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Peptide-based molecules and their hydrogels are useful materials for biomedical applications due to the
reversible nature of their self-assembly as well as the diversity of nanostructures that can be created
starting from low-molecular weight compounds. In this study, we have focused on comprehending the
characteristics of fibrillar networks of L-lysine-based self-assembled dipeptide hydrogels with a focus on
their antibacterial properties. For that purpose, L-lysine has been complemented with hydrophobic
aromatic moieties coming from L-phenylalanine and benzyloxyxarbonyl N-capping. In addition, the
peptide C-terminus is blocked with alkylamides of different chain lengths which introduces additional
dispersive interactions and hydrophobicity. These materials were well characterized by transmission
electron microscopy, scanning electron microscopy, wide-angle powder X-ray diffraction and oscillatory
rheology. Finally, biocompatibility and antimicrobial tests were performed showing that these hydrogels
are compatible with HEK 293 cells and present a remarkable antibacterial activity against both Gram
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Introduction

A pressing reality in today's world is the alarming rise of
bacterial resistance caused by the excessive and improper use of
antibiotics. This escalating issue poses a significant threat not
only to human health but also to animals, agriculture, and the
environment as well. The global consequences of microbial
resistance have reached a critical stage, as indicated by
a comprehensive report prepared by experts. It is estimated that
over half a million individuals worldwide lose their lives
annually due to infections caused by drug-resistant bacteria.
Moreover, if effective treatment options are not developed and
implemented swiftly, the number of fatalities could rise to
millions in the near future, emphasizing the urgent need for
immediate action.”” To handle this growing menace,
researchers have been focused on innovative and targeted
approaches in therapeutic research. Highly promising
advancements include the utilization of liposomes, diverse
polymeric structures, peptide-based hydrogels and nano-
particles, which are cutting-edge methods that hold great
potential in the battle against microbial resistance.** As
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positive (S. aureus) and Gram negative (E. coli) bacteria.

biologically substantial molecules, supramolecular hydrogels
have been identified as one of the most promising soft materials
for modern biomedical applications.>® Thanks to their revers-
ible gel-sol transition capability, which is specific to their non-
covalent cross-links, supramolecular hydrogels show great
potential as biomaterial scaffolds for diagnosis and therapy.>*°
For instance, the development of new supramolecular hydro-
gelators and the variety of their structures and functions are
possible as a result of the non-covalent interactions."™ In
addition, in many cases the inspiration for these optimizations
is nature, leading to biomimetic or bioinspired materials.'**® In
this context, short and ultrashort peptides, and even single
amino acid derivatives, have been reported as effective hydro-
gelators.”® Particularly, phenylalanine-based short peptides
have attracted considerable attention due to their high
tendency to aggregate by intermolecular -7 interactions.**>*
Moreover, additional aromatic moieties have been included at
the N-terminus of peptides with the aim of increasing those -
stacking interactions. For instance, the introduction of the
fluorenylmethyloxycarbonyl (Fmoc) group to the N-terminus of
the diphenylalanine sequence (Fmoc-FF) promotes to form
hydrogels by self-assembly whereas the diphenylalanine
sequence (i.e., NH,-Phe-Phe-OH) is not able to form hydrogels
alone and tends to form crystalline nanotubes.**>* Neverthe-
less, due to the sensitivity of the Fmoc group to cleavage at pH
values above 10, which increases when Fmoc-based peptide
gelators dissolve in basic aqueous solutions to initiate gelation,
and some unidentified toxic Fmoc-FF degradation products by
releasing the highly reactive substance, dibenzofulvalene,

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra08883a&domain=pdf&date_stamp=2024-05-08
http://orcid.org/0000-0003-1931-1071
http://orcid.org/0000-0002-3055-0463
http://orcid.org/0000-0003-0329-6313
http://orcid.org/0000-0002-4350-3172
https://doi.org/10.1039/d3ra08883a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra08883a
https://rsc.66557.net/en/journals/journal/RA
https://rsc.66557.net/en/journals/journal/RA?issueid=RA014021

