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Introduction

Development of a bioactive hyaluronic acid
hydrogel functionalised with antimicrobial
peptides for the treatment of chronic woundsf

Noémie Petit,*° Ana Gomes,® Yu-yin Joanne Chang,®® Jessica Da Silva, (2 9
Ermelindo C. Leal,*"9 Eugénia Carvalho, (2 **9 Paula Gomes {2 ¢ and
Shane Browne () xab:n

Chronic wounds present significant clinical challenges due to delayed healing and high infection risk. This
study presents the development and characterisation of acrylated hyaluronic acid (AcHyA) hydrogels func-
tionalised with gelatin (G) and the antimicrobial peptide (AMP) PP4-3.1 to enhance cellular responses
while providing antimicrobial activity. AcHyA-G and AcHyA-AMP hydrogels were formed via thiol-acrylate
crosslinking, enabling in situ AcHyA hydrogel formation with stable mechanical properties across varying
gelatin concentrations. Biophysical characterisation of AcHyA-G hydrogels showed rapid gelation, elastic
behaviour, uniform mesh size, and consistent molecular diffusion across all formulations. Moreover, the
presence of gelatin enhanced stability without affecting the hydrogel's degradation kinetics. AcHyA-G
hydrogels supported the adhesion and spreading of key cell types involved in wound repair (dermal fibro-
blasts and endothelial cells), with 0.5% gelatin identified as the optimal effective concentration.
Furthermore, the conjugation of the AMP conferred bactericidal activity against Staphylococcus aureus
and Escherichia coli, two of the most prevalent bacterial species found in chronically infected wounds.
These results highlight the dual function of AcHyA-AMP hydrogels in promoting cellular responses and
antimicrobial activity, offering a promising strategy for chronic wound treatment. Further in vivo studies
are needed to evaluate their efficacy, including in diabetic foot ulcers.

glycaemia leads to vascular and immune dysfunction, further
exacerbating wound chronicity.* Other chronic wounds,

Chronic wounds pose a significant healthcare challenge, including venous and pressure ulcers, share similar pathophy-
affecting millions worldwide due to impaired healing and a siological characteristics, necessitating advanced therapeutic
heightened risk of infection."® Among these, diabetic foot strategies beyond conventional dressings, debridement, and
ulcers (DFUs) are a prevalent example, where long-term hyper- infection management.*® Despite the emergence of novel

treatments, their clinical adoption remains limited due to cost
constraints and variable efficacy, placing a substantial burden
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Acute wound healing typically follows four sequential and
interconnected processes: (1) haemostasis, (2) inflammation,
(3) cell proliferation and migration, and (4) matrix deposition
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lation across these phases, particularly impaired angiogenesis,
failing to restore tissue vascularity and inhibiting
regeneration.” ! Biomaterials, and in particular those derived
from natural biopolymers, have gained significant attention as
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ability to enhance healing by providing a template that sup-
ports cell infiltration and tissue regeneration."?

Hydrogels, three-dimensional, crosslinked hydrophilic
polymer networks, that can absorb and retain large amounts
of water while maintaining their structure have attracted great
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interest.">'* Hydrogels can maintain a moist wound environ-

ment and fill irregularly shaped defects, while also supporting

tissue regeneration and providing a protective barrier
against microbial infections with the appropriate
functionalisation.">'® While a vast array of biopolymers have

been assessed as hydrogels, hyaluronic acid (HyA) has been
identified as particularly suitable due to its biocompatibility,
biodegradability, and ease of chemical modification, key cri-
teria in the development of hydrogel-based strategies for tissue
repair.’>'”*® Unlike many native components of the extra-
cellular matrix (ECM), HyA can be chemically modified while
preserving its native structure. HyA also promotes fibroblast
migration and proliferation, increasing collagen secretion, and
contributes to angiogenesis, particularly important given the
high amounts of HyA associated with foetal, non-scarring
wounds.">?%*?

Chemical modification of HyA with acrylate groups (AcHyA)
allows for in situ hydrogel formation via dithiol crosslinkers, as
well as the covalent conjugation of thiol-terminated moieties,
such as peptides and ECM ligands, to enhance or add further
functionality.>*>® AcHyA hydrogels are highly modular and
provide an opportunity to independently modify a range of
properties including mechanical properties, degradation, and
the availability of cell adhesion ligands.”®?*” With this in mind,
we incorporated thiolated gelatin (G) within AcHyA to support
cell adhesion and vascularisation. Gelatin is a natural protein
derived from collagen and is also biocompatible and
biodegradable.”®*®* One main advantage of incorporating
gelatin into an AcHyA hydrogel system is the presence of
peptide sequences such as RGD and GFOGER in the gelatin
which promote cell attachment, fibroblast and endothelial cell
growth, aiding in tissue regeneration and vascularisation, all
of which are crucial for chronic wound healing.>*>

Beyond tissue regeneration, infection remains a major
obstacle in chronic wound treatment, where bacterial colonisa-
tion sustains inflammation and delays healing.**** While anti-
biotics remain the standard of care, the rise of antibiotic resis-
tance necessitates alternative approaches. Strategies to combat
bacterial infections include (i) addressing antimicrobial resis-
tance mechanisms (e.g. RNA silencing, enzyme inhibitors), (ii)
enhancing antimicrobial drug delivery, (iii) applying physico-
chemical inactivation (e.g. photoinactivation), and (iv) directly
combating antimicrobial resistant bacteria through the use of
antimicrobial peptides (AMPs).>>*® Amongst these alternative
strategies, AMPs show great promise as they effectively target
both Gram-positive and Gram-negative bacteria and are less
prone to induce the development of resistance.’”®
Furthermore, AMPs can have indirect effects by modulating
host immune defences in response to pathogen infection and
by enhancing migration and proliferation of cells.>**°

However, the clinical application of AMPs is limited due to
their poor stability and rapid degradation in protease-rich
wound environments, leading to short half-lives and burst
release when physically entrapped in biomaterials.*’ To miti-
gate these limitations, AMPs have been covalently conjugated
to biomaterials. While covalent tethering can protect AMPs
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from enzymatic degradation and limit cytotoxicity, this
method can reduce the antimicrobial efficacy of the AMPs due
to steric hindrance or restricted mobility.*" Another challenge
in AMP-functionalised biomaterials is the potential loss of
antimicrobial efficacy due to structural changes upon conju-
gation. To overcome this, we engineered a versatile hydrogel
based on acrylated hyaluronic acid (AcHyA). This hydrogel is
functionalised with thiolated gelatin (AcHyA-G) to enhance cell
adhesion and covalently conjugated with a cysteine-terminated
AMP (Cys-PP4-3.1) via thiol-acrylate Michael addition
(AcHyA-AMP). Moreover, we incorporate an Ahx spacer to pre-
serve the AMP’s amphipathic nature and optimise its inter-
action with bacterial membranes. This strategic design main-
tains antimicrobial potency while minimising steric hin-
drance. This dual-functional hydrogel provides sustained anti-
microbial activity, preventing burst release and improving pro-
tease resistance while promoting cell adhesion, all while
maintaining the biophysical properties of the hydrogel.**™** In
this study, we selected PP4-3.1, a hybrid AMP combining the
sequences of cosmeceutical pentapeptide-4 (PP4) and a cat-
ionic, amphipathic a-helical AMP (3.1), as it effectively dis-
rupts bacterial membranes and inhibits both Gram-positive
and Gram-negative bacteria, making it ideal for chronic wound
healing applications.*’

