 4000 Hz on a Bruker Advance NEO 400 MHz NMR
spectrometer equipped with a 4mm HR-MAS probe. Water suppression was done using watergate

sequence.”

RESULTS AND DISCUSSION

Design and synthesis of a new series of nucleopeptide-based hydrogelators

In the development of nucleopeptide-based hydrogels, our group have already reported a series of
amphipathic peptides Glu-Phe-Glu-(Phe-Lys)> functionalized at its N-term by a PNA moiety
incorporating one of the four DNA nucleobase (i.e., adenine (A), thymine (T), guanine (G) and
cytosine (C)). Used alone to formulate hydrogels,®” we demonstrated that depending on the nature
of the nucleobase, the mechanical and physicochemical properties can be drastically improved and
finely tuned, thanks to subtle structural modulations from the (supra)molecular to the microscopic
scale (e.g., intermolecular interactions via twisted p-sheets, size and morphology of the fibrillar
network). Mixing these compounds to develop more complex multicomponent systems showed

that hydrogels properties are heightened in the presence of two nucleopeptides bearing
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complementary nucleobases,®® even if they do not exhibit significative synergistic effects. We
subsequently hypothesized that the nucleobase/amino acid ratio of 1/7 was too low, leading to co-
assembly processes mainly driven by the peptide part and in which the nucleobases only bring fine
modulations of the structural organization, limiting the high potential of such systems. Thus, we
report herein on a series for nucleopeptides build from the short amphipathic tetrapeptide Phe-Glu-
Phe-Lys (i.e., FEFK)" on which PNA strands of two units were incorporated at the N-term,
improving the nucleobase/amino acid ratio to 1/2 to favor the impact and recognition of
nucleobases. Herein, PNA (for peptide nucleic acids) derivatives, already considered for the
development of nucleopeptides by our group®®®” and others,>®"® were chosen thanks to their high
chemical stability, the more stable pairing they form, their simplicity of chemical synthesis (and of
scalability), and their relevance in material science and for biological applications.”®’” Thus, two
PNA sequences were selected, each containing one purine and one non-complementary pyrimidine,
namely adenine-cytosine (AC) and thymine-guanine (TG) (Fig. 1A), which are complementary
sequences but not self-complementary in order to avoid homomolecular interactions and favor
heteromolecular ones, a sine qua non conditions to reach synergistic effects and innovative
properties, thanks to peptide/peptide and nucleobase/nucleobase interactions, as proposed Fig. 1B.
Hence, a series of five compounds (Fig. 1A), both amidated and acetylated at their C- and N-term,
respectively, were synthesized on solid support at a 800 umol-scale: p(TG)-FEFK and p(AC)-
FEFK, and also the two controls p(CC)-FEFK and p(TT)-FEFK (for which the design will be
discussed vide infra), and the nucleobase-lacking native peptide FEFK. All the (nucleo)peptides
were obtained with yields up to 77%, purified by reverse-phase HPLC (purity > 98.9%), and fully
characterized by LC-MS, ESI-HRMS, H, *C and 2D NMR (COSY, NOESY, TOCSY and
ROESY in DMSO-ds). Detailed protocol and characterizations are available in the Material and

methods section and in the ESI, respectively.
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Synergistic effect of nucleopeptide mixtures on the mechanical properties