Open Access Article. Published on 08 May 2024. Downloaded on 7/19/2025 5:18:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

scientists considered using alternative capping groups such as
naphthalene-based or benzyloxycarbonyl (Z) groups among
others.*® Naphthalene-based capping groups are, in general, not
base-labile and present several sites for additional functionali-
zation. Benzyloxycarbonyl compounds are typically metabolized
in the body through hydrolysis, which is catalyzed by enzymes
such as carboxylesterases and peptidases. This process releases
the desired functional peptide and produces a benzylox-
ycarbonyl derivative, which can undergo further metabolism
through oxidation, reduction, and conjugation reactions to
form benzoic acid derivatives. These derivatives can then be
excreted through conjugation with glucuronic acid or sulfate.
The metabolism of benzyloxycarbonyl compounds can vary
based on factors such as the compound's specific structure and
the presence of other functional groups. Additionally, the use of
compounds bearing the Z (benzyloxycarbonyl) group is preva-
lent in both peptide chemistry and pharmaceutical research.
These compounds function as protecting groups for amino
acids during the process of peptide synthesis, and they play
a critical role in the development of peptide-based drugs and
therapeutics.?”?® On the other hand, the use of Z group requires
hydrophobic peptide sequences such as diphenylalanine to
form hydrogels owing to their reduced aromatic surface.”**"
Following the previous results from our research group,*-**
different forms of F-based peptides protected with benzylox-
ycarbonyl (Z) group adjust the self-assembly characteristics to
obtain amyloid aggregates. Indeed, the FF combination is able
to create well-formed supramolecular networks by intermolec-
ular interactions and intrinsic hydrophobicity as driving
forces.*

On the other hand, antimicrobial peptides (AMPs), have
become very attractive tools nowadays due to their broad-
spectrum antibacterial effects, stability against bacterial anti-
biotic resistance mechanisms unlike most conventional anti-
biotics and extraordinary = biocompatibility  features.
Particularly, thanks to easy synthesis and lower cost conditions
compared to long-chain peptides, short peptide sequences
show a great potential.***” Briefly, the antibacterial mechanism
might be foreseen by the interaction of positively charged
amino acid residues with the negatively charged bacterial cell
membranes. However, studies on antimicrobial peptides effec-
tive on both Gram-negative and Gram-positive bacterial types
are very limited in the literature.’®** A recent example proved
that the antimicrobial effect of Fmoc-K,F, could not be
increased by increasing the number of 1-lysine residues in the
structure.* Also, there are still some difficulties with the solu-
bility in water and limited knowledge about lysine-based
dipeptide's antibacterial effect.

Here, we report on the self-assembly behaviour of Z-capped
dipeptides 1-4 based on r-lysine and r-phenylalanine bearing
alkylamide groups of different length at C-terminus (Fig. 1). The
presence of the benzyloxycarbonyl (Z) group mimics the pres-
ence of an additional aromatic residue without the need of an
additional F amino acid in the sequence. On the other hand, the
length of the alkylamide fragment introduces additional control
of the hydrophobicity and van der Waals interactions. These
compounds and their hydrogels have been examined for
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Fig. 1 Structure of L-lysine-based dipeptides 1-5.

antimicrobial activity with antibacterial assays, live/dead tests
and cytotoxicity studies on human cell viability. Altogether, the
combination of a remarkable antimicrobial activity with
a simple and cost-effective molecular design makes these
hydrogels promising candidates to fight against microbial
infections.***

Experimental
Peptide synthesis

The designed peptides used in this study, compounds 1-5, were
synthesized in gram scale by solution phase peptide synthesis
and stored as hydrochloride salts (see ESIf).

Aggregation studies

The hydrogels were prepared as the following methodology: the
desired amount of each compound was weighted in cylindrical
screw-capped vials with an internal diameter of 1.2 cm and
4.5 cm in length. Due to the lack of solubility of compounds 1-4
in water, the samples were dissolved by heating at concentra-
tions of mM range in the aqueous medium and cooled down to
r.t.

Nuclear magnetic resonance spectroscopy studies

NMR spectra were recorded at 400 MHz 'H NMR and 101 MHz
3C NMR in a Bruker Ascend™ 400 NMR spectrometer in
different deuterated solvents at 30 °C with the solvent signals as
an internal reference.

