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Abstract

Wounds pose a risk to the skin, our body’s primary defence against infections. The rise of antibiotic resistance has prompted
the development of novel therapies. RO-101® is an antimicrobial gel that delivers therapeutic levels of hydrogen peroxide
(H20»), a reactive oxygen species, directly to the wound bed. In this study, electrospinning was used to incorporate RO-
101® into a polyvinyl alcohol (PVA) sub-micron fibrous mesh that can act as a delivery agent, achieve a sustained release
profile, and provide a barrier against infection. Adequate incorporation of this gel into sub-micron fibres was confirmed via
nuclear magnetic resonance spectroscopy. Furthermore, scanning electron microscopy exhibited smooth and uniform meshes
with diameters in the 200500 nm range. PVA/RO-101 electrospun meshes generated HyO; in concentrations exceeding
1 mM/(g-mL) (1 mM = 1 mmol/L) after 24 h, and the role of sterilisation on H,O; release was evaluated. PVA/RO-101
meshes exhibited antimicrobial activity against both Gram-positive Staphylococcus aureus (S. aureus) and Gram-negative
Pseudomonas aeruginosa (P. aeruginosa) bacteria, achieving viable count reductions of up to 1 log unit CFU/mm? (CFU:
colony-forming units). Moreover, these meshes were capable of disrupting biofilm formation, even against multidrug-resistant
organisms such as methicillin-resistant S. aureus (MRSA). Furthermore, increasing the RO-101® concentration resulted in
higher H,O; production and an enhanced antimicrobial effect, while fibroblast cell viability and proliferation tests showed a
concentration-dependent response with high cytocompatibility at low RO-101® concentrations. This study therefore demon-
strates the potential of highly absorbent PVA/RO-101 meshes as potential antimicrobial wound dressings.
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Introduction

Skin has a natural wound healing capacity through a complex
sequence of temporally integrated and overlapping events
[1]. However, when this sequence is disturbed (as happens
in patients with underlying disease states such as diabetes),
the affected area does not heal in a timely and sustainable
manner and a chronic wound arises, with the natural heal-
ing process interrupted at the inflammation stage. Estimates
show that chronic wounds affect 2% of the US population
[2], and their treatment costs the US medical system more
than $25 billion per year, whilst in the UK, pressure ulcers
alone are associated with an annual cost to the National
Health Service (NHS) of up to £2.1 billion [3]. Infections of
chronic wounds may further delay healing, causing increased
pain and reduced patient quality of life, as well as creat-
ing an additional financial burden on healthcare systems [2].
Clinically infected wounds can require systemic antibiotic
therapy; however, this approach can contribute to the urgent
global challenge of antibiotic resistance [2]. Targeted deliv-
ery of antimicrobials directly to the wound bed is preferred,
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as systemic administration requires doses that can cause seri-
ous side effects such as cellular and organ toxicity, allergic
reactions, and impacting the composition of the gut micro-
biome [4, 5]. The incorporation of antimicrobials into wound
dressings for local delivery can increase their effectiveness,
reduce toxicity, minimise interference with wound healing,
and decrease bacterial resistance [4]. The rise of antibiotic
resistance also prompts new interest in alternative antimi-
crobials and wound care products, which is why alternatives
such as honey and honey-inspired products have emerged as
viable options [6].

Historically, honey has been used in traditional medicine
to treat wounds and prevent infection [7]. Several factors
make honey an ideal antimicrobial and wound healing bioma-
terial, including its low water activity, acidity, and phenolic,
defensin-1, and methylglyoxal (exclusively present in Lep-
tospermum-derived honeys) content [6]. However, the largest
contribution to honey’s antimicrobial activity comes from
glucose oxidase (GO,) and the enzymatic production of
reactive oxygen species (ROS) such as hydrogen peroxide
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(H20). This is due to GO, catalysing the oxidation of glu-
cose to gluconic acid and H,O; (Fig. S1 in Supplementary
Information).

Sustained low levels of ROS, such as H>O,, are essen-
tial to wound healing since they provide an antimicrobial
barrier between opportunistic pathogens and the wound site,
whilst contributing towards important healing mechanisms in
each stage of wound healing [8]. During haemostasis, ROS
participate in immunocyte recruitment, when their cytotoxic
antimicrobial activity is particularly beneficial [9]. During
the inflammation stage, ROS are involved in the regulation of
matrix metalloproteinases (MMPs) [10, 11], while during the
proliferation stage, they support fibroblast proliferation with
increased mitogenic rates [12, 13]. Finally, in the remodelling
stage, ROS stimulate neutrophils to facilitate highly efficient
clearing of damaged tissue, thereby simplifying debridement
[14, 15].

