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Short and ultra-short peptides have recently emerged as suitable building blocks for the fabrication of
self-assembled innovative materials. Peptide aggregation is strictly related to the amino acids composing
the sequence and their capability to establish intermolecular interactions. Additional structural and
functional properties can also be achieved by peptide derivatization (e.g. with polymeric moieties, alkyl
chains or other organic molecules). For instance, peptide amphiphiles (PAs), containing one or more
alkyl tails on the backbone, have a propensity to form highly ordered nanostructures like nanotapes,
twisted helices, nanotubes and cylindrical nanostructures. Further lateral interactions among peptides
can also promote hydrogelation. Here we report the synthesis and the aggregation behaviour of four
PAs containing cationic tetra- or hexa-peptides (Ci9-VAGK, Ci9-K1, Ci19-K2 and C;9-K3) derivatized with
a nonadecanoic alkyl chain. In their acetylated (Ac-) or fluorenylated (Fmoc-) versions, these peptides
previously demonstrated the ability to form biocompatible hydrogels potentially suitable as extracellular
matrices for tissue engineering or diagnostic MRI applications. In the micromolar range, PAs self-
assemble in aqueous solution into nanotapes, or small clusters, resulting in high biocompatibility on
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HaCat cells up to 72 hours of incubation. Moreover, C19-VAGK also forms a gel at a concentration
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1. Introduction

Supramolecular architectures like micelles," liposomes,*”
nanotubes,®? fibers'®'" and hydrogels'®>'® have been proposed
for many biomedical applications including delivery of genetic
materials, therapeutic and/or diagnostic agents, and as plat-
forms for tissue engineering and regeneration. These structures
are generally based on noncovalent bonds (including hydrogen
bonding, metal coordination, hydrophobic, van der Waals,
and electrostatic and n-n interactions) within and between
molecules. Among the plethora of building blocks to generate
supramolecular architectures, peptide sequences present
advantages of being biocompatible, biodegradable and easy to
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synthesize."”™*° They usually arrange into secondary structural
elements (B-sheet or o-helix), which, in certain cases, can
further assemble according to a hierarchical and multiscale
process. The self-assembling behavior of peptides is deeply
affected by the amino acid composition and by the hydro-
phobic/hydrophilic balance within the sequence.?® This latter
feature can be modulated by peptide functionalization with
polymeric or organic moieties. For instance, derivatization of a
peptide with PEG (polyethylene glycol)**** or with glycosyl
groups®® allows increasing its solubility; in contrast, the addi-
tion of alkyl chains®**® or aromatic moieties®*>® causes a
decrease in its solubility. Based on the evidence that peptide
aggregation can be opportunely modified, many bioactive pep-
tides have been functionalized and studied. An example is
the integrin peptide, RGD, which has been derivatized at the
N-terminus with a fluorenyl (Fmoc-) group®**® or with alkyl
chains (C14, C16, C18)*'*’ to promote its aggregation into self-
supporting hydrogels. Analogously, some targeting peptides
like CCK8,** [7-14] bombesin®> and octreotide®® have been
decorated with two alkyl chains with eighteen carbon atoms
to generate micelles. In this context, some of us recently reported
the synthesis of a small library of cationic peptides,®” which self-
assemble into promising hydrogels for tissue engineering applica-
tions. In our library the original peptide sequence (Ac-K1, Ac-K2
and Ac-K3),*® containing an aliphatic region and a Lys residue

This journal is © The Royal Society of Chemistry 2023
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within a hexapeptide sequence (ILVAGK in K1, LIVAGK in K2 and
AIVAGK in K3), is kept, whereas the acetyl group at the N-terminus
was replaced with a Fmoc- aromatic unit, alone or in combination
with two phenylalanine residues (-FF-Fmoc). This latter motif
was chosen because it represents a well-known hydrogelator.
The structural characterization pointed out that only the Fmoc-
derivatives are able to self-assemble in aqueous solution,
albeit with a lower mechanical rigidity (557, 925 and 2526 Pa
for Fmoc-K1, Fmoc-K2 and Fmoc-K3, respectively) than their
acetylated precursors. Due to their soft nature, these hydrogels
can be potentially used as injectable scaffolds. On the other hand,
Fmoc-FF-K sequences do not gel, but are able to self-assemble
into stable, injectable nanoparticles. In order to evaluate the
impact of alkyl chains with eighteen carbon atoms on the
aggregation behavior of K-peptides, here we synthesize their
amphiphilic analogues C;4-K1, C;9-K2 and C;o-K3 and their
truncated version, C;o-VAGK, never studied before (Fig. 1). The
VAGK tetrapeptide, never studied before, was chosen because it
represents the amino acid sequence common to K1, K2 and K3.
Peptide amphiphiles (PAs) can spontaneously self-assemble in
water into one-dimensional, cylindrical nanostructures with
highly ordered hydrophobic and hydrophilic compartments.*®
This ordered architecture is favored by the establishment of van
der Waals interactions between the alkyl chains and of hydro-
gen bonds between the amino acid side chains.’**® The
interaction between the side chains of the peptide moiety can
also favor the formation of B-sheet fibers and consequently of
hydrogels that have been demonstrated to be potential bioma-
terial scaffolds in tissue engineering’®™® and in drug delivery
applications.>®™>* The propensity of the four amphiphilic pep-
tides to self-assemble (Fig. 1) was initially evaluated using
fluorescence spectroscopy. Successively, structural characteri-
zation was carried out using a set of biophysical techniques
including circular dichroism (CD), Fourier transform infrared
(FTIR) spectroscopy, cryogenic transmission electron microscopy
(ctyo-TEM), and small angle X-Ray scattering (SAXS). Their potential