Mass spectrometry

The mass spectra were measured with a triple-quadrupole mass
spectrometer with an electrospray source (waters). A capillary
voltage of 3.5 kV was used in the positive scan mode. The
observed isotopic pattern of each compound perfectly matched
the theoretical isotope pattern calculated from their elemental
composition using the MassLynx 4.0 program.

RSC Adv, 2024, 14, 15120-15128 | 15121
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FT-IR

Prepared hydrogels according to the protocol were lyophilized
and FT-IR spectra were collected in a JASCO FTIR-6200 spec-
trometer — ATR PRO ONE at a wavenumber range of 400-
4000 cm ™.

Transmission electron microscopy

Samples were applied directly onto Carbon support film on 200
mesh copper grids. Excess amount of sample was drained
gently, and extra salts from the buffer were washed with 5 puL of
water once and the residue of water removed. Transmission
electron microscopy (TEM) images were recorded in a JEM
2100plus Transmission Electron Microscope.

Scanning electron microscopy

Indicated freeze-dried gels were placed on top of an aluminium
specimen mount stub and sputtered with Pt. Scanning electron
microscopy (SEM) analysis was performed in a Leica-Zeiss LEO
440 microscope.

Oscillatory rheology

Rheological measurements were conducted on a Discovery RH-
3 rheometer from TA instruments using a steel parallel plate-to-
plate geometry (40 mm diameter). The gap distance was fixed at
500 pm. The hydrogels were prepared under the desired
conditions and the hot solution of samples transferred to the
rheometer plate, well-covered with the instrumental metal cover
to avoid evaporation and stabilized for 5 minutes before ana-
lysing. Viscoelastic characteristics were studied under oscilla-
tory experiments. Frequency and strain sweeps were examined
at 25 °C. The experimental conditions were arranged by running
a stress sweep step (0.1-100 Pa at 1 Hz) and a frequency sweep
step (0.1-100 Hz at 1 Pa).

Wide angle X-ray diffraction

Data were collected at r.t. with a Bruker D4 Endeavor X-ray
powder diffractometer by using Cu-a radiation. Freeze-dried
powders of hydrogels were placed on a sample holder and
data were collected for 26 values between 2° and 40° with a step
size of 0.03° and a time step of 10 s.

Bacterial culture and antibacterial assay

The compounds 1-4 were used to test their antimicrobial
properties as glass coating. In detail, hydrogels 1-3 at their mgc
(1; 10 mM, 2; 2.85 mM; 3; 0.5 mM) and compound 4 (1.6 mM;
above cac; see ESIt), were applied to 15 mm diameter glass
slides, 500 microliters for each slide, and dried by air for 24
hours. The assays were performed in Luria-Bertani Broth (LB)
medium diluted 1:50. A blank control containing bacteria
incubated in LB medium diluted 50 times was also added.
Before testing the antimicrobial properties of the materials, the
glass slides coated with different compounds were sterilized
under UV light for 30 minutes on each side. The antimicrobial
effect of the compounds was tested against E. coli strain NCIMB
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9484 and S. aureus strain ATCC 29213 obtained from the
Spanish Type Culture Collection (CECT). One day before anti-
microbial testing, the bacteria were activated by inoculating
a small amount of the suspension from a frozen stock onto
Luria-Bertani agar medium and incubated for 24 h at 37 °C.
From the obtained culture, a suspension was prepared in
10 mM MgSO, for adjusted to a final concentration of 105 cfu
mL ™" in LB medium diluted 50 times. Three samples of each
compound-coated glass were placed in sterile 12-well plates.
Then, 100 pL aliquots of the LB1/50 bacterial suspension was
added to each glass. Three blank controls were also added in the
same plate. The plates were incubated at 37 °C for 24 h. After
24 h of exposure to the compound-coated glasses the antibac-
terial activities of the compounds were evaluated by the drop
plate counting method. For this purpose, each glass was washed
with 2 mL of sterile MgSO, (10 mM), 200 pL suspension aliquots
were collected and four serial decimal dilutions were prepared.
5 uL of each dilution was inoculated on a solid LB plate. After
24 h incubation, the individual colonies were counted. Three
independent experiments were performed with three samples
for each compound and each bacterium.