Current bioengineering techniques have allowed to repli-
cate honey’s GO, activity and enhance it by controlling the
rate of HyO; release [16, 17]. For example, Matoke Holdings
has patented a ROS (RO®) technology that releases low con-
centrations of HyO» over a sustained duration to effectively
kill pathogens without affecting human cells [16, 17]. More-
over, there is no evidence of antibiotic resistance to ROS
[16, 17]. This patented technology was developed as a gel
formulation, known as RO-101®, which is the antimicrobial
agent used for this research. This polymeric gel includes the
enzyme GO, from Aspergillus niger and glucose—its sub-
strate—for in situ generation of H, O, viaenzymatic reaction.

However, the delivery of a gel to a wound bed can cause
complications in a clinical environment [6]. As the mode
of gel delivery (application and ease of use) and efficacy,
including maintaining direct contact with the wound bed, are
limited, gels in combination with traditional wound dress-
ings present some constraints such as being absorbed by the
dressing, poor penetration into the wound site, and short-
term antimicrobial action. Increased volumes of gel would
be required to pre-load traditional dressing materials, which
may also lead to dressing failure, leakage, and potentially
result in further peri-wound skin complications. Most impor-
tantly, the delivery of the active agent to the wound site would
be minimal and not sustained, requiring frequent dressing
changes. Moreover, due to a strong adhesion between tradi-
tional dressings and the wound, removal of the dressing is
difficult, resulting in additional trauma.

However, biopolymers can be used as a delivery vehicle to
support the controlled release of ROS to a wound site, prevent
wound dressing leakage and failure, and reduce the possi-
bility of cytotoxicity by achieving a slower, more accurate,
and sustained delivery. This has been widely explored with
honey through tissue engineering manufacturing processes
[6]. For example, ROS-releasing honey-containing scaffolds
have been fabricated via electrospinning [18-23], hydrogels

and cryogels [24-27], foams [28], powders [29], cement [30],
and bioinks [31].

Electrospinning is a simple and well-documented method
to produce fibres with sub-micron and nanoscale diameters
that can mimic the structure of the natural extracellular matrix
[18-23]. This process is a popular approach to fabricate
wound dressings and is ideal for ROS release as it allows
enzyme immobilisation [32]. GO, has been encapsulated in
polymeric fibres using this method, providing outstanding
thermal stabilisation and immobilisation yield [32]. More-
over, electrospun meshes exhibit a high surface-to-volume
ratio, which increases the efficiency of the enzyme’s catalytic
reactions with substrates from the surrounding environment
by diffusion [32]. Electrospun meshes also have high porosity
with suitable pore size for ultrafiltration, meaning that they
form a physical antimicrobial barrier against infection [33],
are able to permit adequate permeation of atmospheric oxy-
gen to the wound site, and allow for wound exudate drainage
[34]. Furthermore, their high surface-to-volume ratio pro-
vides enhanced water absorption, making them exceptional
candidates for wound dressings [35]. When hydrophilic poly-
mers are utilised, electrospun sub-micron fibres are capable
of absorbing exudate more efficiently than typical film dress-
ings. Electrospinning was therefore selected to incorporate
RO-101?® gel into the matrix of a biopolymer mesh.

Polycaprolactone (PCL) has been considered to create
electrospun fibres for wound dressings due to its biodegrad-
ability, mechanical strength, and non-toxicity. However, a
harsh solvent is required to create a PCL solution which is
not conducive to maintaining GO, conformation and activity.
We have previously demonstrated in a preliminary study that
PCL and SurgihoneyRO™ electrospun meshes using acetic
acid inhibited the gel’s antimicrobial effect and did not sup-
port the generation of H,O; [36]. Subsequently, biomaterials
that require harsh solvents are unlikely to be compatible with
GO activity, and aqueous solutions are preferred.