View Article Online

Soft Matter

capability to gel was also estimated under physiological conditions.
The biocompatibility of the peptide aggregates was evaluated by
MTT assays using the HaCat cell line.

2. Experimental
2.1 Materials

The amphiphilic peptide sequences C;9-VAGK-NH, (C;9-VAGK),
C19-ILVAGK-NH, (C;9-K1), C;o-LIVAGK-NH, (C15-K2) and C,o-
AIVAGK-NH, (C;4-K3) were synthesized through standard SPPS
(solid-phase peptide synthesis) procedures using the Fmoc/tBu
strategy. To obtain amidated peptides at the C-terminus, the Rink
amide MBHA resin, with a substitution rate of 0.71 mmol g™,
was used as the solid-phase support. The synthesis scale was
0.20 mmol in DMF for all the peptides. After 30 min of swelling,
the Fmoc group was removed from the resin by treatment with
30% (v/v) piperidine in DMF for two cycles of 10 min each.
A 2 fold molar excess of the Fmoc-protected amino acid was
used for the coupling and solved in DMF together with equi-
molar amounts of 1-hydroxybenzotriazole (HOBt), benzotriazol-
1-yl-oxytris-pyrrolidino-phosphonium (PyBOP), and a 4 fold
molar excess of diisopropylethylamine (DIPEA). Each coupling
was performed twice for 40 min. The coupling of nonadecanoic
acid was performed by dissolving the powder in DCM in a 4 fold
molar excess. This solution was then mixed with a DMF
solution with 4 fold molar excess of HOBt and PyBOP and
8 fold molar excess of DIPEA. The heterogeneous phase was
then left to react with the resin for 3 h. After this step, crude
peptides were fully cleaved by treating the resin for 3 h at room
temperature with a TFA (trifluoroacetic acid)/TIS (triisopropyl-
silane)/H,0 (92.5/5/2.5 v/v/v) mixture. Cold ether was used to
precipitate the peptides, which were freeze-dried three times.
Pure peptides were obtained from the crude ones through
RP-HPLC with an LC8 Shimadzu HPLC system (Shimadzu
Corporation, Kyoto, Japan) equipped with a UV lambda-Max
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Fig. 1 Schematic representation of the four PAs: C19-VAGK, Cy9-K1, C19-K2 and Cy9-K3.
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Model 481 detector, using a Phenomenex (Torrance, CA, USA)
C4 column. The flow rate was set at 20 mL min~ "' and the
elution solvents were H,0/0.1% TFA (A) and CH;CN/0.1% TFA
(B) with (B) increasing from 30 to 80% over 15 min. The purity
of the products was assessed by analytical RP-HPLC analysis
using a Finnigan Surveyor MSQ single quadrupole electrospray
ionization (Finnigan/Thermo Electron Corporation San Jose,
CA), with a C,-phenomenex column eluting with H,0/0.1% TFA
(A) and CH3CN/0.1% TFA (B) from 20 to 80% over 30 min at a
flow rate of 1 mL min~". The identity of peptides was confirmed
by MS spectrometry performed by using an LTQ XL linear ion
trap mass spectrometer, Sorgent ESI.

2.2 Preparation of peptide solutions and hydrogels

Peptide solutions were prepared by solving the lyophilized
peptide powders in double distilled water at different concen-
trations. The C;o-VAGK hydrogel was prepared by dissolving the
peptide in 5 wt% water. The hydrogel formation was macro-
scopically verified by the inverted tube test.