Live/dead test

The proportion of living vs. dead cells was quantified using the
fluorescent LIVE/DEAD BacLight Bacterial Viability Kit, L13152
(Molecular Probes, Invitrogen, Paisley, UK). For live and dead
cell quantification, 50 pL of bacterial suspension was mixed
with 25 pL of each of the two components of the LIVE/DEAD
BacLight kit and incubated in the dark for 20 min. Then, the
ratio of live/dead cells was determined by flow cytometric
analysis. Samples were analyzed on a Becton Dickinson FACS-
can flow cytometer using the CellQuest software, which was also
used to determine the percentage of live/dead cells. SYTO9 (live)
was excited at 480 nm and fluorescence was analyzed at 500 nm,
whereas propidium iodide (dead) was excited at 490 nm and
fluorescence was analyzed at 635 nm.

Cell culture

Cell culture media were purchased from Gibco (Grand Island,
NY). Fetal bovine serum (FBS) was obtained from Harlan-
Seralab (Belton, U.K). Supplements and other chemicals not
listed in this section were obtained from Sigma Chemical Co.
(St. Louis, MO). Plastics for cell culture were supplied by
Thermo Scientific BioLite. For tube formation assay, an IBIDI p-
slide angiogenesis (IBIDI, Martinsried, Germany) were used. All
tested compounds were dissolved in DMSO at a concentration
of 20 mM and stored at —20 °C until use. HEK-293 cell line was
maintained in Dulbecco's modified Eagle's medium (DMEM)
containing glucose (1 g L"), glutamine (2 mM), penicillin (50
pg mL 1), streptomycin (50 pg mL ™), and amphotericin B (1.25
ug mL™ "), supplemented with 10% FBS.

Cell proliferation assay

In 96-well plates, 5 x 10° cells per well were incubated with
serial dilutions of the tested compounds in a total volume of 100
uL of their respective growth media. The 3-(4,5-dimethylthiazol-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma Chemical
Co.) dye reduction assay in 96-well microplates was used. After 2
days of incubation (37 °C, 5% CO, in a humid atmosphere), 10
uL of MTT (5 mg mL " in phosphate-buffered saline, PBS) was
added to each well, and the plate was incubated for a further 3 h
(37 °C). After that, the supernatant was discarded and replaced
by 100 pL of DMSO to dissolve formazan crystals. The absor-
bance was then read at 550 nm by spectrophotometry. For all
concentrations of compound, cell viability was expressed as the
percentage of the ratio between the mean absorbance of treated
cells and the mean absorbance of untreated cells. Three inde-
pendent experiments were performed, and the ICs, values (i.e.,
concentration half inhibiting cell proliferation) were graphically
determined using GraphPad Prism 4 software.

Results and discussion
Synthesis

Compounds 1-4 were prepared by solution peptide synthesis
and contain r-phenylalanine (F) and r-lysine (L) residues in
different positions (see the ESIT for details). The Z group was
used at the N-terminus as an additional aromatic fragment,
reminiscent of F side chain, which is able to promote aggrega-
tion through m-stacking interactions,*®** and C-terminus was
designed with different alkyl chain lengths. Compound 1
(ZFKC;) is an N-capped FK derivative, while compound 2
(ZKFC;,) is a reverse of the peptide sequence order. Compound 5
(FKC;3), as an unprotected analogue of 1, was synthesized to
observe the Z fragment effect on aggregation behaviour.
Further, compounds 3 (ZFKCs) and 4 (ZFKC;,) have the same
molecular concept with a longer alkyl chain at C-terminus, to
compare them in terms of the hydrophobicity effect on the self-
assembly behaviour.

