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Hydrogel materials have gained considerable interest to be used as aids in the healing of chronic and
traumatic wounds, in view of their tunable mechanical stability, biocompatibility and biodegradability.
Here, we describe the development of a new injectable and antibacterial peptide-based hydrogel that is
composed of only nine natural amino acids. By covalently merging a short antibacterial peptide
sequence with a short hydrogelator peptide sequence, the biologically active sequence H-
RWRWQFQFK-NH, was prepared, which self-assembled into a thixotropic hydrogel, a so-called ‘biogel.
This biogel and a related co-formulation of the short antimicrobial peptide H-RWRW-NH, with the
hydrogelating hexamer H-FQFQFK-NH, were evaluated as potential wound dressings by means of an in
vitro wound model using S. aureus, A. baumannii or P. aeruginosa. The obtained data showed that both
the biogel and the co-formulation strategy appeared to be particularly effective towards A. baumannii

rsc.li/rsc-advances and P. aeruginosa.

Introduction

Wounds are injuries to the skin and underlying tissues that in
the majority of cases occur as a result of trauma or surgery.
When open wounds are not treated properly, pathogenic
bacteria can grow inside these wounds and potentially migrate
into the blood circulatory system, resulting in systemic infec-
tions. While antibiotics have become the standard treatment of
infections and have certainly played an important role in
therapy, overuse and misuse of antibiotics has led to the
development of antibiotic-resistant organisms." In addition,
also the common use of medical devices and implants is asso-
ciated with a significant risk of biofilm-associated infections
and it is estimated that 80% of chronic infections are due to
biofilm formation on the surfaces of applied medical materials,
including catheters, cardiac implants, vascular and orthopedic
prostheses, and others.> Therefore, effective therapeutic
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strategies are needed that not only promote healing, but at the
same time prevent infection as well.?

Applying moist saline gauze over a wound bed represents
a widely accepted wet-to-dry wound dressing that has been
a gold standard within the context of wound healing. However,
replacement of such dressings requires removal of the dried
gauze and commonly damages the healing wound, which can
be traumatic and painful for patients.*® Keeping the wound
moistured is thus of utmost importance to increase patient
compliance and hydrogels offer particularly interesting prop-
erties in that context, as they are highly hydrated materials.
More specifically, hydrogel materials that display antibacterial
activity have gained a lot of interest to be used as aids in the
healing of chronic and traumatic wounds, since they are not
only able to provide a more moist environment, but at the same
time address the infection.®”

Generally, the antimicrobial agent is encapsulated within
the hydrogel and released over a period of time (encapsulation
and release of the active agent is hereafter referred to as a co-
formulation strategy).® In this context, multiple examples of
hydrogels co-formulated with silver ions or nanoparticles have
been reported.®** Alternatively, the antimicrobial agent can be
covalently linked to a hydrogel scaffold.**

Among the various utilized hydrogelating materials, peptide-
based hydrogels attract much attention due to their high water
content, but also their tunable mechanical stability, biocom-
patibility and biodegradability, as well as excellent inject-
ability." Within the field of inherently antibacterial peptide
hydrogels, multiple peptide derivatives have been reported and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic overview of how an infected wound can be treated
with an antibacterial peptide-based hydrogel (purple box) to improve
wound healing. The proposed mechanism of action is illustrated in the
red box, and the type of bacteria considered in this study are detailed in
the green box.

they can be divided into several categories, depending on the
type of peptide hydrogelator used (Fig. 1). A first category
encompasses lipopeptides such as C16-KR-NH, and C16-NAV-
SIQKKK-NH,, which were reported to show bactericidal prop-
erties against both Gram-positive and Gram-negative
bacteria."**® These lipopeptides are designed to mimic the
features of antimicrobial peptides (AMPs), ie. positive net
charge and amphipathicity. The positively charged KR or KKK
fragments are able to interact with the negatively charged
membrane of bacteria, while the hydrophobic lipid tail can
insert itself into their membrane, resulting in the formation of
pores in the bacterial cell membrane, ultimately killing the
bacteria.™

The second category of antibacterial peptide hydrogelators
consists of N-terminally protected peptides including Fmoc-
LIVAGK-NH,,'* Nap-FFKK-OH,"” Ac-KPHPHPQPKPLPVPFPFPAPKP-
NH,,"® and Fmoc-WWRR-NH, ** which all have been reported to
exhibit significant antibacterial activity. A similar mode of action
as for lipopeptides has been suggested.'®*"