An alternative is to use water-soluble polymers as the
fibrous matrix to deliver the antimicrobial gel and preserve
enzymatic activity. Polymers such as gelatin, alginate, and
polyvinyl alcohol (PVA) have been electrospun in combina-
tion with honey [18-23]. However, a key limitation is the
lack of quantification of ROS generation and the use of nat-
ural honey, which is a highly heterogenous and inconsistent
material. Thus, there is a requirement for a reproducible and
defined ROS generating formulation that can be delivered
via a fibrous mesh for wound dressing applications. PVA is
hydrophilic, water-soluble, and semi-crystalline with good
chemical and thermal stability. PVA is commonly employed
for tissue engineering applications since it has tuneable prop-
erties (depending on the degree of hydrolysis and molecular
weight), facile processing, and good mechanical properties,
and it is nontoxic, biocompatible, and biodegradable. Fur-
thermore, it has been designated “generally recognised as
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safe” by the US Food and Drug Administration [25, 37]. Sub-
sequently, PVA is often used as a delivery agent for bioactive
molecules [38]. This study utilises PVA as the carrier matrix
for the antimicrobial RO-101 gel.

The aim of this study is to fabricate a precisely for-
mulated composite electrospun mesh composed of PVA
combined with medical-grade RO-101® antimicrobial gel
using water as a solvent. The mesh is designed to deliver a
controlled and sustained release of HyO; for at least 24 h for
use in wound dressings and skin tissue engineering appli-
cations. Water can dissolve both PVA and RO-101® gel
without significantly affecting its enzymatic H,O» produc-
tion, and by replacing commonly used organic solvents,
the overall manufacturing process is simpler and less haz-
ardous. This study reports the optimised electrospinning
process and characterises the mesh’s morphology, chemistry,
mechanical and antimicrobial properties, and cytocompati-
bility. Furthermore, ROS release profiles as a function of
RO-101 concentration and sterilisation technique are pre-
sented. To the best of our knowledge, this is the first time
that a ROS-releasing antimicrobial gel has been successfully
encapsulated into biopolymeric sub-micron fibres via elec-
trospinning and validated for H,O; production.

Materials and methods

Fabrication of electrospun PVA/RO-101 sub-micron
fibres

A 0.12 g/mL PVA (molecular weight 89,000-98,000, >99%
hydrolysed, Sigma-Aldrich, UK) solution was prepared in
deionised water using a hot plate stirrer at 90 °C and 800
r/min overnight. Next, RO-101® antimicrobial gel (Matoke
Holdings Ltd., Abingdon, UK) containing 0.01% GO, was
added to the room-temperature PVA solution and vortexed
until a homogenous solution was obtained. Importantly, all
components were water-soluble (Fig. S2 in Supplementary
Information). Triton-X 100 (TX) (Sigma-Aldrich, Gilling-
ham, UK) was then introduced into the polymeric solution
(0.5%, mass fraction) to avoid bead formation and improve
fibre homogeneity. Throughout this work PVA concentration
in water was kept constant at 0.12 g/mL, and RO-101 was
incorporated into the PVA solution in gradual increments of
mass, as follows: PVA (0 g/mL RO-101 in water), PVA RO20
(0.03 g/mL RO-101 in water), PVA RO30 (0.0514 g/mL RO-
101 in water), PVA RO40 (0.08 g/mL RO-101 in water), and
PVA RO50 (0.12 g/mL RO-101 in water), making the over-
all polymeric solutions’ concentrations 0.12, 0.15, 0.1714,
0.20, and 0.24 g/mL, respectively. The name of the samples
was given based on the theoretical weight concentration that
will be present in the electrospun mesh, after the solvent has
evaporated. For instance, a 100 mg PVA RO40 mesh contains

@ Springer

40 mg RO-101 (40%, mass fraction) and 60 mg PVA (60%,
mass fraction).

A vertical electrospinning system (Spraybase, Maynooth,
Ireland) with a blunt-ended 21-gauge needle was used
with electrospinning parameters of 17.5 kV, a flow rate of
0.75 mL/h, and a spinneret distance of 13 cm. A rectangu-
lar (15 cm x 20 cm) sheet of aluminium foil on top of a
stainless-steel plate was used as a collector.

Viscosity and conductivity measurements

The viscosity of the polymeric solutions (n = 3) was mea-
sured by a hybrid rheometer (HR-2 Discovery Series, TA
Instruments/Waters Corporation, New Castle/Milford, USA)
using a parallel plate geometry with a 20 mm diameter and a
0.5 mm gap. Viscosity sweeps were conducted at shear rates
from 0.01 to 1000 s~! at 25 °C. The volume of each solution
tested was approximately 300 L.