Aggregation studies and characterization

The aggregation behaviour of compounds 1-4 was studied in
terms of their ability to form hydrogels at physiological pH. For
that purpose, the hydrochloride salts were dissolved in PBS
(0.1 M, pH = 7.4) by heating and then cooled down to r.t. fol-
lowed by aging for 24 h. The formation of hydrogels was qual-
itatively assessed by the vial inversion test and their apparent
minimum gel concentrations (mgc) determined by sequential

a | b o d

Fig. 2 The macroscopic aspect of the hydrogels in PBS (0.1 M, pH =
7.4). (@) 1 (10 mM), (b) 2 (2.85 mM), (c) 3 (0.5 mM) and (d) 4 (1.6 mM).
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dilution-jellification experiments. As can be seen in Fig. 2, while
1 forms an opaque gel in PBS (mgc: 10 mM), 2 and 3 lead to
transparent gels (mgc: 2.8 mM and 0.5 mM, respectively). In
contrast, 4 was not able to form a gel in this medium.

It has been previously reported in the literature that the self-
assembly of diphenylalanine and its derivatives can lead to
a wide variety of nanostructures. Gazit et al, for instance,
examined how different metastable morphologies transform
from monomers to spheres and then from fibrils to stable
tubes, in terms of kinetics and thermodynamics of aggrega-
tion.”® As known, comprehending the kinetics of self-assembly
allows the development of strategies to guide the formation of
specific nanostructures. Indeed, controlling the formation of
nanostructures is possible by directing factors such as
concentration, temperature and solvent composition, which
can influence the rate and pathway of aggregation.

Morphology analysis was performed by electron microscopy
(TEM and SEM) to examine the characteristic network struc-
tures in PBS. As can be seen in Fig. 3, the three hydrogel-
forming compounds (1-3) showed fibrillar networks of high

Fig. 3 TEM micrographs of (A) 1 (10 mM), (B) 2 (2.85 mM), (C) 3 (0.5
mM) and (D) 4 (1.6 mM) in PBS (0.1 M, pH = 7.4).

RSC Adv, 2024, 14, 15120-15128 | 15123
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aspect ratio with slight differences in fiber width (for additional
images see Fig. S11). Furthermore, SEM images of the three
hydrogels support the observations made by TEM in terms of
fibrillar network density and length differences between 1, 2
and 3 at their mgc. (Fig. 4). On the other hand, compound 4,
which fails to form hydrogels within the studied concentration
range (1 to 15 mM), precisely forms regular spherical particles
of ca. 36 nm of diameter as well as few short fibers that did not
make a self-sustainable hydrogel network (Fig. 3D) at 1.6 mM,
which is higher than its critical aggregation concentration (cac)
(see Table S1f). Additionally, samples of compound 4 at
a higher concentration (10 mM) showed the formation of rods
of different lengths that failed to form hydrogels in PBS
(Fig. S31). Therefore, this dipeptide-amphiphile is forming
micelles at low concentration and micellar rods upon
increasing concentration. In contrast, compound 4 was able to
form transparent hydrogels at concentrations above 1 mM in
distilled water, in the absence of buffer salts. Salts are known to
play a remarkable effect on the self-assembly of amphiphiles in
water.

To monitor the mechanical behavior of hydrogels, we
analyzed them by oscillatory rheology using a plate-to-plate
geometry. The hot solution of pre-gels was transferred to
rheometer plates and after 5 min., frequency and oscillatory
strain sweeps were examined (see Fig. S4-S671). Although,
hydrogels presented a viscoelastic behavior typical of a gel with
G > G"; G’ values were below 1000 Pa, indicative that the
hydrogels were very weak.

In order to get a structural insight at the supramolecular
level, the hydrogels were further studied by fluorescence spec-
troscopy. Particularly, to monitor the effect of Z fragment and
the presence of a ZF hydrophobic block on aggregation, fluo-
rescence was evaluated. As can be seen in Fig. 5, the maximum
of emission, A, for hydrogels 1 and 2 at mgc, has been shifted
to 296 and 285 nm respectively, compared to soluble analogue 5
(10 mM, Aeyn 281 nm). Fluorescence studies for hydrogels
revealed a common shift of 4-15 nm overall, suggesting the
presence of strong m-stacking interactions (Fig. 5).°**> In addi-
tion, in the presence of ZF block, the A, shows the biggest shift
together to an additional broad band (350-500 nm) that has
been previously assigned to a strong aromatic -7 stacking
interaction.”