Finally, the third category of self-assembling peptides is
entirely composed of natural v or p-amino acids. For example,
the B-hairpin MAX1 (H-VKVKVKVKVPPPTKVKVKVKV-NH,),
developed by Schneider et al. to be used as a drug delivery
vehicle and for regenerative tissue applications,*"** appeared to
have inherent antibacterial properties.*?® Upon contact with the
surface of MAX1 hydrogels, different types of drug-susceptible
Gram-positive and Gram-negative bacteria were killed. In
order to design a hydrogel system that is able to also kill drug-
resistant bacteria, the amino acid composition of the hydro-
philic face of the MAX1 B-hairpin was fine-tuned by replacing
the K residue at position 6 and 17 with an R residue, resulting in
the MARG1 peptide (H-VKVKVRVKV’PPTKVKVRVKV-NH,)
peptide.** By making use of confocal microscopy and a surface
of tissue culture treated polystyrene, Schneider and colleagues
were able to demonstrate (i) that MARG1-based hydrogels
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inhibit bacterial proliferation and (ii) that upon contact with the
hydrogel surface the Staphylococcus aureus bacteria die. Though
the authors do not describe the exact mechanism of action, it
was hypothesized that membrane disruption takes place due to
the cationic nature of these peptides.” As the parent peptide is
of considerable length and contains p-amino acids the quest for
shorter and simpler systems based solely on r-amino acids
remained.

The shortest possible hydrogelator with inherent antibacte-
rial properties that is reported in literature, is the amphipathic
B-sheet forming H-FKF-OH peptide.*® This antibacterial H-FKF-
OH hydrogel was evaluated in a rat skin lesion model. Though it
was able to reduce the bacterial cell count of Pseudomonas aer-
uginosa, application of the H-FKF-OH hydrogel did not improve
wound closure compared to untreated wounds. Noticeably, the
H-FKF-OH peptide only showed antimicrobial properties in its
self-assembled state. Once the peptide was released in solution,
no antimicrobial effect could be demonstrated, making this
only effective as contact antibacterial agent. More recently,
a slightly longer gelating peptide, referred to as Jelleine-1 (H-
PFKLSLHL-NH,), was shown to possess antibacterial properties,
as reported by Zhou et al.*® The same authors further showed
that Jelleine-1 hydrogels could promote wound healing in
a burn wound infected with methicillin-resistant S. aureus
(MRSA).

Given our recent work in the development of an amphipathic
hexapeptide-based hydrogelator platform,”=*' for which we
previously reported applications in the context of painkilling,>®
we decided to explore the potential of this platform for the
design of short, inherently antibacterial hydrogels composed of
only natural amino acids. For that purpose, we aimed at
attaching a short (non-gelating) antibacterial peptide to our
previously developed H-FQFQFK-NH, hydrogelator sequence.
In order to make the final peptide constructs as short as
possible, we searched for ultrashort antibacterial peptide
sequences. Since the earlier mentioned H-FKF-OH peptide only
displays antibacterial properties in its self-assembled state,*
literature was screened for short natural amino acid containing
peptides that also display antibacterial properties in solution.

The shortest peptide reported that meets this criterion is
a hexapeptide composed of only R and W residues, the H-
RWRWRW-NH, peptide.**** In 2006, Liu et al. were able to show
that even shorter tetrapeptide versions thereof retained anti-
bacterial properties when covalently linking large numbers of
the monomeric antimicrobial tetrapeptides to a polymaleic
anhydride (PMA) chain. While PMA has no inherent antibac-
terial properties, Liu et al. were able to demonstrate that the
resulting material was characterized by a 10-fold improvement
in MICs, value compared to the tetrapeptides in solution.** Very
recently, Valéry et al. not only demonstrated the antimicrobial
propensity of Fmoc-WWRR-NH, in solution, but also studied
the self-assembly process that results in soft Fmoc-WWRR-NH,
based hydrogels (G’ ~ 100 Pa).*

Here, we explored the combination of an unprotected
version of these short tetrapeptides with our short hydro-
gelating peptides to obtain injectable hydrogel formulations
that are solely based on natural amino acids. Next to the
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covalently linked hydrogel materials embedding different
combinations of RW tetrapeptides, we also studied co-
formulations in which the same antimicrobial peptide is
encapsulated within a matrix of the parent H-FQFQFK-NH,
peptide. Hence, this work provides a new strategy for the design
and synthesis of new injectable antimicrobial peptide
hydrogels.