Our approach integrates several key elements: (i) dual func-
tionality through the combination of gelatin for improved cell
adhesion and AMPs for sustained antimicrobial effects, (ii)
covalent AMP conjugation via thiol-acrylate chemistry to
ensure controlled release and prolonged antimicrobial efficacy,
and (iii) the incorporation of gelatin at minimal concen-
trations to enhance cell adhesion while preserving the hydro-
gel’s biophysical properties. For this, HyA was modified with
acrylate groups to facilitate the conjugation of thiolated gelatin
and the cysteine-terminated AMP, i.e. Cys-PP4-3.1, while also
enabling chemical crosslinking with PEG-dithiol. The effects
of gelatin concentration on the biophysical and mechanical
properties of AcHyA and AcHyA-G hydrogels were assessed in a
concentration-dependent manner, focusing on the optimal for-
mulation to support fibroblast and endothelial cell adhesion
and spreading without altering key hydrogel properties.
Finally, the antimicrobial activity of the AcHyA-AMP conjugate
was evaluated by testing its ability to inhibit the growth of
Staphylococcus aureus and Escherichia coli, bacterial pathogens
widely found in non-healing wounds like DFU.***° Ultimately,
we aim to develop an AcHyA hydrogel decorated with gelatin
and AMPs to enhance the cellular response and reduce the
risk of bacterial infection, offering a promising solution for
chronic wound treatment.

Materials and methods
Materials

Hyaluronic acid (HyA, sodium salt from Streptococcus equi,
~1.5-1.8 MDa), adipic dihydrazide (ADH), 1-hydroxybenzotria-
zole (HOBt), 1-ethyl-3-[3-(dimethylamino)propyl] carbodiimide

This journal is © The Royal Society of Chemistry 2025
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(EDC), dimethyl sulfoxide (DMSO), ethanol, hydrochloric acid
(HCl), N-acryloxysuccinimide (NAS), thiol-functionalised
gelatin, dithiothreitol (DTT), poly(ethylene glycol) dithiol
(PEG-dithiol), Coomassie® Brilliant Blue G 250 (Coomassie),
hyaluronidase from bovine testes, high glucose Dulbecco’s
Modified Eagle Medium (DMEM), 1x Dulbecco’s phosphate-
buffered saline (PBS), Fluorescein isothiocyanate-dextran
(70 kDa), Mueller-Hinton Agar, and Mueller-Hinton broth
were purchased from Sigma-Aldrich.

Triethanolamine-buffer (TEOA; 0.2 M, pH 8), SnakeSkin™
dialysis membrane (10000 MWCO), sodium hydroxide
(NaOH), 4% paraformaldehyde were purchased from Thermo
Fisher Scientific. Hoechst, Alexa Fluor™ 568 Phalloidin,
alamarBlue™ were purchased from Invitrogen. Endothelial
Cell Growth Medium 2 (EGM-2) was purchased from
PromocCell. SB431542 molecule was purchased from TOCRIS.

Unless otherwise specified, concentrations are expressed as
% w/v.

Methods

Antimicrobial peptide synthesis. The reference AMP, PP4-3.1
(KTTKSKKLLKWLLKLL-carboxamide) and its Cys-terminated
derivative Cys-Ahx-PP4-3.1 were synthesised using solid phase
peptide synthesis (SPPS), through the standard Fmoc/tBu
orthogonal protection scheme, as previously reported by
Gomes et al. A cysteine residue (Cys) for chemoselective conju-
gation to AcHyA through its side chain thiol was added to the
N-terminus of the peptide, after insertion of a 6-aminohexa-
noic acid spacer (Ahx) between the additional Cys and the bio-
active sequence.*”* Final peptide products were identified by
electrospray ionization-ion trap mass spectrometry (ESI-IT-MS)
and purity was determined by reverse-phase high performance
liquid chromatography (RP-HPLC).

Synthesis of acrylate-modified hyaluronic acid (AcHyA).
AcHyA was synthesised using previously reported
methods.?*>*°° Briefly, HyA sodium salt (~1.5-1.8 MDa) was
reacted with ADH to form hydrazide groups (HyA-ADH), fol-
lowed by extensive dialysis and ethanol precipitation.
HyA-ADH was subsequently reacted with NAS to generate acry-
late groups on HyA (AcHyA), followed by extensive dialysis and
lyophilisation. The introduction of acrylate groups to HyA was
confirmed with '"H NMR.

Synthesis of AcHyA-G and AcHyA-AMP conjugates. AcHyA-G
conjugates were synthesised by reacting thiolated gelatin
(10 mg) with AcHyA (20 mg) in aqueous solution overnight at
room temperature. The conjugates were then extensively dia-
lysed and the purified product was lyophilized and stored at
—20 °C until use.

Separately, AcHyA-AMP conjugates were synthesised by
reacting AcHyA-G (11.8 mg) conjugates with Cys-Ahx-PP4-3.1
(1 mg) overnight at room temperature. The conjugates were
then extensively dialysed and the purified product was lyophi-
lized and stored at —20 °C until use. The conjugation of both
gelatin and the AMP to AcHyA were confirmed by "H NMR.

Hydrogel formation. Hydrogels were prepared with 1.5%
AcHyA and varying gelatin concentrations of 0, 0.1, 0.25, and
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Table 1 Summary of the hydrogel groups. Concentrations are
expressed as % (w/v)
Conjugate AcHyA Gelatin Cys-Ahx-PP4-3.1
AcHyA 1.5 0 0
AcHyA-G 1.5 0 0

0.1

0.25

0.5
AcHyA-AMP 1.5 0.5 0.01

0.5% (AcHyA-G) (Table 1). For AcHyA-AMP hydrogels, 0.5%
gelatin and 0.01% Cys-Ahx-PP4-3.1 were used (Table 1). All con-
jugates were dissolved in 0.2 M TEOA buffer solution, followed
by crosslinking with 1.3% PEG-dithiol.