FT-IR and WAXD were performed to get insight into the
connection between molecular structure and morphology of
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Fig. 5 Fluorescence emission spectra (e = 260 nm) of hydrogel 1

(orange line), hydrogel 2 (grey line) at mgc and solution of 5; 10 mM
(blue line) in PBS (0.1 M, pH = 7.4).

Intensity (a.u.)

0 5 10 15 20 25
20 / deg

Fig. 6 WAXD patterns of aggregates formed by 1 (blue line), 2 (orange
line) and 3 (grey line). Samples were prepared from the lyophilized
hydrogels of each compound at their mgc in PBS.

aggregated samples with the lyophilized samples. WAXD of
lyophilized gels of compounds 1-3 in PBS were used to get
information about the crystallinity of the aggregates (Fig. 6). As
can be seen, only compound 1 showed some diffraction peaks
with a low-angle reflection corresponding to a distance of 16.3 A
which could fit with the extended molecular size. Samples of
compounds 2 and 3 were amorphous. These results are in
agreement with the macroscopic and microscopic observations.
Xerogel of compound 1, which forms an opaque material

Fig. 4 SEM micrographs of (A) 1 (10 mM), (B) 3 (0.5 mM) and (C) 2 (2.85 mM) in PBS (0.1 M, pH = 7.4).
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composed by rigid rod-like fibers as seen by SEM, is more
crystalline than xerogels of compounds 2 and 3, which form
transparent hydrogels with a more flexible fibrillar network.

Moreover, significant information about H-bonding inter-
actions between amide groups can be obtained from the FT-IR
of peptides. All aggregates present an amide I stretching band
in the range 1622-1647 cm™ ' assignable to a B-sheet structure
as the significative feature of these aggregates® (see Fig. S77).
Briefly, the self-assembly of F-K dipeptide derivatives results
from a balanced combination of intermolecular interactions
including H-bonding, -7 stacking of aromatic residues and
the hydrophobic effect.

Overall, it seems that compounds 1-3 form stable fibrillar
networks in PBS whereas compound 4, although it self-
assembles into spherical particles and thin rods, it is not able
to form a self-sustained network. It is known that the ability to
form fibrillar networks effective for hydrogelation depends of
a finely tunned balance between solubility and hydrophobicity.

Antibacterial studies

One of the main problems we are currently facing is the control
of multi-resistant bacteria that are emerging in hospital envi-
ronments. To solve this problem there we need to find alter-
natives to reduce the pressure on current antibiotics on these
environments.*>*® As part of the response to this situation, here
we analyzed the antimicrobial effect of 1, 2, 3 and 4 against
Gram-negative (Escherichia coli) and Gram-positive (Staphylo-
coccus aureus) by exposing two bacterial cultures to a glass
surface covered with each compound for 24 hours. All tested
compounds show strong antibacterial effects against E. coli and
S. aureus whereas the antibacterial effect on E. coli was slightly
higher for each sample and the growth rate of the same
microorganisms on the mentioned surface was considerably
low. In detail, the determined reduction in bacterial count
against E. coli experiment was higher than 97% for all four
samples compared to the control group, 97.5%, 98.1%, 98.0%
and 97.6% respectively (Fig. 7A). On the other hand, 1 has the
highest reduction at 99.9% in bacterial count against S. aureus
compared to the control group whereas 2, 3 and 4 have relatively
lower reductions with 97.5%, 96.8% and 96.1% respectively
(Fig. 7B).

To check whether the tested compounds had a bactericidal
(kills the bacteria) or bacteriostatic (suppress the growth of
bacteria) effect, live and dead cell quantification was performed
(Fig. 7C and D). Consequently, 1 was the most effective in
reducing the number of live bacteria. The results for E. coli
obtained from stained cells that were counted with a flux
cytometer showed the control group has an average percentage
of live cells of 93.6% while treatments 1, 2, 3 and 4 show an
average percentage of live cells of 29.3%, 60.3%, 74.3%, and
61% respectively. Hence, treatment 1 showed a 68.6% reduction
of live cells compared to the control, being the most effective in
reducing the number of live bacteria, while treatment 2, 3 and 4
showed 35.6%, 20.5% and 34.7% reduction respectively, as
indicated in Fig. 7. Otherwise, the live/dead test result from the
control group for S. aureus has an average percentage of live
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cells of 94.6%, while treatments 1, 2, 3, and 4 show an average
rate of live cells of 38.6%, 62%, 86.6%, and 82.3% respectively.
Overall, treatment 1 showed a 59.3% reduction of live cells
compared to the control, while treatments 2, 3 and 4 showed
34.3%, 8.4% and 13.1% reduction respectively.