Materials and methods
Peptide synthesis

Peptides were synthesized using the Fmoc-based solid-phase
peptide synthesis (SPPS) strategy, either manually or using
a SYRO Multiple Peptide Synthesizer (Multisyntech) or a Multi-
Pep RSi (Intavis). Rink amide AM resin (100-200 mesh,
0.92 mmol g ') was used as solid support, enabling the
synthesis of C-terminal peptide amides. Amino acids (4 equiv.)
were coupled with O-(benzotriazole-1-yl)-N,N,N’',N'-tetramethy-
luronium hexafluoro-phosphate (HBTU, 4 equiv.) and N,N-dii-
sopropylethylamine (DIPEA, 8 equiv.), in dimethylformamide
(DMF). Deprotection of the Fmoc-group was conducted before
amino acid coupling, using a solution of piperidine in DMF
(40: 60% v/v). All washing steps were performed with DMF fol-
lowed by then dichloromethane (DCM). After synthesis, the
peptides were cleaved from the solid support while simulta-
neously achieving side chain deprotection, by treatment with
a mixture of trifluoroacetic acid (TFA), triisopropylsilane (TIS)
and H,0 (95:2.5:2.5% v/v/v), for 2 h at RT. The cleavage
solution was evaporated under reduced pressure and the crude
mixture dissolved using a solution of acetonitrile (ACN) and
H,O0 (50:50% v/v). Subsequently, the peptides were purified by
preparative reversed phase high-performance liquid chroma-
tography (RP-HPLC) (see ESIT).

Hydrogel preparation

Gelation was achieved by adding PBS solution (with or without
cargo) to a 1.5 mL Eppendorf tube containing the peptide
hydrogelator (acetate salt). The tubes were then repetitively
vortexed (1 min) and sonicated (5 min), after which they were
left to rest overnight at room temperature. The final peptide
concentration is 1-2 w/v% depending on the formulation.

Circular dichroism

For this experiment, an AVIV Model 410 instrument (Biomed-
ical Inc., Lakewood, NJ USA) was used. The CD spectra were
recorded at 25 °C. The peptide concentration was 500 pug mL ™"
in phosphate buffer (75 mM Na,HPO,, 25 mM NaH,PO,, pH
7.11). The spectra were recorded at 100 nm min ™" scan rate and
a bandwidth of 1 nm in a wavelength range of 190-260 nm
using a cell of 1 mm path length.

Thioflavin T fluorescence assay

Peptide samples were prepared in phosphate buffered saline
(PBS) and incubated for 1 hour. 2 puL of the 10 mM stock solu-
tion of thioflavin T (ThT) in water was added to 400 pL of each
peptide sample to obtain a final ThT concentration of 50 uM.
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The mixtures were incubated for 5 min before each measure-
ment. The fluorescence signal from 460-600 nm was recorded
with a Varian Cary Eclipse Fluorescence Spectrophotometer at
excitation wavelength of 440 nm, excitation slit width 10 nm
and emission slit width 10 nm. The spectra were corrected by
subtracting the fluorescence signal of a blank (no peptide)
containing 50 uM ThT in PBS.

Rheology

For the rheology measurements, an Anton Paar Physica MCR
301 rheometer was used. The results were analysed with Rheo-
plus software. The shear recovery experiments were performed
on 350 pL of hydrogel. The hydrogel was loaded on a 25 mm
plate. After injection of the sample, the sample was allowed to
rest for 5 minutes, prior to starting the measurement. For the
shear recovery experiment, the G’ and G” were first measured for
60 seconds at a frequency of 1 Hz and a shear strain (y) of 1%.
Subsequently, the v was increased to 50% for 30 seconds. This
cycle was repeated 4 times in each experiment. The measure-
ments were performed in threefold applying a normal force of
1 N onto the sample at a temperature of 25 °C.

In vitro release experiment

The in vitro release behavior of antimicrobial peptides and
peptide hydrogelators from the hydrogels was evaluated by
determining the cumulative release value at each timepoint and
the cumulative release curve was drawn as the function of time.
Briefly, 100 puL of each hydrogel was prepared as described
above in an Eppendorf tube (1.5 mL). At the start of the release
experiment, 500 pL of a PBS 1x solution (10 mM, pH 7.4) was
carefully added on top of each gel (= timepoint 0). At regular
timepoints, the supernatant was homogenized and aliquots of
10 pL were collected and replaced by equal amounts of fresh
PBS. Subsequently, these samples were analyzed with reversed
phase high-performance liquid chromatography (RP-HPLC)
(see ESIt), where the area under the curve (AUC) value was
determined for each sample. Hence, the cumulative doses
released (M,) could be calculated by making use of a calibration
curve. Finally, the cumulative cargo release percentage was
determined over time, considering the initial encapsulated dose
(M;), using eqn (1).