Hydrogel formation was assessed using the vial inversion
method, where no flow (no fluidity) indicates successful
gelation.”>

Gelatin conjugation and release. The conjugation of thiol-
functionalised gelatin to AcHyA was further demonstrated
using Coomassie staining. Hydrogels were prepared and
allowed to swell in PBS overnight at 37 °C. Following this, the
PBS was removed and replaced with 500 pL of 0.1% Coomassie
solution. The samples were incubated for 1 h at room tempera-
ture while shaking at 100 rpm. The hydrogels were transferred
to a de-staining solution, with regular changes made to ensure
complete removal of the stain. Finally, the hydrogels were
rinsed 3 times in dH,O, with the last wash used as a blank.

The release of gelatin from the hydrogels was assessed
under hydrolytic (PBS) and enzymatic conditions, namely hya-
luronidase (HyAse, 10 U mL™") at 37 °C. At regular intervals,
supernatant was collected, and the absorbance was measured
at 595 nm. After 48 h of incubation, 1000 U mL™" of HyAse was
added to the samples in PBS to ensure complete degradation
and gelatin release.

Hydrogel swelling ratio. The swelling properties were evalu-
ated by immersing hydrogels in PBS. Briefly, hydrogels were
formed in 24-well plates and weighed after 1 h to obtain the
initial mass (Minitia1)- PBS was then added in excess to each
hydrogel for 24 h at 37 °C, after which the swollen mass (7gyol-
len) Was measured. The mass swelling ratio (Q,,) was calculated
as the ratio of the swollen mass to the initial mass (eqn (1)).

Mswollen
Om = Minitial @)

Rheology. The viscoelastic properties (G' and G") of swollen
AcHyA-G and AcHyA-AMP hydrogels were assessed with rheol-
ogy (HR-1 Discovery Hybrid Rheometer, TA Instruments) using
an 8 mm parallel plate geometry. Dynamic time sweeps were
performed over 5 min at 37 °C under a constant strain of 0.1%
and a frequency of 1 Hz.

Hydrogel degradation. The degradation behaviour of
AcHyA-G and AcHyA-AMP hydrogels was assessed under enzy-
matic and hydrolytic conditions at various pH values.
Hydrogels were prepared as previously described and placed in
24-well plates. After gelation, each hydrogel was weighed and

Biomater. Sci, 2025, 13, 3561-3575 | 3563
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either 10 U mL™" HyAse or buffer (pH 6, 7, or 8) was added.
The samples were then incubated at 37 °C, and at regular
intervals, the supernatant was collected, and the hydrogels
were weighed. The mass loss of the hydrogels was calculated at
each time point.

Fluorescence recovery after photobleaching. Fluorescence
recovery after photobleaching (FRAP) was conducted to evalu-
ate molecular diffusion within the hydrogel network and
provide insight into the mesh size of the material. FRAP
measurements were performed on 0% and 0.5% AcHyA-G
hydrogels containing fluorescein isothiocyanate (FITC)-dextran
(70 kDa, 0.5 mg mL™"). FITC dye was added prior to cross-
linking to ensure uniform distribution within the hydrogels.
Total fluorescence intensity was measured using a Carl Zeiss
LSM 710 confocal microscope with a WPlan-Apochromat 20x
(N.A 1.0) objective and an argon laser set at 488 nm. For each
hydrogel formulation, three regions of interest were moni-
tored. Initial fluorescence intensity was recorded with 4 pre-
bleach scans at low laser power (0.5%). The selected region
was then bleached to approximately 65-70% of the initial
intensity using 80% laser power. A total of 150 scans at low
power were captured at 2-second intervals to monitor fluo-
rescence recovery. Images were processed using Fiji software.”

Mesh size calculation. The mesh size of AcHyA-G hydrogels
was calculated using affine and phantom network models,
using eqn (2) and (3), respectively.>*>* Flory interaction para-
meter y;, the molar volume of the solvent (V;), polymer con-
centration (c), and polymer functionality (p) were used to cal-
culate the average MW between crosslinks (M,), to then calcu-
late the mesh size (£) in eqn (5).>%”

1 ) V% [In(1 = v55) + V25 + 1257

- )

M (affine) My [(st)l/s 1(1:2.5)}
Vor || — 2\,
Vo r v2,l‘

2
4 (1 - 5) V1V2.r2/31)2‘s1/3

In(1 = va) + v + x1v2s>

M. (phantom) =

(3)

With the volume fraction of the polymer (v,,) prior to swelling
and the volume fraction of the solvent (v, ) after swelling cal-
culated using eqn (4).

Pp

Q=1+—"(Qm—1) (4)

Ps

where p, is the density of the polymer, and ps the density of
the solvent.

£=0.1748M*(vy6) /° (5)
The diffusion coefficient was calculated according to the

diffusion model for circular spot using FrapAnalyser Software
and is described in eqn (6) and (7).
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FRAP (1)
)
0 ! 0 Z(t_tbleach ! 2(t_tbleach

(6)

2

w
= — 7
=2 )

Io(x), I(x) are modified Bessel functions, w the radius of
bleach spot, D the diffusion coefficient. Two normalising
coefficients (ao, a,) are introduced to account for the non-zero
intensity at bleach moment and incomplete recovery,
respectively.’®

Culture of human dermal fibroblasts and induced pluripo-
tent stem cell-derived endothelial cells. Human dermal fibro-
blasts (HDFs) from adult donors were purchased from
PromocCell, Germany and cultured in DMEM medium contain-
ing 10% of Fetal bovine serum (FBS) and 1% penicillin/strepto-
mycin until they reached approximately 80-90% confluence, at
which point they were passaged (passage 5-8) and seeded
onto AcHyA hydrogels. Vascular cells were differentiated from
induced pluripotent stem cells (iPSCs) received from the
Harvard Stem Cell Institute, USA (1016 SEVA-line), and endo-
thelial cells (iECs) were purified by magnetic activated cell
sorting based on the expression of the endothelial cell surface
marker CD31, as previously described.>® iECs were cultured in
supplemented EGM-2 medium (PromoCell, Germany) contain-
ing 1% penicillin/streptomycin and 10 pM SB431542, until
they reached approximately 80-90% confluence, when they
were passaged (passage 2-5) and seeded onto AcHyA
hydrogels.

Cell-seeding of hydrogels with human dermal fibroblasts
and iPSC-derived endothelial cells. AcHyA hydrogels (100 pL)
were prepared in cell culture inserts in a 24-well plate. AcHyA
hydrogels were then swollen in PBS for 1 hour at 37 °C and 5%
CO,. HDFs or iECs were then seeded onto AcHyA hydrogels at
a density of 30 000 cells per hydrogel in 300 pL of medium. An
additional 300 pL of medium was added outside the cell
culture inserts. The cell-seeded hydrogels were incubated for 7
days at 37 °C and 5% CO,.