The obtained results reveal that compounds 1, 2, 3, and 4
show robust antimicrobial properties against both E. coli and S.
aureus in comparison to the control group. Specifically, against
E. coli, all tested compounds demonstrate a remarkable reduc-
tion in bacterial count, higher than 97% when contrasted with
the control. Similarly, in the case of S. aureus, all compounds
exhibit a reduction higher than 96%. This notable decrease
suggests that besides the bactericidal effect observed in the live/
dead test, the compounds inhibit the bacterial growth.

The majority of antibacterial have the potential to exhibit
both bactericidal and bacteriostatic properties, and their main
effect is to reduce or slow bacterial growth to a level that
impedes the infection or can be easily controlled by the immune
system.®” Bactericidal compounds kill bacteria, while a bacte-
riostatic compound stops the growth and reproduction of
bacteria but does not necessarily kill them. Results proved that
more than 90% of cells are alive in control samples, whereas
this number is reduced in all the compounds tested depending
on the bacteria. In general, all the compounds showed a higher
bactericidal effect against E. coli than against S. aureus. 1
showed the higher bactericidal effect reducing the number of
viable cells to 29% and 38% respective for E. coli and S. aureus.
2, 3 and 4 only reduced the number of live bacteria in a range
between 60% and 80%, suggesting that the main effect of these
compounds is bacteriostatic. The quantitative results for the
live/dead test are the ones obtained with the cytometer
confirmed successfully by confocal microscopy images that the
cells are effectively stained in green; live or red; dead (see ESIY).

The results show different effects of the compounds on the
analyzed bacteria types. This could indicate that each
compound acts on the bacteria in a different way at a physical or
physiological level. These results can lead to the combination of
several treatments in order to avoid the acquisition of resis-
tance.”® Regarding the reported studies, the presence of certain
positively charged amino acids, such as lysine or arginine, in
the molecule designed based on disrupting the negatively
charged membranes of bacterial cells through electrostatic
interactions, is essential due to the enhancement of interaction
between positively charged AMPs and negatively charged
components. This original work offers a new perspective for
advanced antimicrobial studies with demanded efficiency and
cost-effectiveness and a deeper glimpse into the use of AMPs by
using a dipeptide sequence, which is distinguished from
similar examples.

Cytotoxicity studies

Although peptide-based materials use to be biocompatible and
highly biodegradable, here we complement the antimicrobial
studies with biosafety assays. The effect of compounds 1-4 on
human cell viability (HEK-293) was studied by MTT assay after
48 hours of treatment. This assay allowed us to establish the
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Fig. 7 Antibacterial effect of compounds 1-4 on the survival of E. coli (A and C) and S. aureus (B and D). Control is treated with Luria-Bertani
Broth (LB) medium only. 1-4 were used to test their antimicrobial properties as glass coatings. Percentage of reduction of CFU achieved with
each compound in E. coli (E) and S. aureus (F) compared to control. The assays were performed in LB medium diluted 1: 50.

corresponding ICs, values (expressed as the concentration, in
uM, at which 50% of cell viability compared to non-treated cells,
is achieved). The data shown in Table 1 were obtained as the
average of four experiments. In detail, we found that mono-
meric dipeptides were not cytotoxic because they do not cause
any stress in cells and their proliferation rate in the presence of
high micromolar concentration of the dipeptides was similar to
the one observed for control cells that were no-treated. When
cells are seeded in the presence of hydrogels, we observed no
effect on cell proliferation after 48 h of incubation. So we
decided to study the effect of monomeric dipeptides on cell
viability. For these in vitro studies, we prepared a stock solution
of each compound solubilized in DMSO (20 mM), in which the
compounds do not form hydrogels. And we checked the effect of
our compounds on human cell viability (HEK-293) in doses
ranging from 400 uM to 200 nM in cell media by MTT assay after
48 h of treatment.