%cumulative cargo release = M/M; x 100 (1)

In vitro wound model

The artificial dermis (AD) samples (for details see ESI}) were
placed in the wells of a 24-well microtiter plate (TPP). 500 uL of
Bolton Broth with 50% plasma (Sigma-Aldrich) and 5% freeze-
thaw laked horse blood was added on the AD (and was entirely
taken up by the AD) and 500 pL of this medium was added
around the AD to avoid dehydration during the experiment. An
overnight culture of the tested bacterial strain (S. aureus Mu50,
A. baumannii NCTC13423 or P. aeruginosa PAO1) was pelleted,
washed, and resuspended in physiological saline (PS), and
subsequently diluted to 10° CFU mL ™. Ten microliter aliquots

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of the cell suspension were spotted on each AD. To evaluate the
antibacterial activity of the hydrogels, the hydrogel was placed
over each AD 4 hours after inoculation, and subsequently the
plate was incubated for 24 hours at 37 °C. For quantification by
plating, AD were placed into tubes containing 10 mL PS, the
sessile cells were removed from the AD by three cycles of vor-
texing (30 s) and sonication (30 s; Branson 3510; Branson
Ultrasonics Corp., Danbury, CT) and the number of CFU per
biofilm was determined by plating the resulting suspensions.
Further information can be found in the ESLt

Result and discussion
Biogel design

The short antibacterial sequence H-RWRW-NH, was merged
with our previously designed H-FQFQFK-NH, peptide by the
mere N-terminal extension of the parent hexamer hydrogelator
sequence (see Table 1, P1). Additionally, inspired by the work
reported by Liu et al.,** we also considered variations of the
resulting peptides, resulting in the biogelator sequences P1, P2
and P3. Simultaneously, in an attempt to shorten the sequences
as much as possible, we further investigated whether the first
phenylalanine of the parent hydrogelator sequence H-FQFQFK-
NH, could be left out without compromising gelation (cfr.
biogelators P4 and P5).

For each peptide sequence, 1 or 2 mg (cfr. Table 1) of peptide
material was dissolved in 100 pL PBS and the gelation behavior
was evaluated via the inverted tube test. As can be seen from
Tables 1 and SI1,} peptides P1, P3 and P4 formed stable
hydrogels at 2 w/v%. For peptides P2 and P5, only viscous
solutions were observed at this concentration. However, co-
formulation of 1 w/v% of each sequence with 1 w/v% of the
H-FQFQFK-NH, parent peptide nicely resulted in self-
supporting hydrogels. All peptides were then evaluated in
a preliminary antibacterial screening assay. For this purpose,
a stock solution of 4 mg mL~" in MQ water was made of each
peptide. The minimal bactericidal concentration (MBC) and
minimum inhibitory concentration (MIC) values for all afore-
mentioned biogels were obtained for a series of bacterial
strains, including S. aureus (ATCC 25923), B. subtilis, P. aerugi-
nosa and A. baumannii (see Fig. 2 and SI9T). Inspection of the
data shown in Fig. 2 revealed that the lowest overall MBC values
for the four bacterial strains were consistently obtained for
peptides P4 and P5. As only peptide P4 was gelating on its own,
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Fig. 2 Minimum bactericidal concentration (MBC) values (umol mL™?)
for Gram-positive (S. aureus and B. subtillis) and Gram-negative (P.
aeruginosa, A. baumannii) bacteria for all biogelators P1 (orange), P2
(blue), P3 (green), P4 (pink), and P5 (purple) and H-FQFQFK-NH,
(grey). This screening experiment was performed once.

under the standard conditions (i.e. without addition of the
parent hydrogelator sequence), it was selected for further eval-
uation and compared to a co-formulation of the parent anti-
bacterial peptide, i.e. HH-RWRW-NH, (RWRW) embedded in the
parent H-FQFQFK-NH, hydrogel.

Biogel characterization

The secondary structures and the self-assembly process of the
parent peptide H-FQFQFK-NH, have been extensively examined
and thoroughly discussed before. It was revealed that, at suffi-
ciently high concentration, B-sheets are the most abundant
secondary structure elements and constitute the fundamental
building block for fiber formation.* It was also reported earlier
by Ballet and coworkers that adding the RGD tripeptide to the
original hexamer sequence disturbed the alternating
hydrophilic-hydrophobic amino acid pattern and increased the
solubility of the peptide, therefore reducing the p-sheet
propensity as well as fiber formation, and ultimately resulting in
a weaker hydrogel network.* In case of the P4 peptide however,
as the even spacing of hydrophilic groups is preserved, it is
expected that the peptide’s self-assembly into B-sheet structures
is maintained. However, while P4 formed a stable hydrogel, due
to significant interference of the tryptophan residues,*® it was
difficult to determine the assembly state via circular dichroism
(CD) measurements.