Conductivity measurements were carried out using a con-
ductivity metre (Jenway Model 4510, Cole-Parmer Instru-
ment Company, UK) at 25 °C. The unit and the cell were
calibrated with 0.01 mol/L potassium chloride (KCI) as a
standard solution (1413 wS/cm at 25 °C), which provided
a cell constant of 0.888 cm™!. All tests were performed in
triplicate (n = 3).

Sterilisation techniques

Prior to antimicrobial assessment, samples were sterilised
using either ultraviolet (UV) or gamma irradiation, and the
effect on GO, activity and mesh morphology was assessed.
Samples were standardised to a mass of 100 mg. The elec-
trospun meshes were exposed to UV light for 1 h on each
side, in a sterilised cell culture cabinet, or gamma irradiated
for a total dose of 25 kGy.

Scanning electron microscopy (SEM)

The morphology and diameter of the meshes were deter-
mined using SEM (Quanta 250, FEI Company, USA) at an
accelerating voltage of 10 kV. All samples were stored for 24
h in a vacuum desiccator and then sputter-coated with a 6-
nm-thick gold/palladium (80:20) layer (Q150T ES, Quorum
Technologies, UK) to produce a conductive surface prior to
observation. Images (three per sample, n = 3 per group) were
collected, and the diameter of at least 50 fibres from each
mesh type was assessed quantitatively using NIH Image]
version 1.53c (Fiji).
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Water absorption capacity, weight loss behaviour,
and wettability

A water uptake study was carried out on PVA samples (n
= 3) with increasing RO-101 gel concentrations (i.e., PVA
RO20, PVA RO30, PVA RO40, and PVA RO50) by measur-
ing the degree of swelling. Electrospun samples were cut to
(50 &+ 0.3) mg (m¢) and submerged in 1 mL of 1 x phosphate-
buffered saline (PBS) for 1 and 24 h. At the specified time
points, soaked samples were placed and flipped gently on fil-
ter paper until no excess water was visible. Swollen meshes
were measured in triplicate.

To quantify weight loss, the swollen meshes were
weighed, and then dried in an oven at 37 °C for 20 h. The
swelling and weight loss were calculated according to the
following equations:

M0 100%, (1)

mo

Degree of swelling =

Mo~ Md s 100%, )
mo

Weight loss =

where mq and m are the weights of the meshes before and
after soaking in PBS, respectively, and mgq is the mass of
oven-dried meshes.

To evaluate the wettability of PVA/RO-101 electrospun
samples, water contact angle measurements of the meshes
were taken via the sessile drop method using a drop
shape analyser (DSA100, Kruss Scientific, Germany) and
deionised water at room temperature. Circular samples (n =
5, 19 mm in diameter) were cut from different locations of
three electrospun meshes of the same type with one measure-
ment per sample.

Tensile mechanical testing

The electrospun PVA, PVA RO20, and PVA RO40 meshes
tensile mechanical properties were investigated using Instron
3344 and Bluehill software (Instron, Norwood, MA, USA)
using a 10 N load cell following ASTM D882-12. Meshes
(n = 6) were cut into 50 mm x 5 mm (~0.4 mm thick
and 100 mg) strips and clamped with an initial grip sepa-
ration of 25 mm. The meshes were elongated at a rate of
5 mm/min until break. Young’s modulus was calculated using
the stress—strain curve slope in the initial linear portion (i.e.,
within 1%-3% strain).

Nuclear magnetic resonance spectroscopy

To confirm that the method for incorporation of the gel
and/or the electrospinning process did not change the chem-
ical structure of RO-101 gel, nuclear magnetic resonance
(NMR) spectroscopy was performed on a Bruker Avance 400

NMR spectrometer at 400 MHz (' H) with D>O. 'H chemical
shifts (8H) and chemical shifts (8'H) are in parts per million
(ppm) relative to internal residual solvent peaks from the
stated deuterated solvent.

Pure PVA and RO-101 gel reference samples were col-
lected by '"H NMR spectroscopy in D,0. Electrospun mesh
materials (i.e., using 50 mg for each individual material per
NMR experiment) loaded with RO-101 (i.e., at 20%, 30%,
40%, and 50%) in 1 mL of D,O were recorded by 'H NMR
analysis.