The results in Table 1 show that none of the compounds
have any effect on human cell viability after 48 h of treatment at
doses below 100 puM. In fact, 1 and 2 have no effect at all even at
higher concentrations than 400 pM. 4 provoke some changes on
the cell morphology at concentrations above 200 uM (Fig. S87)
while 3 was innocuous below 100 uM. We observed that cells

Table 1 ICsp values (uM) for 1-4

Compound HEK-293
1 >400

2 >400

3 >100

4 >200

15126 | RSC Adv, 2024, 14, 15120-15128

preserved a morphology related to epithelial nature of HEK-293
though increased and brighter cytosolic granulation appeared
(see Fig. S8T).

Conclusions

In this study, we investigated how the self-assembly of ultrashort
peptide molecules with a benzyloxycarbonyl (Z) N-capping group
and phenylalanine residues respond to different parameters such
as hydrophobic interactions and C-terminus alkyl chain length.
Indeed, thanks to the longer alkyl chain contribution of high van
der Waals and hydrophobic interactions, 3 and 4 tend to aggre-
gate at lower concentrations compared to short alkyl chain
analogues. Self-assembly of lysine derivative dipeptides can be
defined as a combination of intermolecular interactions
including H- bonding, - stacking of aromatic residues and the
hydrophobic effect. Not only increase hydrophobicity but also
include additional intermolecular interactions N-capping group
has been used and 7- interaction at the N-terminus seems that
is effective on fibrillar network growth and leading to hydro-
gelation. Additionally, the aromatic and alkyl fragments’ balance,
which is driven by the hydrophobic effect, determines the final
energetic state of the system. Overall, performed antibacterial
activity and cytotoxicity tests proved the great antimicrobial effect
of N-capped FK derivative 1 with a short alkyl chain on Gram-
negative and Gram-positive bacteria among four designed
peptides. Furthermore, 2 as a reverse sequence, KF, represented
a remarkable antimicrobial activity against E. coli and S. aureus as
well as longer alkyl chain analogs, 3 and 4, showed exciting results
at precisely lower concentrations. According to the literature,
super long chains were used e.g. NK-2 27 peptides studied by
Andra et al., which is not fairly comparable with our ultrashort

© 2024 The Author(s). Published by the Royal Society of Chemistry
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peptides.” Moreover, Lysine tryptophan (KW) long peptide
sequences -4-10 peptides examined by Gopal et al.** and Cao et al.
were proposed antimicrobial peptides with a longer sequence of
lysine, arginine and phenylalanine amino acid residues whereas
would show negative effects on the antimicrobial activity in case
of strong crosslinked structure of the hydrogel.** Another
example, Fmoc-F and Fmoc-AA were studied by Gahane et al. but
there are effective on Gram-positive bacteria and do not include to
evaluate comprehensive toxicological analysis.** A recent example,
the acylated tripeptides and pentapeptides reported by Glossop
et al. do not show a strong antimicrobial effect as much as our
originally designed ultrashort dipeptides.** NapFFKK hydrogels
studied by Laverty et al. and the dipeptide derivative NapFF
displays less percentage of reduction against Escherichia coli-
around 84%- compared to our peptides-over 96% against E.coli
and S.aureus for all four peptide molecules.** A very recent study
of Hansda et al. reported a one histidine-based amphiphilic
peptide with three amino acids, without any alternative deriva-
tives to compare, an a potential antimicrobial agent but again it
needs a peptide sequence which contains more than two amino
acids.”” Consequently, our study demonstrates the great potential
of simple dipeptide materials for antimicrobial application. Our
compounds are ultrashort peptides of high biocompatibility that
can be easily fabricated in a multigram scale. Moreover, they form
weak hydrogels that can be simply spread over surfaces and
protect them from bacterial infections. This work is an example
on how supramolecular self-assembly converts low molecular
weight compounds into high performance soft materials.
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