To evaluate the abilities of the compounds to form hydrogels, we first used the tube inversion test
in physiological conditions using buffer Tris.HCI (pH 7.4) only, without the presence of co-solvent
such as the often-used DMSO. Using these conditions, we first observed (Fig S1) that p(AC)-
FEFK fails to form a gel and stays liquid even after a month up to a concentration of 60 mM, while
p(TG)-FEFK is able to gelify as a transparent and weak hydrogel at a minimum concentration of
12 mM (requiring more than 2 days). By contrast, the formulation of their equimolar mixture leads
to a strong transparent and homogeneous gel after 120 min at 15mM (critical gelification
concentration (or CCG) = 8 mM, 4 days) showing a synergistic effect between the two
nucleopeptides. Based on these preliminary data and on previous work’®" including our %3¢ we
selected 15 mM as the standard concentration for the following studies. To assess quantitative
values, we then performed a series of rheological investigations (frequency and stress sweep
experiments), in triplicates, with 24h-aged hydrogels (Tris.HCI buffer, pH 7.4). In accordance with
the visual observations, the storage moduli of the compounds alone are < 10 Pa and 1.3kPa for
pP(AC)-FEFK and p(TG)-FEFK, respectively (Fig. 2A,B, Fig. S2). Mixing these two compounds
leads to drastic improvements of the mechanical properties, with the stiffest hydrogel obtained for
the equimolar ratio with G” = 61,7 kPa, while the 3/1 and 1/3 (in purple and brown red, respectively,
Fig. 2A,B, Fig. S2) p(AC)-FEFK/p(TG)-FEFK molar ratios lead to hydrogels with G’ =11.9 kPa
and 22.5 kPa, respectively. The experiments clearly highlight the synergistic effect of the
multicomponent hydrogel formulations, which is also confirmed by the evaluation of their
resistance to stress, characterized by the yield point ty obtained at the limiting value of the linear

viscoelastic region (i.e., corresponding to the maximum stress that can be imposed to the gel before
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destroying it). Indeed, 1y is < 1 Pa and 1.3 Pa for p(AC)-FEFK and p(TG)-FEFK alone,
respectively (Fig. 2C,D, Fig. S4), while mixing them at 3/1 and 1/3 ratio significantly improves
these values to ty = 14.3 and 7.8 Pa, respectively. The highest resistance to stress is obtained in
equimolar conditions (in red, Fig. 2C,D) with ty = 86 Pa, i.e., more than 67 times better than the

compounds alone.

To evaluate and decipher the roles and impacts of the peptide nucleic acid sequence on these
mechanical synergistic effects, we considered and synthesized three other (nucleo)peptide
derivatives (Fig. 1A): i-) p(CC)-FEFK which bears in its PNA sequence one complementary
nucleobase and one mismatch with p(TG)-FEFK (i.e., cytosine-guanine and cytosine-thymine,
respectively), ii-) p(TT)-FEFK which have two mismatches in its PNA sequence with p(TG)-FEFK
(i.e., thymine-guanine and thymine-thymine), iii-) the PNA-lacking sequence FEFK. Thus, we first
measured the rheological properties of these compounds alone (at 15mM, buffer Tris.HCI pH 7.4,
Fig. S3 and, secondly, mixed with TG-FEFK in an equimolar ratio and at the same total molar
concentration (i.e., 15 mM, in buffer Tris.HCI, pH 7.4). The data reported Fig. 3A-C (and Fig. S6)
highlight that the greatest improvement is obtained when the two nucleopeptides bearing the two
complementary nucleobase-sequences, i.e., p(TG)-FEFK + p(AC)-FEFK are mixed together,
with %improvement > 270 000% (in red, Fig. 3B and Fig. S6). Then, the presence of one mismatch
in the PNA sequence of p(CC)-FEFK significantly decreases this synergistic effect by a factor of
~135 (%improvement ~ 2 000%, in green, Fig. 3B and Fig S6) which is even lower when there are
two mismatches in the PNA sequence, i.e., with p(TT)-FEFK (%improvement ~ 480%, in dark
cyan Fig. 3B and Fig. S6. These results support that the synergistic effect relies on supramolecular
co-assemblies which are dependent on the complementarity of the PNA-nucleobase sequences.