Hydrogen peroxide production

An Amplex® Red assay kit (Fisher Scientific Ltd., Loughbor-
ough, UK) was used to determine H> O3 release in the samples
following the manufacturers protocol. Briefly, 154 pg of
Amplex Red reagent was dissolved in 60 pL dimethyl sulfox-
ide (DMSO) and 10 units of horseradish peroxidase (HRP)
were dissolved in 1.0 mL of 1x PBS to make stock solu-
tions. The working solution was prepared by mixing 50 pL
of Amplex® Red reagent stock solution, 100 L of 10 U/mL
HRP stock solution, and 4.85 mL of 1x PBS to reach a final
volume of 5 mL.

In this study, PVA RO20 and PVA RO40 electrospun
meshes (n = 3) were tested at 0, 1, 2, 3, 6, 24, 48, and 72 h.
PVA RO40 (0% GOy) electrospun meshes were used as a
negative control. An equivalent mass of RO-101 gel with the
same GO, concentration (0.01%) was used as a positive con-
trol. UV and gamma-irradiated samples were compared with
nonsterile electrospun meshes to evaluate the effect of the
sterilisation method on enzymatic ROS production within
the mesh.

Meshes (100 mg) and controls were placed in a 24-well
plate and 500 pL of 1x PBS was added. The plate was then
kept atroom temperature and protected from light. To prevent
excess HyO» from oxidising the reaction product (resorufin),
10 pL was sampled from each well at each time point and
serially diluted (1:5 and 1:25). Standards and diluted sam-
ples (50 nL) were loaded into a 96-well plate. The working
solution (50 wL) was added to each well containing H,O»
standards and samples, for a total of 100 WL per well. The
reaction mix was incubated inside the plate reader for 30
min at 30 °C shaken for 10 s at 500 r/min every 5 min. The
fluorescence was measured for each dilution (at an emission
detection of 590 nm/20 nm) using a microplate reader with
excitation in the range 530 nm/30 nm (CLARIOstar, BMG
Labtech, Germany). The results were normalised for dilution
and material mass and presented as wWM/(g-mL) (1 pM =1
pmol/L) HyO; (normalised molarity detected as a result of
placing 1 g of material in 1 mL of PBS).
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Determination of antimicrobial susceptibility
Agar diffusion test

Bacterial sensitivity to meshes containing RO-101 was
tested using the disc diffusion assay. Mueller Hinton Broth
(MHB) and Mueller Hinton Agar (MHA) were purchased
from Sigma-Aldrich (Gillingham, UK). Bacterial cultures of
Staphylococcus aureus (i.e., ATCC 25904, ATCC 6538, and
methicillin-resistant S. aureus, MRSA) and Pseudomonas
aeruginosa (i.e., ATCC 15442 and ATCC BAA-47) were
prepared overnight and then adjusted to a final optical den-
sity (OD) of 0.08. Suspensions were applied uniformly
on the surface of an MHA plate to provide a lawn of
semi-confluent bacterial growth before placing the sterile
electrospun meshes on the plate. Meshes were either 19 mm
in diameter (dry) or 100 mg in mass (moistened with 100 pL
1 x PBS). Plates were incubated at 37 °C for 24 h, after which
inhibition zones surrounding the mesh were documented.

24 h time-kill test

Overnight growth cultures (12 h, 37 °C) of S. aureus ATCC
25904 were prepared in MHB and adjusted to a final OD of
0.8 using a spectrophotometer. Sterilised 19-mm-diameter
PVA/RO-101 meshes were each placed in a well of 12-well
plates (in biological triplicates, n = 3). PVA meshes without
the RO-101 gel were included as a negative control. Each
well containing a mesh was seeded with 2 mL of adjusted
bacterial culture. Three empty wells were also seeded as
additional controls to monitor normal bacterial growth and
compare against wells that contained PVA/RO-101 meshes
and determine reduction in bacterial culture. Well plates were
incubated at 37 °C under aerobic conditions for 24 h.
Following overnight exposure, the meshes were removed
from the broth and placed into sterile universal tubes contain-
ing 9 mL sterile MHB with glass beads. Samples were briefly
vortexed to detach cells from the mesh surface and seri-
ally diluted (1:10) in fresh MHB. Additionally, 1 mL of the
remaining bacterial broth culture medium was extracted from
each well, serially diluted, and then compared with negative
controls (without electrospun meshes). Aliquots (200 L)
were taken from each dilution and inoculated onto agar plates
in technical duplicates and incubated overnight (16—18 h) at
37 °C. Images were taken of every plate using a digital sin-
gle lens reflex (SLR) camera (D3200, Nikon, Japan), and
colonies were counted using the “Analyze Particles” func-
tion of ImagelJ (Fiji, v1.53c). The number of colony-forming
units (CFU) was recorded for each dilution where the soft-
ware was able to accurately count (max 500 colonies in a
plate). The data were processed to be expressed as 1g(CFU