After 7 days in culture, cell-seeded AcHyA hydrogels were
fixed with 4% paraformaldehyde at room temperature for
1 hour and subsequently stained with Phalloidin-Atto 488
(cytoskeleton) and DAPI (nuclei). Imaging was performed
using a Carl Zeiss LSM 710 confocal microscope. Images were
processed using Fiji software.>®

Quantification of bFGF protein expression with enzyme-
linked immunosorbent assay (ELISA). The release of human
basic fibroblast growth factor (bFGF) from HDFs was quanti-
fied with ELISA kits (R&D Systems, USA), as per the manufac-
turer’s instructions. Conditioned media was collected on days
3, 5, and 7 post-cell-seeding. Absorbance measurements were
taken at 450 and 540 nm, and the expression of bFGF was cal-
culated by extrapolation from the standard curve.

Antimicrobial activity of AcHyA-AMP conjugates. The anti-
microbial properties of HyA, AcHyA, and AcHyA-AMP conju-

This journal is © The Royal Society of Chemistry 2025
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gates were evaluated against the Gram-positive bacterium
Staphylococcus aureus (strain Newman) and the Gram-negative
bacterium Escherichia coli (ATCC 25922).>° S. aureus was cul-
tured overnight in brain heart infusion broth, and the optical
density at 600 nm (ODgy,) was measured, with an OD of
approximately 1 corresponding to 1 x 10% colony-forming units
(CFU) per mL. E. coli was cultured in Mueller-Hinton broth,
and ODg,, measurements were used to estimate CFU mL™*
based on the calculation reported by Agilent Genomics.®® The
bacterial broths were then diluted to 1 x 10° CFU mL™" in
Mueller-Hinton broth, and 150 pL were added to each sample.
A bacterial suspension without any material was prepared as a
positive control to assess bacterial growth in the absence of
HyA or its derivatives. Samples were incubated at 37 °C, and
ODgoo Was monitored over time. After 24 h, 50 pL of each
sample were spread onto agar plates and cultured for an
additional 24 h, with colony growth recorded by photograph-
ing the plates following the incubation period.

Statistical analysis. Data were analysed using GraphPad
Prism version 10 (GraphPad Software, La Jolla California USA,
https://www.graphpad.com). Statistical significance was deter-
mined using one-way or two-way ANOVA (p < 0.05), as appropri-
ate, followed by Tukey’s post-hoc test. An unpaired, two-tailed
t-test was used to compare two groups (p < 0.05). Error bars
represent the standard deviation (+SD).

Results and discussion

Chronic wounds, including DFUs, pose a significant clinical
challenge due to their prolonged healing times and the high
risk of infection, representing a significant burden to patients
and healthcare systems worldwide. These wounds are often
characterised by excessive inflammation, imbalanced protease
activity, and bacterial colonisation, all of which contribute to
delayed tissue repair.’ This study introduces a dual-functional
HyA-based hydrogel, combining the bioactivity-enhancing pro-
perties of gelatin (AcHyA-G) with the antimicrobial efficacy of
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the AMP PP4-3.1 (AcHyA-AMP) for chronic wound treatment
(Fig. 1). The conjugation of gelatin and PP4-3.1 to AcHyA via a
thiol-acrylate reaction ensures stable incorporation, enabling
controlled release and sustained therapeutic effects at the
wound site. These conjugation reactions are achieved using an
acrylate-modified HyA which supports hydrogel formation
through PEG-dithiol crosslinking, resulting in stable, tuneable
mechanical properties.>® This approach maintains AcHyA’s
inherent biocompatibility and provides a versatile platform for
functionalisation with thiol-containing bioactive molecules,
including ECM moieties and peptides, to promote cellular
adhesion, activity, and tissue regeneration.*****° The incor-
poration of gelatin into the AcHyA matrix enhances cell
adhesion, while the incorporation of AMPs offers an effective
strategy for infection prevention, ultimately supporting tissue
regeneration and improving wound healing.®'

The degree of modification of HyA with acrylate groups
(AcHyA) was assessed by proton NMR. The presence of two
peaks in the 5.5-6.5 ppm region confirmed the successful
introduction of acrylate groups onto HyA, with a modification
degree of approximately 25%, consistent with previous reports
(Fig. 2A).>® The acrylate-thiol reaction was then leveraged to
conjugate thiol-functionalised gelatin and the Cys-terminated
AMP, PP4-3.1, to AcHyA. A subsequent decrease in the degree
of modification to 12% (gelatin, Fig. 2A) and 9.5% (PP4-3.1,
Fig. S1t) suggested that fewer acrylate groups were detectable
due to their consumption by the conjugation of both gelatin
and PP4-3.1 to AcHyA.

PEG-dithiol was used to crosslink the AcHyA hydrogels via a
thiol-acrylate reaction between the acrylate groups of AcHyA
and thiol groups in PEG-dithiol.”” PEG-dithiol has demon-
strated its biocompatibility and non-immunogenic nature,
with minimal risk of an inflammatory response.’®”’° Having
established the role of PEG-dithiol in crosslinking, we used the
protein-specific dye Coomassie to further confirm the conju-
gation of gelatin to AcHyA to produce AcHyA-G (Fig. 2B and C).
We tested gelatin concentrations up to 0.5%, focusing on iden-
tifying the optimal concentration required to enhance cellular

|4
/

'
o

» /*
P 4

»’/*/7‘*
s s

o - - -
%n * / + & / + & / +
Hyaluronic acid AcHyA AcHyA-G AcHyA-AMP

OAcryIate group Acrylated HyA

— i — PEG-dithiol

Thiolated gelatin PP4-3.1 peptide

Fig. 1 Schematic representation of the functionalised HyA hydrogels. HyA hydrogels are composed of acrylated HyA chains (AcHyA) along with
AcHYyA functionalised with thiolated gelatin (AcHyA-G) and PP4-3.1 antimicrobial peptide (AcHyA-AMP), and crosslinked with PEG-dithiol.
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Fig. 2 Development and characterisation of AcHyA hydrogels functionalised with gelatin. (A) *H NMR was used to confirm the modification of HyA
with acrylate groups and the conjugation of thiolated gelatin (AcHyA-G). A representative image of an AcHyA hydrogel functionalised with gelatin is
shown. (B) The release of gelatin from HyA hydrogels was assessed in hydrolytic conditions (PBS) with the addition of 1000 U mL™ HyAse at 48 h,
and (C) in enzymatic conditions (10 U mL™* HyAse). Data represents mean + SD (n = 3). Analysis performed using two-way ANOVA; p < 0.05.

adhesion while maintaining biophysical properties. Minimal
to no gelatin release occurred from AcHyA hydrogels in PBS
over the 48 h study period, indicating that gelatin was co-
valently conjugated to AcHyA via acrylate-thiol bonds. The
addition of HyAse at the 48 h timepoint cleaved the p-1,4-glyco-
sidic bonds between the HyA subunits, facilitating AcHyA
hydrogel degradation and resulted in rapid gelatin release
(Fig. 2B). In the presence of a lower concentration of HyAse, 10
U mL™", gelatin release was more gradual and complete within
48 h, demonstrating steady release of gelatin as the AcHyA
hydrogel degraded (Fig. 2C). This emphasises that gelatin is
stably conjugated to the AcHyA hydrogel, with release facili-
tated only by degradation of the AcHyA hydrogel, in this case
mediated by the addition of HyAse.