Moreover, the use of the PNA-lacking FEFK tetrapeptide results in %improvement (181%, in
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orange Fig. 3B and Fig. S6 close to the non-complementary p(TT)-FEFK, confirming the role of
complementary nucleobases on the co-assembly processes and the subsequent synergistic effects
which are the highest for the equimolar mixture of p(AC)-FEFK and p(TG)-FEFK. Remarkably,
this latter mixture allows the formation of stable, homogeneous and of the stiffest hydrogel (among
all the studied samples) with a storage modulus > 60 kPa at 15 mM (Fig. 2A,B), which is highly
competitive compared to other low-molecular weight peptide-based hydrogels at the same
concentration (e.g., <18 kPa for Ac-ILVAGK-NH,,%° =20 kPa for DF(I)NKF(I),”® =40 kPa for
PNA(G)-EFE(FK)2,6” =90 kPa for Thy-KFF®?). Also, increasing the total concentration of this
equimolar mixture leads to a maximum G’ = 720 kPa obtained at 60 mM (Fig. S7), making this
hydrogel one of the stiffest peptide-based hydrogels reported so far (e.g., =190 kPa for the
equimolar mixture Fmoc-FF and Fmoc-F(Fs),* < 300 kPa for HO-YL-Suc-FY-OH,8 =310 kPa for
(FQ)2-F(INK-NH2,22 = 1000 kPa for cyclo[FC]®®). Interestingly, the 1/1 p(AC)-FEFK/p(TG)-
FEFK hydrogel exhibits excellent thixotropic properties (also termed self-healing), meaning that
under high stress beyond the yield point ty, the hydrogel is broken (gel-to-sol transition) but is able
to recover its gel properties when the applied stress is decreased below the yield point ty. Such
properties are of primary importance for biomedical and biotechnological applications such as for
drug controlled release, gel dressing or tissue engineering.2*®" In our case, our hydrogel can be
loaded into a syringe (Fig. 3D) and then squirted through the needle into a vial in which the
viscoelastic liquid recovers its gel state after c.a. 20 min. Using the rheometer to evaluate these
thixotropic properties, we did not observe any significant modifications of the mechanical
properties (see Fig. S8) even after 9 cycles of breaking/recovery (Fig. 3E and Fig. S9), confirming

the excellent self-healing properties of this hydrogel.

Studies of the hydrogels’ scaffolds and morphologies using electron microscopies.
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The disparity in terms of mechanical properties observed for the (nucleo)peptides mixtures
originates from differences in their mode of assembly and in the tridimensional architectures they
form. Thus, both cryo-SEM and TEM, two techniques of choice to study the hydrogel scaffolds,®
have been used. As observed Fig. 4 (and Fig. S10,S14), p(AC)-FEFK alone shows amorphous
structures with the presence of few random two-dimensional aggregates, whereas p(TG)-FEFK
alone exhibits dense entangled networks characterized by ribbon-like structures (13.9 + 3.1 nm-
cross-section, > 200 nm long) and their bundles, already reported for nucleopeptide®® and peptide-
based hydrogels, and the presence of small pores (heterogeneous, circa 30-50 nm). Mixing these
two compounds, which leads to highly synergistic improvements of the mechanical properties (vide
supra), results in a three-dimensional morphology distinct from the compounds alone. Indeed, as
observed (Fig. 4, right panel and Fig. S11,S14), a highly porous morphology is obtained with
numerous alveoli (ovoid, circa 400-600 nm x 900-1200 nm) that are lined by visible fibres,
confirmed by TEM, and with characteristic diameter and length of 6.80 + 0.68 nm-diameter and
up to > 2 um, respectively. Such a supramolecular architecture points out that the two
complementary nucleopeptides co-assemble via specific interactions to form a new peculiar
hydrogel scaffold more prone to entrap the solvent (i.e., water molecules) thanks to specific inter-
fibrillar interactions and entanglements, as proposed in our design (see Fig. 1) and discussed further
hereinafter. Interestingly, the two other nucleopeptide mixtures also exhibit porous structures
bigger for p(CC)-FEFK + p(TG)-FEFK (up to > 2um, Fig. S13) which have weaker mechanical
properties (G’ ~ 130 Pa, Fig. 2) compared to p(TT)-FEFK + p(TG)-FEFK with pores of circa
300-500 nm x 800-1000 nm and intermediate mechanical properties (vide supra). While
heterogenous fibrillar and aggregated structures have been observed for the former (Fig. S16), the

latter assemble into a fibrillar network (17.6 + 3.1 nm-cross-section, Fig. S12,S15). However, the
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presence of FEFK with p(TG)-FEFK leads to ill-defined spherical aggregates (Fig. S11,S17)

leading to the inability of this mixture to form self-supporting hydrogels.