@ Springer

count/mmz), using the area of the meshes available for bac-
teria to attach (283.53 mm?), and 1g(CFU count/mL) for the
determination of viable bacteria in bulk medium samples.

Antibiofilm viability study

Overnight growth cultures (12 h, 37 °C) of MRSA and
S. aureus ATCC 6538 were prepared in MHB separately,
adjusted to a final OD of 0.8, and then diluted 1:100 in ster-
ile MHB. Autoclaved CDC Biofilm Reactor® polycarbonate
coupons (BioSurface Technologies, Bozeman, Montana,
USA) (12.7 mm in diameter) were placed into a 6-well
plate. Bacterial broth culture (4 mL) was then added to each
well. Plates were incubated for 48 h at 37 °C to permit
biofilm formation on the coupon surface. Coupons were then
removed, dip rinsed in sterile PBS (Sigma-Aldrich, Gilling-
ham, UK) and carefully transferred to fresh 6-well plates
with each well containing 4 mL sterile MHB. Electrospun
meshes (n = 3, (100 & 0.3) mg each) were added on top of
the surface of coupons, ensuring that they were fully sub-
merged in the broth. Coupons and meshes were incubated
for 24 h. Upon removal, coupons were dip rinsed in PBS and
transferred along with meshes to universal tubes contain-
ing 9 mL Dey-Engley neutralisation broth (Sigma-Aldrich,
Gillingham, UK). Each tube was vortexed to remove attached
surface bacteria. A 1:10 serial dilution was performed on
biofilm samples and 200 L of each dilution was plated onto
agar in technical duplicates. Viable count was then calculated
and expressed in 1g(CFU/mm?) using the area of the coupons
(530.93 mm?).

Cell culturing and cytocompatibility

Human dermal fibroblasts (HDFs) were cultured with Dul-
becco’s modified Eagle medium (DMEM) (high glucose
and GlutaMAX) supplemented with 10% (volume fraction)
foetal bovine serum (FBS) and 1% (volume fraction) peni-
cillin/streptomycin and incubated in a cell culture incubator
(i.e., 37 °C, 5% CO3, and 95% humidity) until reaching 80%
confluence, after which cells were harvested using 0.05%
trypsin—EDTA (ethylene diamine tetraacetic acid) at Passage
5. HDFs were then seeded at a density of 10,000 cells per
well (in 24-well plates) and were allowed to attach for 24 h.
Gamma sterilised PVA, PVA RO20, and PVA RO40 meshes
(~19 mm in diameter and 100 mg in mass) were then placed
into the culture media on top of the cells and studies were
performed on Days 1, 3, and 7 after mesh placement. Cell
culture medium was changed every two days.

The metabolic activity of cells (n = 4) was evaluated using
Alamar Blue resazurin assay (Sigma-Aldrich, Gillingham,
UK). At each time point, AB solution (0.1 mg/mL) equal to
10% of the total media by volume was added to each well
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and incubated for 4 h. After incubation, 150 wL of each sam-
ple was transferred to a 96-well plate and fluorescence was
measured (i.e., 540 nm excitation/590 nm emission wave-
length) using a plate reader (Infinite 200, Tecan, Ménnedorf,
Switzerland). Samples were then washed in PBS and new
medium was added.

The MTT assay (Sigma-Aldrich, Gillingham, UK) was
used to assess cell proliferation (n = 4) following the man-
ufacturer’s instructions. The culture medium was removed,
and 150 pL of DMEM (without phenol red) and 150 wL of
MTT reagents were added and incubated for 3h at 37 °C. The
solution was removed and 450 wL of MTT solvent was added
and shaken in the dark for 15 min at 37 °C. The absorbance
was measured (590 nm) using a plate reader.