The impact of gelatin incorporation on the mechanical pro-
perties of AcHyA hydrogels was evaluated using rheology. First,
the gelation time was observed with the vial inversion method,
where no flow was observed after 5 min of incubation for
AcHyA hydrogels with and without gelatin, implying rapid

3566 | Biomater. Sci,, 2025,13, 3561-3575

crosslinking and hydrogel formation (Fig. 3A). The storage
moduli obtained were 928 + 137, 995 + 221, 1234 + 78, and
1210 + 136 Pa for 0%, 0.1%, 0.25%, and 0.5% gelatin samples,
respectively (Fig. 3B). However, no statistically significant
differences were observed between samples, demonstrating
that the mechanical properties of AcHyA-G hydrogels were
independent of gelatin concentration. Next, we investigated
the influence of gelatin concentration on the swelling behav-
iour of the hydrogels to evaluate their moisture retention
ability. After 24 h in PBS, AcHyA hydrogels of varying gelatin
concentrations swelled to approximately 150%, with no statisti-
cally significant differences observed between groups; this
indicates that the swelling properties of AcHyA were not
affected by gelatin incorporation at concentrations up to 0.5%
(Fig. 3C). These findings suggest that gelatin incorporation
into AcHyA hydrogels does not significantly alter their
mechanical or swelling properties.

We assessed the stability of AcHyA-G hydrogels at various
pH values with and without the addition of HyAse enzyme to

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Gelatin incorporation does not significantly affect the mechanical properties or swelling behaviour of AcHyA hydrogels. Characterisation of
HyA-derived hydrogels (A) gelation time was assessed with the inversion method for the 0% (top lane) and 0.5% (bottom lane) gelatin formulations,
(B) storage modulus, and (C) swelling ratio. Data represents mean + SD (n = 3). Analysis performed using one-way ANOVA; p < 0.05.

assess suitability in the wound environment. The following pH
values were chosen to simulate various wound conditions:
epithelialized wounds (pH 6), neutral environments (pH 7),
and alkaline chronic wounds (pH 8).”' Under hydrolytic
conditions, minimal degradation was detected across all
conditions. In fact, gelatin-containing hydrogels swelled to a

>

B

maximum of 130% at pH 6 (Fig. 4A), 125% at pH 7 (Fig. 4B),
and 133% at pH 8 (Fig. 4C). In contrast, the 0% gelatin sample
only swelled under neutral conditions, losing approximately
20% of its original mass at both pH 6 and pH 8. The differ-
ences between the gelatin-containing and gelatin-free samples
were pronounced, especially in simulated epithelialized and
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Fig. 4 Gelatin incorporation improves stability of AcHyA hydrogels under varying physiological conditions. Characterisation of HyA-derived hydro-
gels (A-C) hydrolytic degradation (PBS), and (D-F) enzymatic degradation (10 U mL™* HyAse). Data represents mean + SD (n = 3). Analysis performed

using two-way ANOVA; p < 0.05.
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alkaline wound conditions after 5 days, indicating the
enhanced suitability of AcHyA-G hydrogels in the compro-
mised wound environment (Fig. 4A and C). Throughout the
study, the 0% and 0.5% samples remained statistically
different (Fig. 4A and C). At pH 7, the presence of gelatin had
a negligible effect at early time points (1 and 2 h), and all
hydrogels remained stable over 5 days (Fig. 4B). This data
demonstrates the stability of AcHyA-G hydrogels, and their
suitability for exudate absorption, with gelatin enhancing their
capacity to maintain a moist environment.

In addition to hydrolytic degradation, understanding enzy-
matically-mediated degradation kinetics of wound dressings is
crucial as it significantly influences cell and tissue responses,
essential for effective wound healing applications.'®”> The
controlled degradation of hydrogels is essential for coordinat-
ing cell-mediated remodelling with tissue regeneration, sup-
porting effective cell infiltration and vascularisation within the
wound site.>* Optimally tuned degradation rates can enhance
wound healing by promoting timely cell migration, angio-
genesis, and ECM deposition.”*””® During healing, cells
secrete a range of enzymes, including HyAse and matrix metal-
loproteinases (MMPs), that contribute to these processes.
Therefore, hydrogels should exhibit a degradation rate that
supports cell infiltration and matches the rate of neotissue for-
mation. AcHyA-G hydrogels are susceptible to enzymatic degra-
dation by HyAse, present in the wound environment, making
it essential to assess their degradation rates to ensure they
maintain integrity while promoting healing.”® Initially, all
hydrogels exhibited swelling within the first few hours, likely
due to a reduced overall cross-linking density in the hydrogel
network as a result of initial degradation.”>”” However, both
AcHyA and AcHyA-G hydrogels gradually degraded over 5 days
across all pH levels. After 24 h at pH 6 (Fig. 4D) and pH 7
(Fig. 4E), all hydrogels underwent significant degradation,
with the mass dropping to approximately one-fifth of the orig-
inal mass, likely due to increased HyAse activity in these con-
ditions. At pH 8, all hydrogels maintained about 50% of their
mass for approximately 24 hours (Fig. 4F). However, across all
pH levels, the degradation profiles were not statistically
different. These findings indicate that AcHyA-G hydrogels
remain susceptible to HyAse-mediated degradation, essential
for supporting wound healing, and that the incorporation of
gelatin does not significantly impact the overall degradation
kinetics. Instead, it enhances hydrogel swelling and moisture
retention capabilities without compromising structural integ-
rity. This suggests that AcHyA-G hydrogels are effective in
maintaining their properties and remaining biodegradable
under the simulated wound conditions assessed.

To further explore the structural characteristics of AcHyA
hydrogels and the impact of gelatin incorporation, we calcu-
lated the mesh size, which represents the distance between
cross-links or physical entanglements within the polymer
network. The mesh size is a critical parameter as it directly
affects molecular diffusion, material stiffness, degradation
kinetics, and cell-material interactions.>>”® Furthermore, in
therapeutically loaded hydrogels, the mesh size plays a role in
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the retention or release rate of therapeutic molecules, includ-
ing AMPs, as they may be cleaved by native enzymes. Thus,
mesh size is a critical parameter in assessing therapeutic
release kinetics as well as ensuring sufficient nutrient trans-
port to support the viability of invading cells.”®®" Mesh size
may be altered by adjusting crosslinking density and HyA
molecular weight (MW) which modifies the number of chemi-
cal and physical crosslinks, including chain
entanglements.”>*"®> The mesh size of AcHyA (0% gelatin)
and AcHyA-G (0.5% gelatin) hydrogels were estimated using
both the Phantom network and Affine network models based
on the storage modulus (G') (Fig. 5A and B). The Phantom
model yielded mesh sizes on the order of 80-90 nm, while the
Affine model estimated mesh of approximately
110-130 nm, with no statistical difference detected between
groups regardless of gelatin concentration (Fig. 5A and B).
These values are consistent with previously reported measure-
ments, and confirm the formation of a nanoporous hydrogel
network. %%