Investigating the supramolecular assemblies at the mesoscopic scales

To monitor the formation of the fibrillar networks, observed in electron microscopy, leading to the
gelification process, we considered fluorescence experiments using the well-known Thioflavin T
(ThT) “off/on” probe (i.e., while ThT is non fluorescent in solution, its binding turns on its
fluorescence (Aex = 450 nm, Aem = 485 nm)).”*8° Indeed, ThT is widely used in biomedical research,
especially in the context of neurodegenerative diseases (e.g., Parkinson’s, Alzheimer’s and Prion’s
diseases) in which proteins or peptides self-assemble into -sheets fibrils to form in fine amyloid
fibers, but due to its chemical structure, ThT is also a fluorescent molecular rotor sensitive to its
environment.®®% Few examples have been reported on the use of this probe in the context of
peptide-based soft matter, which has however been harnessed to assess the abilities of peptide-%2%
and nucleopeptide-based®*®” hydrogels to form B-sheet assemblies and fibrillar networks, or to
monitor the evolution of their complex viscosity during the gelification process.®* In our case, we
first confirmed that the equimolar mixture p(AC)-FEFK/p(TG)-FEFK at 15 mM (i.e., same
conditions than samples studied in rheology) is responsive to ThT, turning on its fluorescence and
consequently supporting the abilities of the two nucleopeptides to co-assemble via the formation
of B-sheets (as confirmed by CD and FTIR, vide infra). Thus, the evolution of the ThT fluorescence
as a function of time, displayed Fig. 5A,B shows that the maximum intensity after 24h is reached
for the equimolar p(AC)-FEFK/p(TG)-FEFK mixture with Imax = 175, while p(TG)-FEFK alone
has a lower Imax = 125 far better than p(AC)-FEFK alone which is close to Imax = 3. Also, for the
PNA-lacking FEFK tetrapeptide, no signal is detected at 10 mM, and 50 mM are required to

measure an intensity ~ 10 after one day, showing well the low propensity of the tetrapeptide to self-
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assemble, as already reported.” These data are in perfect accordance with our previous results: on
the one hand, p(AC)-FEFK is not able to form gels (even at high concentrations) and no specific
nano- or micro-structures have been observed by electron microscopy (see vide supra) due to its
inability to self-assemble, as confirmed by its low ThT fluorescence. On the other hand, p(TG)-
FEFK alone is able to form a gel (even if weak, Fig. 2A) due to a fibrillar network revealed by
microscopy which is therefore comprised of -sheet assemblies. Mixing these two nucleopeptides
leads to a significant enhancement of the fluorescence intensity, supporting both a synergistic effect
and a mode of co-assembly through B-sheet interactions (as confirmed by CD and FTIR, vide infra),
consistent with the nano-architectures and the high stiffness of the hydrogel they form (vide supra).
Interestingly, looking at the evolution of ThT fluorescence Kinetics points out that for p(TG)-
FEFK alone, the increase of the signal starts immediately after its formulation (i.e., without a lag
time) and with an apparent rate constant kapp = 54.6 h™! to reach a plateau after 280 min. By contrast,
the equimolar mixture p(AC)-FEFK/p(TG)-FEFK experienced a lag time (i.e., corresponding to
the non-fluorescent initial state in which monomers undergo primary nucleations)’ of tiag = 78 min
which can be explained by the presence of two nucleopeptides that require a longer time to
efficiency nucleate and subsequently form effective early-stage fibrils (indeed, the presence of two
components statistically increases the number of intermolecular metastable species that can be
formed) before entering into the growth phase.’? Plotting the evolution of the lag time and of the
inflexion point (t12) as a function of the total concentration of the equimolar mixture p(AC)-
FEFK/p(TG)-FEFK (in log/log scale, see Fig. S19) show linear correlations with scaling
exponents yiag = -1.66 (r2 = 0.987) and yint = -1.76 (r> = 0.980). These relevant values, < -1, are
indicative of the main underlying aggregation mechanisms that take place via a monomer-
dependent  secondary-nucleation-dominated mechanism.*>%"  Also, comparing the ThT

fluorescence kinetic curve with the time sweep rheological experiments at the same concentration