Table1l Overview of all peptide sequences, their gelation properties and the pH of the corresponding biogel formulation. For each peptide in this
table, the acetate salt was used and three repeat experiments were carried to determine the pH

Biogelator sequences (BS) Optimal hydrogen formulation pH
H-RWRWFQFQFK-NH, (P1) 2 w/v% BS 6.52 + 0.15
H-WRWRFQFQFK-NH, (P2) 1 w/v% BS + 1 w/v% H-FQFQFK-NH, 6.40 + 0.20
H-RRWWFQFQFK-NH, (P3) 2 wiv% BS 6.31 + 0.13
H-RWRWQFQEK-NH, (P4) 2 wiv% BS 6.23 + 0.14

1 w/v% BS + 1 w/v% H-FQFQFK-NH, 6.29 + 0.21

H-RRWWQFQFK-NH, (P5)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 Fluorescence spectra of ThT upon incubation with P4 at 1 w/v%
(black), H-FQFQFK-NH, at 1 w/v% (orange), and H-RWRW-NH, at 0.55
w/v% (purple). All peptides were prepared in PBS (pH 7.4).

Therefore, a thioflavin T (ThT) fluorescence assay was
employed to verify the secondary structure of the assembled
peptides. As can be seen in Fig. 3, for both H-FQFQFK-NH, and
P4 an intense fluorescent peak at 485 nm was obtained, sug-
gesting the existence of the B-sheet fibrils in the samples of both
peptides. This was not observed in the case of the antibacterial
sequence H-RWRW-NH,. Furthermore, after subtracting the
background fluorescence of the peptides, P4 and H-FQFQFK-
NH, showed comparable ThT fluorescence intensity, suggesting
a similar degree of fibrillization (Fig. SI117).

Next, in order to study the stiffness and the shear thinning
properties of the biogel P4 and compare them to those of the co-
formulated gel, rheological analyses were performed. In Fig. 4,
the mechanical properties (G’ and G”) of the P4 biogel (pink),
the H-FQFQFK-NH,, hydrogel (blue) and the co-formulated H-
RWRW-NH,, within H-FQFQFK-NH,, hydrogel (orange) are rep-
resented. The dark colors show the G/, whereas the lighter
colors correspond to G” and it can be noticed that the G’ values
are generally larger than the G” values for all tested systems,
indicating that the analyzed sample behaves as a viscoelastic
solid. This confirms that a hydrogel was obtained through
physical crosslinking of, presumably, peptide nanofibers.*” The
G’ of each tested hydrogel system was higher than 1000 Pa,
which is significantly higher than the value determined for the
earlier reported Fmoc-WWRR-NH,, based hydrogel (G’ ~ 100 Pa)

10000~

S B —— r-

- —
B

100+

GYG" (Pa)

T T T 1
o 100 200 300 400

Time (s)
. 2wW/V% P4 (G')

2 w/v% H-FQFQFK-NH, (G’)
2 w/v% H-FQFQFK-NH, + 1.13 w/v% RWRW (G’)

2 w/v% P4 (G”)
2 w/v% H-FQFQFK-NH, (G”)
2 W/v% H-FQFQFK-NH, + 1.13 w/v% RWRW (G")

Fig. 4 Shear recovery experiment in which the storage modulus (G,
darks shades) and loss modulus (G”, light shades) of 2 w/v% P4 (pink), 2
w/v% H-FQFQFK-NH, (blue) and 2 w/v% H-FQFQFK-NH, +1.13 w/v%
H-RWRW-NH, (orange) are monitored over time. After 1 minute, the
shear strain was increased from 1% to 50% for 30 seconds after which
the shear strain was decreased back to 1%. The frequency did not
change and equalled 1 Hz.
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and comparable to other previously reported polymer-based
hydrogel wound dressings in literature.***°