2.3 Fluorescence spectroscopy

For the fluorescence experiments, samples were placed in a
10.0 mm x 5.00 mm quartz cell, lodged in a Varian Model Cary
Eclipse spectrofluorometer. Other experimental settings were
excitation and emission bandwidths of 2.5 nm and a tempera-
ture of 20 °C. The determination of the critical aggregation
concentration (CAC) value for all the peptide sequences was
estimated by fluorescence titration of the dye 8-anilino-1-
naphthalene sulfonic acid (ANS) at a concentration of
25 ummol L™* in water with increasing amounts of the peptide
solution.’® The measurements were recorded between 360 and
550 nm exciting the sample at 350 nm. The obtained spectra
were corrected for the blank and adjusted for the dilution.

2.4 Circular dichroism (CD) spectroscopy

0.1 and 5 x 10~ * wt% water solutions of the peptides were
placed in 0.1 and 10 mm quartz cells and Far-UV CD spectra
were recorded using a Chirascan spectropolarimeter (Applied
Photophysics, Leatherhead, UK) equipped with a thermal con-
troller. Spectra were recorded from 280 to 180 nm. 0.5 nm step,
1 nm bandwidth, 1 s collection time per step were used
as experimental conditions for the measurements. For each
sample, three scans were performed, averaged, and corrected
for the blank to obtain the final spectrum.

2.5 Fourier transform infrared (FTIR) spectroscopy

FTIR spectra were recorded using a Thermo-Scientific Nicolet
iS5 instrument with a DTGS detector. Peptide solutions were
prepared in deionized water at a concentration of 0.5 wt% and
were fixed into a Specac Pearl liquid cell with CaF, plates. Each
sample was subjected to a total of 128 scans. Spectra were

recorded over a range of 900-4000 cm .

2.6 Congo Red (CR) assay

The UV/Vis Congo Red (CR) spectroscopy assay was carried out
using a freshly prepared stock solution of CR (1.75 mg mL ") in
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water, filtered through 0.2 um syringe immediately prior to use.
A small aliquot (5 pL) of this solution was added to 350 pL of
PAs containing solutions at a concentration of 0.1 wt%. After
incubation for 15 min, the UV/Vis spectra were recorded in a
1 cm quartz cell. Background from the dye was subtracted using
a Congo Red spectrum in water as a reference solution.

2.7 Thioflavin T (ThT) spectroscopic assay in the solid state

An aliquot 20 pL of solution of the C;o-VAGK xerogel was air-
dried and stained with 15 pL of a water solution of 50 pmol L™*
ThT. After removing excess dye using filter paper, the sample
was left at room temperature overnight. Fluorescence images of
the sample were recorded using a fluorescence microscope.
Images were taken with a Leica DFC320 video camera (Leica,
Milan, Italy) connected to a Leica DMRB microscope equipped
with a 20 X objective and green fluorescent protein (GPF) filter.
The software Image ] (National Institutes of Health, Bethesda, MD)
was used for analysis.

2.8 Cryogenic-TEM (Cryo-TEM)

A field emission cryo-electron microscope (JEOL JEM-3200FSC),
operating at 200 kV, was used for imaging. Images were taken
in the bright field mode using a Gatan Ultrascan 4000 CCD camera.
Other experimental settings were: zero loss energy filtering (omega
type) with a slit width of 20 eV and —187 °C as the specimen
temperature. An automated FEI Vitrobot device and Quantifoil
3.5/1 holey carbon copper grids with a hole size of 3.5 pm were
used to prepare vitrified specimens. Grids were plasma cleaned
with a Gatan Solarus 9500 plasma cleaner just prior to use and
then they were transferred to the environmental chamber of a FEI
Vitrobot at room temperature and 100% humidity. 3 pL of sample
solution was then applied on the grid and bottled twice for
5 seconds. Successively, they were vitrified in a 1/1 mixture of liquid
ethane and propane at a temperature of —180 °C. Before being cryo-
transferred to the microscope, the grids were maintained at liquid
nitrogen temperature. The mean diameter of the thickness of
nanotapes was obtained by measuring it at 5 different points.

2.9 Small angle X-ray scattering (SAXS) measurements

Synchrotron SAXS experiments on solutions were performed
using a BioSAXS setup on BM29 at the ESRF (Grenoble,
France).”>”® A few microlitres of samples were injected via an
automated sample exchanger at a slow and very reproducible
rate into a quartz capillary (1.8 nm internal diameter), in the
X-ray beam. The quartz capillary was enclosed in a vacuum
chamber, to avoid parasitic scattering. After the sample was
injected into the capillary and reached the X-ray beam, the flow
was stopped during tSAXS data acquisition. The g range was
0.005-0.48 A™*, with 1 = 1.03 A and the images were obtained
using a Pilatus Pilatus3-2M detector. Data processing (background
subtraction, radial averaging) was performed using dedicated
beamline software ISPYB.