19/56



423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

(i.e., 15 mM) for the equimolar mixture p(AC)-FEFK/p(TG)-FEFK (Fig. S20) clearly highlights
that a first assembly process including the initial (i.e., the lag time in which primary nucleations
occur) and the growth phase step (t ~ 150 min), corresponding to the formation and growth of
fibers, respectively, is the sine qua non condition to trigger the sol-to-gel transition (monitored by
rheology) step in which the fibrillar network becomes denser, increasing the mechanical properties
of the hydrogel. It should also be noted that for concentration > 5mM, two transitions are observed
in the ThT kinetic graphs: a biphasic curve can indicate either distinctive aggregation processes
taking place at different time scales,®®® or the formation of transient and metastable oligomers
which then evolve into thermodynamically more stable architectures,®%® which are two
hypotheses in accordance with the formation and growth of fibrils followed by the formation of a
tridimensional network, as discussed hereinbefore. In any case, these data highlight the complexity
of the mechanism of assembly due to the presence of two nucleopeptides bearing complementary
nucleobase-containing sequences. Such studies are challenging and far from the scope of this article
and will be considered elsewhere; herein, we decided to work with 24h-aged samples in which a
thermodynamic equilibrium is reached (in accordance with rheological studies). In order to
evaluate and decipher the synergistic effects and the causal relationship with the PNA sequences,
as done in rheology (vide supra), we compared the impact of the addition of p(TG)-FEFK with
the aforementioned series of nucleopeptides on the improvement of the ThT fluorescence intensity
Imax. In line with the results obtained in rheology, data Fig 5B,C (and Fig. S22) clearly highlight
that the greatest improvement is obtained for the mixture p(TG)-FEFK/p(AC)-FEFK (in red, Fig.
5B) with a %improvement of 280%, far better than for the mixtures prepared with p(TG)-FEFK
in the presence of p(CC)-FEFK (bearing one mismatch and one complementary nucleobase) and
of p(TT)-FEFK (bearing two mismatches) for which %improvement is null. The absence of

synergistic effect for the two latter multicomponent samples are indictive of a non-collaborative
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assembly process between the two non-fully complementary nucleopeptides; even though these
results suggest an assembly process via self-sorting,'%* additional spectroscopic experiments (e.g.,
CD, FTIR) and microscopy do not support this hypothesis (discussed hereinafter). Altogether, these
experiments using the ThT fluorescent probe able to follow the assembly process of amyloid-like
structures confirm both the nature of the interactions between nucleopeptides via the formation of
B-sheets, and the high synergistic effect when two nucleopeptides bearing complementary

nucleobase-sequences are brought together.

To supplement the fluorescent experiments, another “on/off” probe was selected to monitor the
self-assembly of the nucleobases, namely the asymmetric cyanine dye Thiazole Orange (TO).
While ThT is specific to peptide (or proteins) aggregations, TO is also non emissive when free in
solution and its intense fluorescence is triggered upon binding to double-stranded RNA and DNA
oligonucleotides, by intercalating between nucleobase pairs or by binding grooves.”>1% Thus,
using the same methodology than for ThT, the evolution of the fluorescence was recorded (Aex =
500 nm, Aem = 540 nm) as a function of time. The same trends have been observed (Fig. 6A) with,
for instance, a sharp increase for p(TG)-FEFK (kapp = 95.6 h™') without lag time, while the
equimolar mixture p(TG)-FEFK/p(AC)-FEFK shows a lag time (tiag = 36 min, shorter than with
ThT (tiag = 78 min, which can let us hypothesized that nucleobase intermolecular assemblies
precede peptide assemblies), a slower apparent rate constant kapp = 3.8 h%, and also the maximum
fluorescence intensity with Imax = 106 (versus 66 for p(TG)-FEFK alone). It is worth noting that
the PNA-lacking FEFK peptide, while responsive to ThT do not exhibit any signal even at high
concentration (50mM), confirming that TO is selective towards nucleobase assemblies and do not
interact with the peptide parts. Using the same methodology than for ThT, the synergistic effects

of the multicomponent mixtures were evaluated thanks to the %improvement of the fluorescence
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upon the addition of p(TG)-FEFK nucleopeptide to the aforementioned peptide and
nucleopeptides. As reported Fig. 6B,C (and Fig. S24), once more, the maximum synergistic effect
is obtained for the p(TG)-FEFK/p(AC)-FEFK mixture with %improvement of 247% which drops
dramatically to 52% and 67% for the two other nucleopeptide multicomponent samples containing
p(CC)-FEFK and p(TT)-FEFK, respectively, in the presence of p(TG)-FEFK. These results
confirm both the synergistic character of the association of p(TG)-FEFK/p(AC)-FEFK and the

abilities of the nucleobases to self-assemble, thanks to the light up fluorescence of TO.