FRAP was employed as a technique to assess molecular
mobility and diffusion within the 0% and 0.5% AcHyA-G
hydrogels, (Fig. 5C and D). FITC-dextran (70 kDa) was used as
a representative biomolecule to assess the molecular diffusion
of nutrients and other bioactive molecules through AcHyA
hydrogels. FITC-Dextran loaded hydrogels were bleached to
approximately 65-70% of their initial fluorescence, and the
fluorescence recovery was monitored for 300 s post-bleaching
as unbleached molecules diffused back into the region of
interest (Fig. 5C and D).*®*® Both AcHyA and AcHyA-G hydro-
gel formulations, regardless of the presence of gelatin, demon-
strated a rapid recovery of fluorescence, reaching 90% of initial
intensity within the first 60 seconds and nearly complete
recovery by the end of the 300 seconds, indicative of a mobile
fraction @mep Of 1.5” This rapid recovery of fluorescence indi-
cates a dominant mobile phase favourable for molecular trans-
port and release from the AcHyA and AcHyA-G hydrogels.”®
Diffusion coefficients were calculated to be around 0.5 pm?* s™*
for both samples, with no significant difference detected
between them. This aligns with data from HyA-based hydro-
gels, which report diffusion coefficients for smaller FITC-
dextran (4 kDa) and mesh sizes ranging from 0.66 to 1.06 pm>
s .87 The similar recovery dynamics and molecular release
profiles demonstrated between groups revealed that there is no
impact of the incorporation of gelatin in AcHyA hydrogels on
molecular diffusion. Additionally, the complete fluorescence
recovery indicates a mobile fraction allowing molecules with
MW up to 70 kDa to readily diffuse within the AcHyA-G hydro-
gel network. In contrast, hydrogels with incomplete fluo-
rescence recovery indicate immobile fractions (¢gmon < 1),
where molecules become trapped within the network, as
demonstrated in HyA-based hydrogels loaded with varying dye
charges.’” With a MW of 1940.5 Da, PP4-3.1 peptide would be
expected to readily diffuse through and indeed out of the
AcHyA-G hydrogels. However, since it is directly conjugated to
AcHyA-G by thiol-acrylate reaction, it is therefore not free to
diffuse through the hydrogel network. Instead, its release is
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Fig. 5 Gelatin concentration has minimal impact on mesh size and molecular diffusion in AcHyA hydrogels. Mesh size was calculated using (A)
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70 kDa FITC-Dextran and (D) confocal images of the bleached spot during treatment. Data represents mean + SD (n = 3). Analysis performed using

one-way ANOVA; p < 0.05.

anticipated to occur only upon degradation of the hydrogel,
similar to the behaviour observed with conjugated gelatin
(Fig. 2B and C). Furthermore, our results align with the calcu-
lated mesh sizes, as expected since the molecular diffusivity is
inherently correlated with the hydrogel mesh size, which was
similar for both 0% and 0.5% gelatin AcHyA hydrogels (Fig. 5A
and B). These results can also be correlated with the degra-
dation observed in Fig. 4D-F, since the mesh size and mole-
cular diffusion were found to be similar across the groups, this
means similar diffusion of degrading enzymes (i.e. HyAse) and
access to target cleavage sites throughout the hydrogel
network.®*®®® Overall, molecular mobility and diffusion
appeared independent of the gelatin concentrations used in
this study, with both AcHyA and AcHyA-G hydrogel formu-
lations demonstrating comparable molecular dynamics. This
characteristic is of important consideration since it allows for
independent tuning and optimising of the AcHyA-G hydrogel’s
biophysical and biological properties. Gelatin incorporation

This journal is © The Royal Society of Chemistry 2025

did not significantly alter the biophysical properties of AcHyA
hydrogels in this study, for several possible reasons. The MW
of gelatin used in this study is relatively small (50-100 kDa)
compared to the MW of HyA used to form the hydrogel system
(1.5 MDa). In addition, the relatively low concentrations of
gelatin incorporated (<0.5%) may not have been sufficient to
create significant changes in the hydrogel’s mechanical pro-
perties. The impact of gelatin on the hydrogel structure is
likely dependent on both the concentration and MW of the
gelatin, with higher MW or greater gelatin concentrations
potentially leading to stronger molecular interactions and
greater alterations in stiffness or elasticity.”® In our hydrogel
system, the selected formulations allowed for the introduction
of biochemical cues without affecting the overall physical pro-
perties of the AcHyA hydrogel.

To enhance bioactivity and support cellular adhesion, thio-
lated gelatin was incorporated into the AcHyA hydrogel.
Gelatin, derived from the hydrolysis of collagen, is biocompati-

Biomater. Sci., 2025, 13, 3561-3575 | 3569
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ble, biodegradable, and contains key peptide sequences
known to promote cell adhesion. These sequences, particularly
the RGD motif, interact with integrins such as a5p1, a4p1, and
avp3, which are involved in regulating cell activity, including
adhesion, proliferation, and migration.”® By varying the
concentration of gelatin, we aimed to tune the cellular
response and optimise AcHyA hydrogel composition to
support adhesion and spreading of dermal fibroblasts (HDFs)
and endothelial cells (iECs) - two critical cell types involved in
wound repair and vascularisation.”” As shown in Fig. 64,
gelatin concentration significantly influenced the morphology
and behaviour of the HDFs. Lower gelatin concentrations led
to fewer, rounded cells, suggesting poor adhesion and limited
cell spreading. In contrast, higher gelatin concentrations
resulted in enhanced cell spreading and elongation, demon-
strating improved adhesion of HDFs. The average cumulative
cell area also varied across all formulations: 159.2 + 869.6,
9901.7 + 5341.5, 7476.6 + 1415.3, and 11240.4 + 3140.2 pmz
for 0%, 0.1%, 0.25%, and 0.5% gelatin formulations, respect-
ively (Fig. 6B). Moreover, the presence of stress fibres in the
0.1%, 0.25%, and 0.5% gelatin formulations indicated that
fibroblasts were able to establish cell-matrix interactions
(Fig. 6A).”> A similar pattern was observed in iECs (Fig. 6C),
albeit with a greater level of cell coverage, where higher gelatin
concentrations facilitated the adhesion of a greater number of
iECs and the formation of dense cellular networks with greater
cell spreading, while lower concentrations of gelatin showed
fewer iECs, and minimal network formation. This was evi-
denced by the average cumulative cell area which ranged from

A

Fig. 6
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:
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428.8 +294.1, 31 813.6 = 26 166.6, 31 149.5 + 15 072.8, 27 280.2
+ 4778.2 pm? for 0%, 0.1%, 0.25%, and 0.5% gelatin formu-
lations, respectively (Fig. 6D).