2.10 Cell lines

For cell experiments with peptide solutions at concentrations
below and above the CAC, aneuploid immortal keratinocyte cell

This journal is © The Royal Society of Chemistry 2023
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line HaCat was used. Cells were obtained from the IRCCS-SDN
Biobank (10.5334/0jb.26) and grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 1% GlutaMAX and 1% penicillin-streptomycin.
Cells were incubated at 37 °C and 5% CO, and seeded in 25 cm?
culture flasks.

2.11 Cytotoxicity assays

Cells were seeded in 96-well plates at a density of 0.3 x 10* cells
per well. Cells were then treated with peptides dissolved in
the medium at concentrations of 0.1 and 5 x 10> wt%. After
72 h, cell viability was assessed by using an MTT [3-(4,5-
dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide] assay.
In brief, after the removal of the culture medium, MTT,
dissolved in DMEM at a concentration of 0.5 mg mL ™", was
added to the cells and incubated for 3 h at 37 °C. The resulting
formazan crystals were dissolved by adding dimethyl sulfoxide
(DMSO). Absorbance values of blue formazan were determined
at 570 nm using an automatic plate reader. Cell survival was
expressed as percentage of viable cells in the presence of
peptides, compared to control cells grown in their absence.
The assay was repeated three times and the results were
averaged. Statistical significance was tested using multiple
Welch'’s ¢ tests. Prism 7 was used to conduct all the analyses.

2.12 Rheology

Gel rheological characterization was performed using a controlled-
stress rotational rheometer (Malvern Kinexus). A 15 mm flat-plate
geometry (PU20:PL61) was used for the analysis of a preformed
sample (450 pL) at a concentration of 5.0 wt%. Each experiment
was performed at 25 °C using a humidity chamber and a gap of
1 mm between the plate and geometry. Preliminary dynamic
tests were carried out to identify the regime of linear viscoelas-
ticity. The viscous elastic region was determined by oscillatory
frequency (0.1-100 Hz) and strain sweep (0.01-100%) measure-
ments. Then a time-sweep oscillatory evaluation test (using a
constant 0.1% strain and 1 Hz frequency) was performed for
1000 seconds. Measurement outputs are plotted in Pascal (Pa)
as shear storage or elastic modulus (G’) and the shear loss or
viscous modulus (G”).

3. Results and discussion
3.1 Synthesis and aggregation behavior of PAs

The alkyl tail used in the design of PAs can deeply affect the
aggregation behavior and the resulting architecture.’” Generally,
the employment of long chains allows to lower the critical
aggregate concentration and, consequently the in vitro and
in vivo stability of the supramolecular system.*'® Due to the
commercial suitability of nonadecanoic acid, useful for the
functionalization of the N-terminus of peptides, it was used
to derivatize the previously reported K-peptides.’’*® Peptide
amphiphiles C;4-K1, C;9-K2, C14-K3 and their truncated form
C1o-VAGK (Fig. 1), were synthesized by the solid phase peptide
synthesis (SPPS) according to Fmoc/OtBu protocols. After their

This journal is © The Royal Society of Chemistry 2023
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cleavage from the resin, the crude, lyophilized products were
purified by RP-HPLC and characterized by ESI mass spectro-
metry (Fig. S1, ESIt).

The self-assembling capability of the four amphiphilic pep-
tides was probed in water. The critical aggregation concentration
(CAC) was calculated by titration of an ANS solution with increas-
ing amounts of the peptide. ANS is an organic fluorescent probe
widely used to study peptide and protein aggregates.”® This
molecule shows, in aqueous solution, a negligible fluorescence
with a maximum at 540 nm, after excitation at 350 nm. The
fluorescence emission undergoes a blue shift, with a maximum at
around 480 nm, and a remarkable increase in the presence of
peptide aggregates. The mechanism through which this pheno-
menon occurs is still not fully understood. It has been suggested
that this process is due to the restricted mobility and the hydro-
phobic environment in which ANS is located.”® Plotting the
fluorescence intensity as a function of the peptide concentration
(Fig. 2), the CAC, calculated at the break point, was found to be
(5.90 £ 0.07) x 10~ * wt%, (1.35 + 0.01) x 10 wt%, (9.83 + 0.08)
x 10~ * wt% and (2.47 £ 0.04) x 10~ % wt%, for C;5-VAGK, C;9°K1,
C10-K2 and C;4-K3, respectively (see Table 1). These values are in
good agreement with the values expected for peptide amphiphiles
containing an alkyl chain at nineteen carbon atoms.*” These CAC
values are low enough to be compatible with their intravenous
administration. From the comparison of the determined values,
it can be pointed out that CACs are similar to the three hexa-
peptides; whereas the truncated variant (VAGK) exhibits a low
CAC value, thus indicating a slightly higher tendency to self-
assemble with respect to the hexapeptides.