Deciphering the supramolecular architectures nucleopeptide assemblies form via
spectroscopic investigations.

Parallel spectroscopic experiments were carried out using circular dichroism (CD) and Fourier-
transform infrared (FTIR), two methods of choice to assess structural information about the
nucleopeptide assemblies. Thus, we highlight that p(TG)-FEFK alone self-assemble via the
formation of B-sheets, as evidenced by the amide I band centered at 1623 cm™ (FTIR, Fig. 7A)1%
and characteristic positive (197 nm) and negative (214 nm) Cotton effects in its CD spectrum (Fig.
7B),1% while the p(AC)-FEFK alone do not self-assemble, with typical random signatures in CD
and FTIR (Fig. 7A,B). Mixing these two nucleopeptides leads to the formation of an hydrogel with
synergistic effects including high stiffness, and with a fibrillar morphology (see microscopy and
ThT experiment, vide supra) thanks to a supramolecular organization based on antiparallel B-sheet
formation, as confirmed by the presence of, inter alia, a band at 1620 cm™ in FTIR (in red, Fig.
7A), and both positive and negatives bands in CD at 186 nm (n-n* transition of the amides) and
215 nm (n-m* transition of the amide), respectively (in red, Fig. 7B). Interestingly, the comparison
of both the FTIR and CD spectra of the mixture with the arithmetic mean of each constituting

nucleopeptide (in yellow, Fig. 7A,B) highlight a different signature, discarding a self-sorted

22/56



494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

assembly and, consequently, supporting a co-assembly process®® between these two components
bearing complementary nucleobases, as proposed in our design (Fig. 1B) and in accordance with
results discussed hereinbefore. Additional FTIR and CD experiments with the other mixtures
confirm the inability of p(CC)-FEFK + p(TG)-FEFK to interact efficiently (Fig. 7C,D and Fig
S28,S30), implying that p(CC)-FEFK has a deleterious effect on the supramolecular assembly of
p(TG)-FEFK, also termed disruptive assembly.*#" However, the simultaneous presence of
p(TT)-FEFK with p(TG)-FEFK forms B-sheet structures as evidenced by CD (positive and
negative bands at 197 and 214 nm, respectively, Fig. 7D) and FTIR (amide | band at 1622 cm™,
Fig. 7C), leading to fibrillar morphologies observed by microscopy (vide supra). Surprisingly, the
sample FEFK + p(TG)-FEFK, while unable to form self-supporting hydrogels, show typical -
sheet signatures (Fig 7C,D), even if no (high)ordered structures are observed in microscopy (vide
supra), which let us suppose the formation of supramolecular assemblies which are unable to grow

into organized nano/micro objects.

Moreover, for all the samples containing one or two nucleopeptides, we can observe in CD
additional bands above 250 nm, which are due to nucleobase chromophores in interaction,%10
confirming the role of the latter on the assembly process. In particular, the most intense band in
this region is obtained for p(AC)-FEFK + p(TG)-FEFK (Fig. S31) which is also the only one
negative and which differ the most from the arithmetic mean and of its two constitutive compounds,

suggesting a greater involvement of the nucleobases in this specific mixture.

Trying to go further into the understanding of the role of the nucleobases in the supramolecular
assembly, we carried out fluorescence spectroscopies on all the four mixtures. As displayed Fig.
8A,B (and Fig. S33), emission spectra show similar signatures for all the samples, with a maximum