To assess fibroblast bioactivity, we quantified the secretion
of bFGF, an essential growth factor involved in tissue repair
and angiogenesis.”® bFGF plays a critical role in stimulating
fibroblast proliferation, ECM deposition, and tissue regener-
ation, while also promoting angiogenesis indirectly by activat-
ing endothelial cells.”>*® By day 3, bFGF levels varied across all
conditions, ranging from 2.32 + 2.06 pg mL™" (0.1% gelatin) to
4.17 + 3.88 pg mL™"' (0.5% gelatin). This decline persisted
through day 5, with bFGF levels remaining low in all groups.
However, by day 7, bFGF secretion increased again in the 0.5%
gelatin formulation (8.54 + 1.51 pg mL™"), suggesting that
higher gelatin content sustains fibroblast activation over time.
This increase in bFGF secretion aligns with the improved fibro-
blast adhesion and spreading observed in the imaging analysis
(Fig. 7), reinforcing the role of gelatin in supporting cellular
engagement with the hydrogel matrix.

These results suggest that gelatin concentration influences
HDFs and iECs behaviour in a concentration-dependent
manner. HyA, though known to support cell proliferation,
lacks integrin-binding sites, which are essential for cell
adhesion.'®®” This absence, combined with the fact that cells
were seeded on top of the AcHyA hydrogels rather than encap-
sulated within them, likely contributed to the poor attachment
observed in gelatin-free AcHyA hydrogels. In contrast, the RGD
motifs in gelatin enhanced HDF and iEC adhesion and
migration.”®® Our results are consistent with previous studies
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formed using two-way ANOVA; *p < 0.05.

demonstrating that the incorporation of bioactive components
like gelatin significantly improves cell adhesion to AcHyA
hydrogels of similar biophysical properties.”®> Specifically, the
enhanced bFGF secretion observed in the 0.5% gelatin group
underscores the role of gelatin in promoting cellular engage-
ment with the hydrogel matrix. The 0.5% gelatin formulation
was identified as optimal for supporting the adhesion and
spreading of both HDFs and iECs, with minimal impact on
the structural characteristics of the AcHyA hydrogel network.
This formulation was chosen for further functionalisation,
including the incorporation of the AMP PP4-3.1.

As shown in Fig. S2,t tethering the AMP PP4-3.1 onto the
hydrogel did not affect the biocompatibility of the latter and
maintained support for the adhesion and spreading of both
HDFs (Fig. S2At) and iECs (Fig. S2Bt) cells. In terms of bio-
physical properties, the incorporation of PP4-3.1 into AcHyA
hydrogels did not affect their storage modulus (Fig. S3Af),
swelling behaviour (Fig. S3BY) or stability across pH levels 6, 7,
and 8 (Fig. S4A-Ct). However, the peptide-grafted hydrogel
showed slower enzymatic degradation at neutral and alkaline
pH, likely due to electrostatic interactions of the peptide with
HyA that stabilised the hydrogel network, reducing enzyme
access to cleavage sites (Fig. S4D-F{).5%%°

After confirming the biocompatibility of the AcHyA-AMP

hydrogel, we investigated the antimicrobial activity of
AcHyA-AMP conjugate against Gram-positive bacterium
Staphylococcus  aureus and  Gram-negative  bacterium

Escherichia coli. S. aureus and E. coli are common pathogens
associated with chronic wounds such as DFUs, often compli-
cating wound healing and increasing infection risk.*¢*%10%10
Both bacteria contribute to persistent inflammation and
delayed healing in chronic wounds like DFUs, highlighting the
need for effective antimicrobial treatments. The antimicrobial
potential of AcHyA-AMP conjugate was evaluated using optical
density (OD) measurements at 600 nm and culture on agar
plates.®® Bacterial suspensions were incubated with either
HyA, AcHyA, or AcHyA-AMP for 12 and 24 hours. In the pres-
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ence of S. aureus, ODgy, measurements at 12 hours revealed
significant differences in bacterial growth. The ODggy, for
unmodified HyA reached 0.106 + 0.004, while AcHyA showed a
similar value of 0.120 + 0.002, with no statistically significant
difference between the two. In contrast, the ODggy, for the
AcHyA-AMP conjugate was markedly lower at 0.065 + 0.010.
After 24 h, the same trend was observed: ODg(, values for HyA
and AcHyA increased to 0.172 + 0.008 and 0.157 + 0.008,
respectively, while AcHyA-AMP remained low at 0.069 + 0.019
(Fig. 8A). To further validate these findings, the resulting solu-
tions (at 24 h) were cultured on agar plates for an additional
24 h. No bacterial colonies formed on the plates treated with
the AcHyA-AMP conjugate, contrasting with those treated with
HyA and AcHyA, which were covered with bacterial colonies
(Fig. 8B). These results suggest that while HyA and AcHyA
exhibit a bacteriostatic effect by inhibiting bacterial growth in
suspension, AcHyA-AMP demonstrates a bactericidal effect by
killing the bacteria.

This antimicrobial activity of AcHyA-AMP was also assessed
against E. coli. At 12 and 24 h, AcHyA-AMP exhibited higher
ODggo values (0.084 + 0.032 and 0.084 + 0.050) compared to
HyA (0.000 + 0.000 at both time points) and AcHyA (0.001 *
0.001 and 0.005 + 0.004) (Fig. 8C). However, despite this appar-
ent increase in OD, no bacterial colonies were recovered from
the AcHyA-AMP-treated suspension when plated on agar
(Fig. 8D). In contrast, both HyA and AcHyA conditions yielded
substantial colony growth (Fig. 8D). Similar to S. aureus, the
low ODg, values observed with HyA and AcHyA indicate a bac-
teriostatic effect, while the absence of viable colonies with
AcHyA-AMP suggests a bactericidal action. The discrepancy
between ODgo, measurements and plating results for
AcHyA-AMP likely reflects the presence of cellular debris from
membrane disruption and lysis rather than bacterial
proliferation.