3.2 Secondary structure characterization

CD and FTIR analyses are valuable complementary methods
used to investigate the secondary structure of peptides in
solutions. CD measurements were conducted at two different
concentrations, one above (0.1 wt%) and one below (5 x 10~° wt%)
the CAC for all the peptide sequences (Fig. 3(a)-(d) and Fig. S2,
ESIt). Due to the ionization of the amine group, the supramo-
lecular structure generated by aggregation of lysine containing
PAs can be affected by the pH value of the solution.>*"®" In this
context, the pH values of each peptide solution at both concen-
trations used for the secondary structure characterization
were measured. The four peptide analogues present a similar
pH value (7.0) at both concentrations. At a concentration of
5 x 107> wt%, the CD profile of C;o-VAGK, showing positive
bands with a maximum at 193 and 205 nm and a negative band
with a maximum at 221 nm, indicates a mixture of a-helix like
aggregates and a disordered conformation. The same mixture is
also proposed for C;4-K1 and C;4-K3, because of the negative
band centered at 205 and 203 nm, respectively. C;4-K2, analyzed
at the concentration below the CAC, shows a random coil
organization, suggested by the presence of a positive band at
around 222 nm. At a concentration of 0.1 wt%, while C;4-K1 and
C19K2 show a B-sheet secondary structure, the organization
seems to be a mixture between B-sheet and o-helix like that
for C;9-VAGK and C,4-K3. These assumptions found their basis
in the presence, in C;9-K1 and C;9-K2 CD spectra, of a positive
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Fig. 2 ANS titration curves for (a) C19-VAGK, (b) C19-K1, (c) C19-K2 and (d) C19-K3.

Table 1 Calculated and experimentally determined molecular weights
(My) and CAC values, expressed in wt% and in mol L™ for peptide
amphiphiles. CAC values have been determined at the break point of the
plots in Fig. 2

MW_qlc. MWyeer.  CAC (Wt%) CAC (mol L")
Sample (a.m.u.) (a.m.u.) x 1074 x 107°
C19-VAGK 652.9 653.7 5.90 + 0.07 0.90 + 0.01
C10-K1 879.3 879.9 13.5 £ 0.1 1.54 + 0.01
Cy19-K2 879.3 879.9 9.83 + 0.08 1.12 £ 0.01
C19-K3 837.2 837.9 24.7 £ 0.4 2.95 + 0.05

signal centered at 203 nm and a negative one with a maximum at
220 nm. Conversely, the shape of the CD profiles belonging to
C19-VAGK and C;4-K3, with the positive band at around 190 nm
(185 nm for C;4-VAGK and 190 nm for C;4-K3) and the two
negative bands at around 205 and 215 nm (201 and 218 nm for
C19-VAGK; 205 and 216 nm for C,9-K3) suggests the a-helix like
organization, with signals slightly blue-shifted compared to the
classical signature of this type of arrangement. However, the two
negative bands at 218 and 216 nm are characteristic of a f-sheet
secondary structure. An o-helix like structure was also observed
for acetylated analogues at a concentration similar to the one
explored for the Cjo-derivatieves (0.07 wt%), while at higher
concentrations (0.13 wt%) a B-turn arrangement was favored.
Similarly, Fmoc- and Fmoc-FF hexapeptides were shown to have
a B-sheet secondary structure at the concentration of 0.1 wt%.>”
These behaviors may suggest that the peptide component

4690 | Soft Matter, 2023,19, 4686-4696

partially adopts an o-helix arrangement, which is still present
in part for some of the amphiphilic sequences but is mainly
disfavoured by the higher concentration and by the substitution
of the small acetyl group with more bulky ones like Fmoc,
Fmoc-FF and nonadecanoic acid. The more evident ao-helix
profile observed for C,o-VAGK and C,;4-K3 peptides may be
probably attributed to the lower number of highly CB substi-
tuted amino acids, which notably push towards the beta sheet
arrangement.°>