Furthermore, whereas the 2 w/v% P4 biogel and the 2 w/v%
H-FQFQFK-NH, hydrogel are characterized by a similar G’ (ca.
1300 Pa and ca. 1460 Pa), the G’ of the gel consisting of 1.13 w/
v% H-RWRW-NH, encapsulated in 2 w/v% H-FQFQFK-NH, is
more than three times higher (ca. 4750 Pa). In a previous related
study, it was also observed that encapsulation of a cargo resul-
ted in an increase of G’ from 400 Pa to 2500 Pa, depending on
the type of cargo encapsulated within the hydrogel.** This
indicates that the H-RWRW-NH, peptide is dynamically inter-
acting with the peptide fibres, resulting in a stronger hydrogel
network. In addition, the shear recovery experiment demon-
strates how the G’ and G” change upon increasing the oscil-
lating shear strain (y) from 1% to 50%. Noticeably, upon
increasing v, the G’ (dark color in Fig. 4) and G” (light color in
Fig. 4) of both the co-formulation hydrogel (orange) and the H-
FQFQFK-NH, hydrogel (blue) significantly decrease. This occurs
to the extent that the G” value (ca. 160 Pa and 30 Pa) is now
higher compared to the G’ value (ca 67 Pa and ca. 8 Pa),
accompanied by an increase in tan 4, indicating a transition
from a hydrogel state to a flowing solution. Once the y value
decreased again (after 30 seconds) to 1%, the material rapidly
returned to its original G’ and G” values, which is characteristic
for non-covalent crosslinked networks and clearly demonstrates
the shear-thinning behaviour as required for injectability.** The
G’ value of both hydrogel materials was not significantly
affected after being deformed to their liquid state, illustrating
the thixotropic nature of those gels. Whereas the H-FQFQFK-
NH, hydrogel and the co-formulation H-FQFQFK-NH,, hydrogel
containing H-RWRW-NH, became liquid upon increasing v,
this was not the case for the biogel P4. As can be seen from
Fig. 4, the G” value of the biogel is never higher than the G’
value. When applying an increased v, the G” value increases to
a value of ca. 309 Pa, whereas the G’ value decreases to ca. 518
Pa. This results in a tan ¢ of 0.6, meaning that the material
maintained its elastic properties upon deformation under the
applied shear strain. Nonetheless, it was found that the P4
hydrogel could be aspired and ejected through a needle, indi-
cating injectability of the hydrogel. This observation indicates
that the increase in vy during injection is likely higher than the
50% utilized during rheology. Indeed, the rheological strain
sweep revealed that a strain higher than 500% was required to
turn P4 hydrogel to viscoelastic liquid (Fig. SI13+).

Cytotoxicity

To determine whether the H-FQFQFK-NH,, H-RWRW-NH, and
P4 peptides exhibit any cytotoxicity, the metabolic activity of
NIH/3T3 fibroblasts was monitored as a proxy for cell viability,
using the XTT-proliferation assay. For this purpose, NIH/3T3
fibroblasts were incubated for 48 hours in a culture medium
containing a final concentration of 0.25 mM of each peptide.
Additionally, 100 pL of the H-FQFQFK-NH, and P4 hydrogel
were deposited in the center of the wells of a 24 well plate. After
24 hours of incubation, Sytox green was added to each well to
visualize the dead cells. The results are shown in Fig. 5.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Representation of the cell viability (in%) after incubation of
the NIH/3T3 fibroblasts with 250 uM of H-RWRW-NH,, H-FQFQFK-
NH; or P4 (red), compared to a control (blue). (B) Phase contrast and
fluorescent images of NIH/3T3 cells incubated for 24 hours in medium
(control), with 100 pL of 4 w/v% P4 biogel and a 2.46 w/v% H-
FQFQFK-NH; hydrogel. The green spots represent dead cells. Each
experiment was repeated three times.

As can be derived from Fig. 5A, incubation of NIH/3T3
fibroblasts with a 0.25 mM solution of P4, H-FQFQFK-NH,, or
H-RWRW-NH, peptide did not significantly affect cell viability.
In addition, all hydrogel formulations were incubated with the
NIH/3T3 fibroblasts for 24 hours in a 24 well plate. Phase
contrast and fluorescent imaging showed no significant
increase in dead cells upon comparing the control with the
hydrogel formulations (Fig. 5B), indicating that the hydrogels as
such do not show cytotoxic behavior under these conditions
(Fig. SI117).

In vitro release

Though an in vitro setting is not fully representative of the
complex in vivo environment, it does allow evaluating the
behaviour of the hydrogel formulations in more detail. By per-
forming an in vitro release experiment, it can be assessed
whether and how quickly the H-RWRW-NH, peptide is released
from the co-formulated hydrogel. Moreover, when looking at
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Fig. 6 Cumulative release (in%) as a function of time for (A) the co-
formulation in which the release of both the H-FQFQFK-NH, (grey)
and H-RWRW-NH, (orange) is followed and (B) the release of peptide
P4 from its biogel. Each experiment was repeated three times.

the release of the P4 peptide, one can assess erosion of the P4
hydrogels. In Fig. 6A, the release profile of the H-RWRW-NH,
peptide from the H-FQFQFK-NH,, hydrogel is presented, indi-
cating a rapid burst release within the first hour (ca. 24%),
followed by a more gradual and sustained release profile. From
24 hours until 48 hours, a slow release was still noted, resulting
in 75% cargo release after 48 hours, while only 5% of the H-
FQFQFK-NH, hydrogelator itself was released. Furthermore,
erosion of the P4 peptide (Fig. 6B) from the biogel resulted in
a peptide release of 10% after 48 hours, which is in the same
range as the erosion observed for the H-FQFQFK-NH, hydro-
gelator peptide.