at ca. Aem = 405 nm, associated with an emission band in the Aex = 350-370 nm-range. These
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characteristic excitation/emission wavelengths have already been reported for the excitation
exchanges between phenylalanine rings involved in intermolecular m-m interactions,®107:108
confirming that the phenylalanines of the peptide part play pivotal roles in the supramolecular
assembly process (nota: this excitation peak is heightened for the p(TG)-FEFK + FEFK mixture
(Fig. S33), in which Phe stacking are predominant). Interestingly, another contribution has been
observed, with a characteristic excitation peak at ca. 315 nm, corresponding to stacking
associations of nucleic acids in water, confirming that PNA nucleobases interact each other in the
supramolecular assembly, with an exacerbated peak for the p(TG)-FEFK + p(AC)-FEFK (Fig.
7A), i.e., the mixture with nucleopeptides containing the complementary nucleobases. These results
are not surprising because in DNA, for instance, the double helix is, of course, stabilized by
hydrogen bonds between complementary nucleobases, but also by m-stacking interactions between
the adjacent nucleobases of a same strand.'%%% We can thus argue that the PNA parts of the
nucleopeptides interact, inter alia, via stacking interactions, has already reported by our group®®’
and others.%2111 Interestingly, all these mixtures (Fig. 8C and Fig. S34) exhibit a red-edge
excitation shift (REES),!!? originating from the slowdown of the solvent dielectric relaxation
process due to water molecules trapped in the hydrogel scaffold (i.e., inside and/or in interaction
with fibrils and/or other nanoobjects, vide supra) and in interactions with fluorophores (i.e.,
phenylalanine and PNA moieties herein).6”111113 This peculiar intrinsic optical property, mainly
observed for polymers, allows to modulate the emission wavelength depending of the applied
excitation wavelength, and can be considered for biophysical and nanotechnological
applications.!*2114-116 Thys, we observed (Fig. 8C,D and Fig. S34) a greater REES for the mixture
p(TG)-FEFK + p(AC)-FEFK containing the complementary nucleobase sequences (slope =
0.91), than for the mixture containing one (i.e., p(TG)-FEFK + p(CC)-FEFK with slope = 0.78)

and two mismatches (i.e., p(TG)-FEFK + p(CC)-FEFK with slope = 0.37), which can be
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explained by a higher organized structure for the first one than for the other two (in accordance

with other data, including microscopies, discussed vide supra).

To get further insights into the actual mode of interaction of the nucleobase moieties into
supramolecular assembly process, we performed NMR High-Resolution Magic Angle Spinning
(HR-MAS) experiments, a powerful but still little-used method for the study of peptide derivative-
based hydrogels,%!" directly on the hydrogel exhibiting the highest synergistic effects, i.e., on the
equimolar mixture p(AC)-FEFK + p(TG)-FEFK (15 mM, Tris-d11.HCI, pH 7.4). Interestingly,
while no signal is observed in the 10-14 ppm region for each compound alone in solution, the
mixture (in red, Fig. 9A,C) exhibits two characteristic sets of signals at 13.55 ppm, assigned to the
imido proton of the thymine, and in the 10.5-13 ppm range, assigned to the imino proton of the
guanine.!® The presence of these peaks means that the exchange rates of these protons are slowed
down upon mixing the two complementary nucleopeptides, which can be explained by the
involvement of these protons in hydrogen bonds, i.e., in the formation of base pairings (Fig. 9B).118
Thus, while requiring further investigations, these data support that the complementary nucleobase-
containing PNA moieties thymine-guanine (in p(TG)-FEFK) and adenine-cytosine (in p(AC)-
FEFK) co-assemble via the formation of intermolecular thymine/adenine and guanine/cytosine
base pairings (as proposed Fig. 1B). Such interactions, observed with TO fluorescence (vide
supra), have recently been reported for nucleopeptide interactions thanks to computational
modelling,®>" and can explain the highly synergistic mechanical and physicochemical properties
observed and discussed hereinbefore, confirming the value of the design of this new series of

nucleopeptides discussed herein.