FTIR spectra were recorded to confirm data obtained through
CD measurements. FTIR spectroscopy is one of the most
entrenched methods for the detection of the secondary structure
of the peptide and proteins. Nine characteristic IR absorption
bands (namely amide A, B, and I-VII) arise from the repeat units
of the peptide skeleton. Among these, the amide I region,
centered between 1700 and 1600 cm ' and chiefly originated
from the C=O stretching vibrations, is the most affected by the
peptide organization. Inwardly this spectral region, each signal
frequency was found to be strictly correlated to a particular
element of the secondary structure. FTIR analyses were conducted
on all peptides solved in deionized water at a concentration of
0.5 wt%, allowing a good signal intensity. This solution was found
to be more acidic (pH = 5.7) than the previously investigated one
(0.1 wt% and 5 x 10> wt%). The lower pH, measured for this
higher peptide concentration, can be probably attributable to the
higher number of residual trifluoroacetate counterions coming
from the HPLC purification of the peptide.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Secondary structure characterization. Left panel: CD profiles of (a) C19-VAGK, (b) C19-K1, (c) C19-K2 and (d) C19-K3 at a concentration of 0.1 wt%.
CD spectra are recorded in the range between 280 and 180 nm. Right panel: (e) IR spectra of the four peptide sequences at 0.5 wt% concentration.

In all the spectra, reported in Fig. 3(e) as absorbance
conversion, the signal at 1672 cm™* indicates the presence of
the TFA counterion.?” For C;4-K1 and C;5-K2, the intense signal
at 1629 cm™ ', together with the one at 1620 cm™*, only visible
for C;o-K1, suggests the preponderance of a B-sheet structure,
even if minor o-helix like and random-coil components are
indicated by the peaks at 1651 and 1643 cm ™", respectively.
Supporting the results obtained by CD measurements, FTIR
spectra seem to hint that C;9-VAGK and C;9-K3 sequences
present an o-helix like arrangement evidenced by the peaks at
1651 and 1650 cm ™', respectively, but the main organization is
still B-sheet, as proven by the more intense signals at 1632 and
1628 cm ™ * for C;-VAGK, and at 1633 and 1620 cm ™ * for C,4-K3.

QU
—
-
o

Moreover, a minor random-coil component is pointed out for
C,9-VAGK, since a signal at 1643 cm ! is present.

To further investigate the secondary structure of PAs in
water solution we carried out the Congo Red (CR) assay, which
allows to corroborate the presence of B-sheet structures in
peptide solutions.®*®* This assay is generally considered posi-
tive when a colorimetric variation from light to dark red is
observed for the CR solution after its incubation with peptides
rich in B-sheet structures. The colorimetric change is also
detectable by UV-Vis spectroscopy with a red-shift of the CR
absorbance peak from 490 to 540 nm. From the inspection of
Fig. 4, it can be concluded that all the PAs, except for C;49-K3,
are positive to the assay, thus indicating the predominance of a
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Fig. 4 CR assay: (a) absorbance spectra of CR alone or co-incubated with peptide solutions. (b) Macroscopic appearance of the analysed peptide
solution alone or incubated with CR. (c) UV-Vis spectra reported after the subtraction of the spectrum of the CR alone.
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Fig. 5 Cryo-TEM micrographs for the four peptide sequences at a
concentration 0.1 wt% (scale bar: 200 nm).

B-sheet conformation at a concentration of 0.1 wt%. This result
agrees with the FTIR study at the same concentration. Further
structural information about PA aggregates was obtained by the
cryogenic transmission electron microscopy (Cryo-TEM) tech-
nique. Selected cryo-TEM images, reported in Fig. 5, show that,
C,9-K1, C,5-K2 and C,;4-VAGK at a concentration of 0.1 wt%
present a fibrillar network, in which the mean fiber diameter is
11.3 + 3.4 nm, 15.4 £+ 6.0 nm and 21.6 £ 6.1 nm, respectively.
In contrast, C;9-K3 does not form fibers, but really small
clusters with a mean diameter of 3.1 & 0.7 nm. Fiber lengths
extrapolated from the cryo-TEM images seem to point out a
major tendency of the VAGK peptide to laterally interact.
Cryo-TEM imaging was complemented with in situ SAXS
measurements for aqueous solutions, which enables the deter-
mination of the nanostructure shape and dimensions through

a) b)
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analysis of the form factor.®® The data along with model fits to
the form factor of extended nanotape fibrils with a bilayer
packing of the molecules are shown in Fig. 6(a). The bilayer
packing is consistent with the packing of the Cy, lipid chains in
the hydrophobic interior, with the peptide sequence on the
exterior of the layers. The fitting parameters in the ESI,} Table
S2 indicate bilayer thicknesses (¢) in the range of 2.8-4.6 nm.
The estimated molecular lengths are 4.1 nm for C,9-K1, C;9-K2
and C;4-K3 and 3.4 nm for C;4-VAGK. Therefore, the values of ¢
indicate substantial interdigitation of the molecules within the
bilayers in the extended B-sheet fibril structures. A schematic
representation of the packing molecules in C;9-VAGK nano-
tapes is proposed in Fig. 6(b).