Cell viability was assessed using a Live/Dead assay kit
(ThermoFisher Scientific, UK) according to the manufac-
turer’s instructions. Briefly, medium was removed from the
samples and washed with PBS before adding a PBS solution
containing 2 pwmol/L calcein-AM and 4 pmol/L ethidium
homodimer-1. Next, samples were incubated for 30 min and
imaged with a confocal fluorescence microscope (Leica TCS
SP8, Leica Microsystems, Germany).

The cell nucleus was stained with 4’,6-diamidino-2-
phenylindole (DAPI; Thermo Fisher Scientific, Gillingham,
UK) to assess cell proliferation. Briefly, the cells were fixed
with 10% formalin for 30 min, washed in PBS, permeabilised
in 0.1% (volume fraction) TX solution for 5 min, washed in
PBS again, and then finally stained with 300 nmol/L DAPI
solution for 5 min. Stained cells were then imaged with a
confocal fluorescence microscope.

Statistical analysis

Statistical analyses were performed using one-way analysis
of variance and post hoc Tukey’s tests as implemented by
GraphPad Prism version 9.4.0 (GraphPad Software Inc., San
Diego, CA, USA). For all analyses, p < 0.05 ("p < 0.05, “p
<0.01, ™ p < 0.001, “p < 0.0001) was considered to be
statistically significant, and all results were reported as mean
=+ standard deviation (SD).

Results and discussion
Nuclear magnetic resonance spectroscopy

RO-101 gel’s NMR spectra were explored to identify its
characteristic chemical peak (3.65 ppm) and to verify RO-
101’s presence within PVA-RO electrospun samples. The
NMR spectra for PVA RO20, 30, 40, and 50 samples demon-
strate that the RO-101 gel had been successfully incorporated
within the polymeric fibres (Fig. l1a). There are no major

changes in the peak positions across these electrospun sam-
ples. PVA was found to have partial solubility in DO at
room temperature, while RO-101 was found to be freely sol-
uble in D>O at room temperature. NMR data support a linear
relationship for the encapsulation of RO-101 into the mate-
rial with increased loading. It can be observed that the peak
signal intensity of RO-101 increased with increasing con-
centration of RO-101 gel in all samples, as summarised in
Fig. 1b.

Rheology and conductivity of electrospinning
solutions

The viscoelastic properties of the polymeric solution are
among the key factors that affect the electrospinning process
and characterise the fabricated product [39]. Uniform and
beadless fibre formation requires the polymer solution to be
above the entanglement concentration, i.e. a critical number
of chain entanglements [40]. This critical value differs across
polymeric systems, and when itis not reached, it either results
in electrospraying or in the production of beaded fibres; this
is due to capillary breakup of the electrospinning jets by sur-
face tension, as described by the Rayleigh instability [39, 41].
For polymeric solutions, viscosity is usually the most influen-
tial property that sets the fibre morphology of the electrospun
mesh and determines if the solutions can be electrospun [42].
This property can be controlled by adjusting the concentra-
tion of the polymer and other components present in the final
solution. If the viscosity is too low, electrospinning will likely
result in intermittent polymeric filaments as well as droplets
of polymer solution [42]. In general, the more viscous the
system, the lower the occurrence of defects in the fibres.
However, too high a viscosity may cause flow instability due
to high cohesiveness of the solution [39].

Figures 2a—2e show the viscosity values corresponding
to a range of shear rates (0.01-1000 s~!) for each poly-
meric solution with increasing RO-101 gel concentration.
Observable differences were only recorded at viscosities in
the 0.01-10 s~! range. This range corresponds to the esti-
mated maximum shear rate that the polymeric solution would
experience when flowing through the tubing for electrospin-
ning (2.12s~! fora 0.75 mL/h flow rate and a tubing internal
diameter of 1 mm). PVA RO50 (0.24 g/mL polymeric solu-
tion) showed the highest viscosities across the 0.01-10 s~
range (Fig. 2e), with an average of (1.012 £ 0.3) Pa-s at
1.58 s~!. The lowest viscosities correspond to PVA (0 g/mL
RO-101 gel) with an average of 0.637 Pa-s at the same shear
rate (Fig. 2a). Since the PVA concentration remained con-
stant, it was expected that an increase in RO-101 gel would
make the solution more viscous. In the range of shear rates
that are applicable to the electrospinning process, the poly-
meric solutions increase in viscosity with increasing RO-101
concentration. It is worth noting that all the solutions were
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Fig.1 a 'H NMR spectra of PVA RO50, PVA RO40, PVA RO30, PVA
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tion of the RO-101 gel. b NMR peak intensity increases with RO-101

successfully electrospun, as they fell within the range of
viscosities considered suitable for electrospinning (0.1-2.0
Pa-s) [42]. The effect of the increase in viscosity is further
illustrated by the differences in the Taylor cones (Fig. 3a),
since as the RO-101 gel concentration increases, the Taylor
cone becomes less elongated, indicating higher cohesiveness