In previous studies, focusing on the use of related peptide-
based hydrogels as drug delivery vehicles in the context of
painkilling applications, similar observations were made.**
Depending on the type of encapsulated cargo, and its physico-
chemical interactions within the hydrogel, almost complete in
vitro release of cargo is observed after 48 hours. However, when
these cargo-loaded hydrogel formulations were evaluated in
vivo, data showed a much faster cargo release.” Additionally,
the largest decrease in hydrogel volume, due to erosion of the
peptide, was observed after 1 day.”® Only 23% of the hydrogel
volume remained 2 days post-injection. For that reason, it is
anticipated that even though the in vitro release data show that
only 10% of the P4 biogelator is being released after 48 hours,
one can expect a significantly higher release in vivo. Given these
discrepancies between in vitro and in vivo release, it is further
difficult to anticipate what the exact release profile will be upon
topical administration. Therefore, a more representative assay
based on an in vitro wound model was performed.

In vitro wound model assay

To assess the potential of the co-formulated gel and the P4
biogel for biofilm destruction and topical wound healing
applications, an in vitro wound model assay was carried out on
three different bacteria: S. aureus, P. aeruginosa and A. bau-
mannii. For this purpose, an artificial dermis (AD) was prepared
as a substrate for biofilm formation.** The artificial dermis is
composed of an upper layer consisting of a chemically cross-
linked hyaluronic acid (HA) spongy sheet while the lower layer
is a spongy sheet composed of HA and collagen (see ESIt section
6.1 for preparation details).
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Fig. 7 Experimental set-up of the in vitro biofilm model for chronic
wound infection. First, a solution of bacteria is incubated for 4 hours on
top of the artificial dermis. Subsequently, a hydrogel (biogel or co-
formulated gel) is applied on top of the dermis.

The experiment was performed in an eradication set-up,
where bacteria were allowed to actively spread over the AD
surface for 4 hours prior to treatment (see ESI{ section 6.2 for
more details). Subsequently, 200 pL of the hydrogel formulation
was administered on top of the AD. After 20 hours of incuba-
tion, the number of colony forming units per dermis was
determined by plating the AD containing suspensions (see ESIT
section 6.3 for more details). An illustration of the experimental
set-up is given in Fig. 7.

For this experiment, rather than ensuring identical w/v%
composition, we made sure that the molar concentration of
each peptide that was incorporated in the different hydrogels,
was the same so that different outcomes of the experiment are
solely due to different antibacterial properties and release
profiles between the peptide hydrogels. Therefore, the co-
formulated hydrogel was composed of 1.23 w/v% H-FQFQFK-
NH, + 1.14 w/v% H-RWRW-NH,, the biogel was composed of 2

Remaining amount of bacteria (%)

S. aureus A. baumannii P. aeruginosa

Untreated 100 100 100
P4 5.3 0.4 141
H-FQFQFK-NH, 28.2 84 69.9
H-RWRW-NH, 0 104 3.9x10*
H-FQFQFK-NH, + 2.9 0.1 6.8
H-RWRW-NH,