3.3 Cell viability

The cytotoxicity of the four lipopeptides was assessed with the
HaCat aneuploid immortal keratinocytes cell line. Results, in
terms of cell viability (%) after 72 h, are reported in Fig. 7 and ¢
test probability values are collected in Table S1 (ESIt). High
cytocompatibility is observed when the cells are treated with
peptide solutions at concentrations below the CAC (5 X
107> wt%). The percentage of cell viability is even slightly
higher than the control (103.7 + 5.8%, 100.4 + 4.9%, 105.6 +
4.8% and 103.8 £ 6.7% for C;9-VAGK, C;4-K1, C,4-K2 and C;o-
K3, respectively) with no significant differences from sample to
sample. For more concentrated solutions (0.1 wt%, higher than
the CAC), a reduction in HaCat survival percentage is observed
for all the tested lipopeptides. However, since the cell viability
is around 80% for all the samples (84.8 + 7.9%, 82.3 £ 4.5%,
78.2 + 3.5% and 90.0 + 5.8% for C;5-VAGK, C;4-K1, C;4-K2 and
C10-K3, respectively), it can be concluded that even the aggre-
gates can be considered biocompatible on the tested cell line
after 72 h of incubation (Fig. 7).

3.4 Hydrogelation test and structural and rheological
characterization

Many PAs, containing a single alkyl chain, demonstrated the
capability to form hydrogels under specific experimental conditions.

»
>

g deigh e

gl Py

21.64nm

(a) SAXS data — measured for 0.1 wt% samples (open symbols as indicated) along with form factor fits (solid lines) discussed in the text with fit

parameters listed in the ESI, 1 Table S2. Some data sets are scaled by the factors indicated for ease of visualization. (b) Schematic representation of Cyo-
VAGK nanotapes with bilayer thickness, the estimated molecular lengths and the mean fiber diameter.
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Fig. 7 Cytotoxicity data from MTT assays obtained after 72 h on HaCat
cells.

Analogously, K1, K2 and K3 peptide sequences, in their acety-
lated (Ac-) and fluorenylated (Fmoc-) versions, were previ-
ously found to gel at a concentration of 2 wt% by adding few
microliters PBS to the peptide water solution.’’® The gel
formation is triggered by the addition of phosphate that
nullifies the repulsion among the positive charges on the lysine
side chains. In this context, we investigated the potential ability
of the four PAs to gel at 2 wt% upon the addition of PBS.
As clearly indicated by the inverted test tube in Fig. 8(a),
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hydrogels are not formed. However, the formation of the self-
supporting C;9-VAGK hydrogel was allowed after 24 hours at
room temperature for the sample in which the peptide concen-
tration was increased up to 5 wt% (Fig. 8(b)). No syneresis
phenomena were detected after a week, indicating that water is
well confined in the supramolecular architecture. In contrast,
no gel was observed for the longer K1, K2 and K3 variants
(Fig. 8(b)) under the same conditions. As expected, at a concen-
tration of 5 wt%, all the peptide solutions exhibited a lower pH
value (~4.0). However, due to the inability of C;9-K1, C;9-K2
and C;9-K3 to form hydrogels, the effect of the pH on the gel
formation can be excluded. On the other hand, it could be
hypothesized that the increase of concentration caused an
increase in the non-covalent interactions between the fibrillar
structure with the consequent formation of the hydrogel. The
capability of tetrapeptide PA with respect to the hexapeptide
PAs can be partially justified by its slightly major tendency
to self-aggregate, also testified by its lower CAC value. Fluores-
cence images recorded on air-dried C;o-VAGK xerogel, stained
with Thioflavin T (ThT), show the typical emission in the green
spectral region (Fig. 8(c)), thus indicating the presence of
B-sheet structures. Moreover, FTIR measurement carried out
on the C;o-VAGK based hydrogel confirmed the structural
organization previously found for the sample in solution, thus
indicating that the peptide secondary structure is retained
upon the increase of the concentration from 0.5 to 5 wt%
(Fig. 8(d)). To further confirm the gel state for the C;o-VAGK
solution, a rheological study was performed. The viscoelastic
behavior was analyzed using a stress-controlled rheometer,
equipped with a plate flat geometry. A time sweep measure-
ment (1000 s, frequency v = 1.0 Hz and 0.1% strain, Fig. 8(e))

o
N—

/ h
/ \

;’/m\,ﬂu’i \\

L s L
1680 1680 1640 1620 1600

Absorbance

wavenumber / cm™

«— G' (Storage Modulus)
*— G" (Loss Modulus)