These findings align with the expected mechanism of
action of PP4-3.1 (the AMP used in this study), which exerts
antimicrobial effects through direct interactions with bacterial
membranes, leading to structural perturbation and cell death.
While HyA alone appears to have bacteriostatic effects, as evi-
denced by the inhibition of bacterial growth in suspension,
bacteria were still viable on agar, indicating that HyA alone
does not kill bacteria. However, the direct conjugation of the
AMP PP4-3.1 to the AcHyA results in the absence of viable bac-
teria on agar, confirming the bactericidal nature of the
AcHyA-AMP conjugate. This study demonstrates a marked
increase in the antimicrobial activity of HyA following conju-
gation of the AMP PP4-3.1, as evidenced by its antimicrobial
action against both S. aureus and E. coli. Since the AMP is co-
valently bound to AcHyA and no hyaluronidase is present in
the system, it is unlikely that its antimicrobial activity arises
from passive peptide release into the surrounding media.
Instead, the observed effect is presumably due to direct
contact between the bacteria and the conjugated AMP, where
localised interactions with the bacterial membranes lead to
disruption and cell death. Indeed, AMPs primarily exert their
antimicrobial action through bacterial membrane perturbation

Biomater. Sci,, 2025, 13, 3561-3575 | 3571


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5bm00567a

Open Access Atrticle. Published on 07 May 2025. Downloaded on 3/14/2026 9:24:15 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Paper
= HyA
Staphylococcus aureus
1.0 #
0.8 #
£
< 0.6
=3
8
a 04
o
0.2 * *

Time (hours)

Escherichia coli

12 # = conol
# 3 HyA

1.0 B3 AcHyA
£08 1 AcHyA-AMP
c
8 os
S04

0.2 * *

00 — —

12 24
Time (hours)

View Article Online

Biomaterials Science

= AcHyA-AMP

Fig. 8 AcHyA-AMP conjugates demonstrate significant bactericidal activity against S. aureus and E. coli, compared to unmodified HyA and AcHyA.
The PP4-3.1 AMP was conjugated to AcHyA-G, and the antimicrobial activity of the AcHyA-AMP conjugate was evaluated by (A) ODgoo measure-
ments and (B) colony formation after an additional 24 h for S. aureus, and (C) ODgpo measurements and (D) colony formation after an additional
24 h for E. coli. Data represent mean + SD (n = 3). Analysis performed using two-way ANOVA. * indicates statistical differences between groups, and

# indicates difference versus the control group. *p < 0.001, #p < 0.001.

or disruption, leading to cell lysis.'*'® In line with this,
peptide 3.1 - a cationic, amphipathic, a-helical AMP, has been
reported to hypothetically exert its antimicrobial effect by per-
turbing bacterial membranes, potentially through pore-
forming and/or carpet-like mechanisms.'** Previous studies by
Gomes et al. demonstrated the effectiveness of the selected
AMP, PP4-3.1, against both Gram-positive and Gram-negative
bacteria. PP4-3.1 is a hybrid peptide, combining the sequence
of the cosmeceutical pentapeptide-4 (PP4) with that of a
reported AMP named 3.1.*> Furthermore, PP4-3.1 exhibits MIC
values lower than those of most recently reported peptide-
based antimicrobials.*®

In this study, the AMP was covalently immobilised onto
AcHyA via acrylate-thiol Michael addition through the incor-
poration of a spacer (Ahx) and a cysteine residue. This covalent
attachment enhances the AMP’s stability and ensures its local-
isation at the infection site, enabling continuous neutralis-
ation of pathogens and enhanced antimicrobial efficacy over
time.”>** This immobilisation offers several advantages,
including reduced peptide aggregation, slower degradation,
and enhanced antimicrobial efficacy by maintaining high local
concentrations at the hydrogel surface.'” By restricting
peptide diffusion, immobilisation optimises its ability to inter-
act with bacterial membranes, which is crucial for sustained

3572 | Biomater. Sci., 2025,13, 3561-3575

antimicrobial action. Unlike free peptides, which can translo-
cate across membranes and target intracellular sites, immobi-
lised peptides primarily exert their antimicrobial effects
through surface-driven membrane disruption.'®® The presence
of the spacer (Ahx) preserves the peptide’s amphipathic pro-
perties, facilitating its interaction with bacterial membranes,
leading to membrane perturbation and subsequent cell
lysis.'®” This mechanism may also involve changes in bacterial
surface electrostatics, where the high concentration of posi-
tively charged peptides potentially displaces counterions from
the membrane, triggering autolytic enzyme activation and dis-
rupting ionic balance in deeper membrane layers.'®

The conjugation of AMP PP4-3.1 into AcHyA hydrogels
offers a promising strategy for preventing and treating bac-
terial infections in chronic wounds. By ensuring the peptide’s
localisation at infection sites, AcHyA-AMP provides continuous
pathogen neutralisation, reducing systemic exposure, thereby
reducing any potential side effects. Interestingly, HyA itself has
been reported to have antimicrobial properties.'*®**° This has
been attributed to an ability to disrupt bacterial adhesion and
biofilm formation, sequestering essential ions needed for bac-
terial survival and proliferation, and hindering colonisation
through its highly hydrophilic and hydrogel-like properties,
which create a physical barrier.'®''%''! Here, the HyA matrix

This journal is © The Royal Society of Chemistry 2025
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may contribute to the antimicrobial activity by localising bac-
teria at the AcHyA-AMP conjugate interface, facilitating sus-
tained peptide-bacteria interactions. Our results support the
hypothesis that the AMP’s antimicrobial activity arises from
direct interactions with bacterial membranes, causing mem-
brane destabilisation and cell death. The combined effect of
the AMP’s electrostatic and hydrophobic interactions, as well
as its high local concentration, underscores the potential of
AcHyA-AMP conjugates as a potent antimicrobial treatment for
chronic wound infections, providing a new approach to
improving wound healing and infection management.

Conclusion

We have developed and characterised AcHyA hydrogels functio-
nalised with both gelatin and PP4-3.1 peptide to enhance cell
adhesion while providing antimicrobial activity for the treat-
ment of chronic wounds. The addition of gelatin and the AMP
was achieved without compromising the biophysical and
mechanical properties of the AcHyA hydrogels, which retained
their structural integrity and mechanical stability. Gelatin
incorporation enhanced swelling behaviour and provided a
favourable environment for cellular activity, namely by sup-
porting the adhesion and spreading of HDFs and iECs, with
the 0.5% gelatin concentration showing the highest bioactivity.
This formulation also promoted fibroblast activation, as evi-
denced by increased secretion of bFGF, a key growth factor
involved in tissue regeneration and angiogenesis. The sus-
tained bFGF production observed in the 0.5% gelatin hydrogel
suggests that this formulation supports long-term fibroblast
engagement, which may contribute to improved wound
healing outcomes. Meanwhile, the conjugation of the AMP
PP4-3.1 delivered an AcHyA formulation with bactericidal
action on S. aureus and E. coli, two of the most prevalent bac-
terial pathogens in chronic wounds. Thus, this gelatin and
peptide-tethered AcHyA hydrogel demonstrates a local anti-
microbial effect, providing a protective barrier against infec-
tion while supporting cell adhesion. Given the challenges
associated with chronic wound healing, these AcHyA hydro-
gels, decorated with ECM moieties and AMPs, represent a
promising strategy to reduce infection and accelerate recovery
in chronic wounds. Future research will involve evaluation in
pre-clinical wound models to further assess the efficacy and
long-term potential of gelatin and AMP-decorated AcHyA
hydrogels in promoting wound healing.
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