[] Untreated [ H-FQFQFK-NH, [ RWRW + H-FQFQFK-NH,

M rs H-RWRW-NH, @ Individual measurement

ExEE [l S

CFU/dermis
oo

I

A. baumannii

S. aureus

P. aeruginosa

Fig. 8 The number of colony forming units (CFU) per dermis of S.
aureus, A. baumanni or P. aeruginosa, obtained after 20 hours of
treatment with either the co-formulated hydrogel (pink squares)
composed of 1.23 w/v% H-FQFQFK-NH, + 1.14 w/v% H-RWRW-NH,,
the biogel made from 2 w/v% P4 (pink), a 1.23 w/v% H-FQFQFK-NH,
hydrogel (blue) or a 1.14 w/v% solution of H-RWRW-NH, (orange).
When no treatment was applied, the CFU per dermis are represented
by the red bars. Data points presenting mean values + SD (n = 3): (¥) P<
0.05, (**) P < 0.01, (***) P < 0.001, (****) P < 0.0001.
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w/v% of P4, and the 1.23 w/v% H-FQFQFK-NH,, hydrogel served
as a control. As an additional control, administration of a 1.14
w/v% H-RWRW-NH, solution to the AD was also included. The
results are shown in Fig. 8. A Shapiro-Wilk test was performed
indicating that the data set was normally distributed and a one-
way anova test could be applied to determine the significance (P
< 0.05) of the results. From the one way anova test, it could be
derived that in case of S. aureus, only for the H-RWRW-NH,
peptide solution (****) and co-formulation hydrogel (**) the
number of CFU recovered per dermis differed significantly from
the CFU per dermis obtained from an untreated dermis. As
expected, no significant effect was observed by mere treatment
with H-FQFQFK-NH,, hydrogel. In case the dermis was treated
with the H-RWRW-NH,, peptide solution, no surviving bacteria
remained, and after treatment with the co-formulation, only
2.9% of bacteria survived the treatment. Treatment of the
dermis with the P4 biogel resulted in 28.2% of remaining
bacteria which is not considered significantly lower compared
to the untreated dermis, which can be related to the too slow
release of the peptide from the hydrogel to reach the MBC.

In case the dermis was infected with A. baumannii or P.
aeruginosa, again and as expected, treatment of the dermis with
the parent hydrogelator H-FQFQFK-NH, only did not result in
a significant difference with respect to the untreated situation.
In case the H-FQFQFK-NH, co-formulation with H-RWRW-NH,
was applied to the A. baumannii infected dermis, 0.1% of the
bacteria remained whereas addition of the H-RWRW-NH,
peptide solution resulted in 10 *% of remaining bacteria in the
dermis. In this case, when the P4 biogel was applied on top of
the dermis, only 0.4% of bacteria remained after 20 hours. In
the case of the P. aeruginosa infected dermis, upon treatment
with the co-formulation 6.8% of bacteria remained whereas
with the H-RWRW-NH, solution, only 3.9 x 10 %% of the
bacteria remained. Treatment with the P4 biogel resulted in
14.1% of remaining bacteria.

Altogether, the biogel and the co-formulated gel containing
the H-RWRW-NH, peptide embedded in H-FQFQFK-NH,
demonstrate pronounced antibacterial activity, especially in the
case of A. baumannii albeit not to the same extent as the H-
RWRW-NH, peptide in solution. In this artificial dermis model,
practically, effects can only be measured over a limited period
and the amount of antibacterial H-RWRW-NH,, or P4 released
from the hydrogel after 20 hours might not seem competitive
when compared to application of the H-RWRW-NH, peptide in
solution. However, a prolonged antibacterial effect can be ex-
pected for topical administration of the hydrogel formulations
when compared to application of an H-RWRW-NH,, solution.
Furthermore, addition of such hydrogel formulations on top of
a biofilm-covered surface, is operationally simpler than
administering a H-RWRW-NH,, solution. Mixing-in the free H-
RWRW-NH, peptide in a P4 biogel might further enhance
potency of the antibacterial formulation.

Conclusions

In the current work, an antibacterial hydrogel was obtained by
covalently merging the short antibacterial peptide H-RWRW-NH,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with a short hydrogelating peptide sequence H-FQFQFK-NH,.
The resulting biogel (P4) as well as the co-formulation alternative
containing the antimicrobial tetrapeptide H-RWRW-NH, in the
parent hydrogelator matrix were evaluated by means of antibac-
terial assays, cytotoxicity assays and an in vitro wound model
experiment. In contrast to the recently reported Fmoc-WWRR-
NH, hydrogel system," encompassing a related shorter but N-
terminally protected sequence, our antibacterial hydrogel is
longer but composed of natural amino acids only, without any
further unnatural moieties required for self-assembly. The latter
represents a significant advantage as it has been earlier shown
that Fmoc-containing gelators can become necrotic to some
human cell lines over longer incubation periods due to byprod-
ucts of Fmoc degradation.*** In addition, compared to the Fmoc-
WWRR-NH, system, both the P4 biogel and the co-formulation of
H-RWRW-NH, within the H-FQFQFK-NH, hydrogel are charac-
terised by better mechanical properties and a lower w/v% of
peptide hydrogelator is needed to obtain hydrogels. The obtained
data demonstrate that both the biogel P4 and the H-FQFQFK-
NH, hydrogel co-formulated with H-RWRW-NH, show great
potential to be used in wound healing or biofilm destruction
applications. Both hydrogel formulations appeared effective in
killing A. baumannii present in an artificial dermis. After 20 hours
of treatment with the hydrogel formulation, 0.4% of bacteria
remained in case of the P4 biogel, whereas 0.1% of bacteria
remained upon treatment with the co-formulation. Both hydro-
gels are thixotropic, rendering administration of these gels on top
of wounds or surfaces simple.
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