200 400 600 800 1000
Time (s)

Fig. 8 Ci9-VAGK gel characterization: inverted test tube at 2 wt% (a) and 5 wt% (b). (c) ThT assays: fluorescence and optical images of Cy9-VAGK drop-
cast on a glass slide, air-dried and stained with the ThT solution. Sample is imaged in the bright field and in the spectral regions of the GFP (green
fluorescent protein, Aexc = 488 NM, Aem = 507 Nm). Scale bar = 50 pm. (d) FTIR spectrum (amide | region) of the C;9-VAGK gel at 5 wt%. (e) Rheological
analysis of peptide: time sweep showing the hydrogel storage modulus (G’) and loss modulus (G”).
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was performed on a self-supporting sample (5.0 wt%), reporting
data in terms of G’ (storage modulus) and G” (loss modulus).
Rheological analysis was supported by preliminary tests for the
identification of the measurement parameters, specifically a
dynamic oscillation strain sweep (at a v = 1.0 Hz) and dynamic
frequency sweep (at 0.1% strain) (Fig. S3a and b, ESI¥). A tan
(G’/G") value higher than 1 indicates the formation of a hydro-
gel matrix. C19-VAGK gel possesses values of G’ = 104 Pa and
G" = 21, respectively, indicating soft mechanical properties,
thus comparable with other peptide-based hydrogels.

4. Conclusions

Chemical modifications on peptide building blocks can improve
or decrease their capability to self-assemble. Therefore, the struc-
tural and morphological features of the aggregated nanostruc-
tures and, obviously, their functional properties change. In this
perspective, de novo design of peptide derivatives can allow the
development of novel biocompatible materials for a wide range of
applications. For instance, peptide derivatization with alkyl chains
endows them with self-assembling properties and different bio-
logical features, such as the ability to encapsulate small molecules
and protect them from biodegradation, to permeate and destroy
the bacterial cell membrane, and to generate hydrogels able to
support cell growth. For this reason, lipopeptides have been
successfully used to develop nanostructures for many applica-
tions, including drug delivery,®® antibiotic activity®” and tissue
engineering.*” Starting from cationic peptides previously stu-
died as hydrogelators, here we demonstrated that their amphi-
philic derivatives, containing nonadecanoic acid as the alkyl
chain in place of the acetyl group, are able to self-assemble
into nanotapes, twisted ribbons or small clusters with a mean
diameter of around 3 nm. The critical aggregate concentration
values in the micromolar range and their very low toxicity on
HacCat cells up to 72 hours of incubation suggest their potential
application in biomedicine. Cryo-TEM imaging, complemented
with SAXS measurement, allowed obtaining further informa-
tion on the structural arrangement of the PAs into a nano-
structure. In contrast to their Ac and Fmoc variants, C;o-K1,
Ci19’K2 and C;4-K3 are unable to gel. On the other hand,
C19-VAGK in which the peptide portion is represented by the
tetrapeptide common to K1, K2 and K3 sequences, forms a
hydrogel at a concentration of 5 wt%. This result is in agree-
ment with the major tendency of VAGK to laterally interact into
the fibrillar networks. By comparing these results with informa-
tion obtained from the literature, different observations about
the influence of both the length or the number or alkyl chains
and the presence and the number of Lys or Arg as cationic
residues can be done. The binding of shorter alkyl chains (C12)
to peptide sequences comprising cationic residues®® has been
shown to drive the structure towards an a-helix like arrangement,
while the increase in the lipophilic part, which means the addic-
tion of another C12 alkyl portion® or the increase in the number
of carbon atoms of the chain®* leads to a B-sheet structure
resulting in the formation of twisted ribbons. The decrease in

4694 | Soft Matter, 2023, 19, 4686-4696
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lipophilicity linked to the increase in the number of positively
charged Lys residues in the C16-KKK lipopeptide’® was shown
to disfavor the formation of fibres, by leading to the obtain-
ment of small oligomers increasing the antimicrobial activity.
Similarly, the increase in hydrophilicity obtained through the
shortening of the acyl chain in arginine rich amphiphilic
peptides, was shown to determine cell specificity.”* These
findings point out that both the morphology of the nanostruc-
tures and the biological activity, displayed by positively charged
lipopeptides, strictly depend on the hydrophilic/lipophilic
balance of the monomer.
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