CONCLUSIONS
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While the overwhelming majority of peptide derivative-based hydrogels has been developed from
one and only one compound through a mono-component approach leading to numerous limitations,
we successfully reported herein on a new multicomponent system exhibiting high efficiency (with
storage moduli up to 720 kPa) and high synergistic (physicochemical and mechanical) properties.
Indeed, the new series of nucleopeptides we developed demonstrates cooperative effects, mainly
when the two complementary p(TG)-FEFK and p(AC)-FEFK, designed with self-complementary
peptide sequences and complementary nucleobase-containing moieties, are mixed. Thus, hydrogel
stiffness and resistance to external stress can be significantly improved by a factor of > 2700 and
> 37, respectively, far better than for nucleopeptides alone and for the mixtures in which
nucleopeptides comprised nucleobase mismatches. Thanks to a multiscale approach, we
highlighted that such synergy originates from the formation of specific interactions between the
peptide parts (via the formation of B-sheet (ThT fluorescence, CD, FTIR) and =-stacking
interactions (fluorescence)) and between the nucleobase-containing moieties (via hydrogen bonds
thanks to base pairing (HR-MAS NMR and TO experiments) and =n-stacking interactions
(fluorescence)). These supramolecular interactions led to the formation of a dense fibrillar network
able to self-organize into a porous hydrogel scaffold with homogeneous alveoli (cryo-SEM, TEM)
offering high capability to entrap water molecules. Altogether, these data highlight the high
potential of nucleopeptides, considered as emerging and of high interest for the formation of low-
molecular weight hydrogels,*® to design multicomponent supramolecular hydrogels with high
synergistic effects and offering a large range of mechanical and physicochemical properties

difficult to obtain with a monocomponent approach, thanks to their dual nucleic/peptide nature.
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Figure 1. (A) (top) Chemical structures of the two main nucleopeptides p(TG)-FEFK and p(AC)-
FEFK incorporating ionic auto-complementary peptide sequences and complementary nucleobase
sequences (i.e., TG vs AC), and control compounds. (B) Schematic representation of the expected

supramolecular assemblies based on specific peptide and/or nucleobase interactions.
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598  Figure 2. Rheological studies of the p(AC)-FEFK and p(TG)-FEFK mixtures at different ratio
599  showing: (A) the evolution of the storage (G’) and loss (G”, in grey) moduli (characteristic values
600 are reported in B), (C) the different resistances of the gels as a function of mechanical stress and

601 (D) the characteristic limiting values of the linear viscoelastic region (yield stress ty).
602

603
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611

Figure 3. (A) Frequency sweep experiments of p(TG)-FEFK in the presence of p(AC)-FEFK
(red), p(CC)-FEFK (green), p(TT)-FEFK (dark cyan) and FEFK (orange). (B) Percentage
improvement of the storage moduli of the nucleopeptide and peptide derivatives in the presence of
p(TG)-FEFK (see Fig. S6), and (C) characteristic values reported. The equimolar p(AC)-FEFK
+ p(TG)-FEFK mixture exhibits thixotropic properties allowing several transfer cycles to a

syringe (D) while maintaining its mechanical properties, as confirmed by rheology (E).
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612

613

614 Figure 4. Cryo-SEM and TEM images obtained for p(AC)-FEFK and p(TG)-FEFK alone (left
615 panel) and for their equimolar mixture (right panel) at 15 mM (Tris.HCI, pH 7.4). TEM were

616 recorded with negative staining by phosphotungstic acid.
617

618
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620 Figure 5. (A) Fibril formation monitored by Thioflavin T fluorescence assay (ThT, Xex/Aem =
621 440/485 nm, 10 mM total concentration) as a function of time. (B) Plot of the percentage

622  improvement of the maximum fluorescence intensity of the nucleopeptide and peptide derivatives

623 in the presence of p(TG)-FEFK (see also Fig S22), reported in the table (C).
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626 Figure 6. (A) Nucleobase interactions monitored by Thiazole Orange fluorescence assay (TO,
627 hex/Aem = 505/540 nm, 10 mM total concentration) as a function of time. (B) Plot of the

628  percentage improvement of the maximum fluorescence intensity of the nucleopeptide and peptide

629 derivatives in the presence of p(TG)-FEFK(see also Fig S24), reported in the table (C).
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Figure 7. FTIR (A, C) and circular dichroism (B, D) spectra of (nucleo)peptides alone and of

equimolar mixtures (the same color code is used for A and B, and for C and D). The dark yellow

spectra in A,B corresponds to the arithmetic mean of the 1/1 p(AC)-FEFK/p(TG)-FEFK
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Figure 9. NMR spectra ((A) Full and (C) Enlargement of the 10-14 ppm region) of p(TG)-FEFK
(in black) and p(AC)-FEFK (in blue) alone at 7.5mM, and their equimolar mixture (15mM, in red)
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respectively, involved in hydrogen bonds, as proposed in (B).
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