@ Springer

concentration in electrospun meshes. NMR: nuclear magnetic reso-
nance; PVA: polyvinyl alcohol

of the solution. Additionally, no major impact was observed
on the viscoelastic flow behaviour of 0.12 g/mL PVA solution
when adding 0.5% (mass fraction) TX (Fig. S3 in Supple-
mentary Information).

When measuring the viscosity of different PVA solu-
tions with different concentrations of honey, Tang et al. [18]
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reported a decrease in viscosity when increasing the con-
centration of honey. In their study, the mass of PVA was
decreased as the mass of honey was increased. In contrast,
our study examined if there was any significant difference in
viscosity when increasing the concentration of RO-101 gel
in the polymeric solution, whilst maintaining the same mass
and concentration of PVA (0.12 g/mL).

Figure 2f shows that as the mass of RO-101 in the
polymeric solution is increased (whilst keeping the PVA con-
centration constant), the conductivity decreases accordingly.
The specific conductivity of PVA (0.12 g/mL) was measured
at (456.43 £ 5.75) nS/cm, and the incorporation of larger
quantities of RO-101 (ranging from 90-360 mg) reduced the
specific conductivities to (429.50 £ 7.30), (414.10 & 3.65),
(401.38 £ 1.26), and (375.33 £ 2.93) uS/cm for PVA RO20,
RO30, RO40, and RO50, respectively. These results are not
consistent with previous reports of PVA/chitosan polymeric
solutions which incorporated increasing concentrations of
honey whilst fixing the PVA concentration within the solution
[43]. Contrary to their report, our findings suggest that the
number of ions available in the polymeric solution decreases
as the mass of RO-101 incorporated increases. From this
assay alone, it is expected that there will be an increase in
fibre diameter as the mass of RO-101 is increased [44], sug-
gesting that the electrospun sub-micron fibres with the largest
diameter will be PVA ROS50.

As the concentration of pure PVA increases from 0.08 to
0.10 and 0.12 g/mL, the conductivity of the polymeric solu-
tion significantly increases (p < 0.0001 for each increment)
(Fig. S4 in Supplementary Information). The 0.08, 0.10, and
0.12 g/mL PVA solutions resulted in an average conductivity
of (336.85 £ 0.98), (403.15 £ 6.91), and (456.43 £ 7.03)
WS/cm, respectively. Moreover, this demonstrated that the
addition of the surfactant does not have a significant effect
on the conductivity of the polymeric solution (p = 0.9893).
Incorporating 0.5% (mass fraction) TX into a0.12 g/mL PVA
solution results in an average conductivity of (452.88 +=3.11)
pS/cm, corresponding to a negligible 0.78% difference.

Morphologies of electrospun meshes

The fabrication process used for the incorporation of the RO-
101 gel into a dressing is environmentally friendly and facile
due to the use of water as a solvent to dissolve all compo-
nents of the electrospinning polymeric solution. The effect of
varying PVA, RO-101, and TX (surfactant) concentration on
mesh morphology was qualitatively and quantitatively anal-
ysed using SEM (Fig. 3).

Pure PVA solutions at 0.12 g/mL were successfully elec-
trospun with a stable jet, a finding that agrees with those of
Mwiiri and Daniels [45], who also reported unstable Taylor
cones and discontinuous jets during electrospinning for con-
centrations under 10% and above 12% (mass fraction). To

further verify this, 0.08 and 0.10 g/mL PVA solutions were
electrospun, and the morphology of the meshes was analysed
(Fig. S5 in Supplementary Information). The average fibre
diameters were (117 4=25), (223 4+ 32), and (223 + 32) nm for
the 0.08, 0.10, and 0.12 g/mL solutions, respectively. Thus,
fibre diameter increased as the PVA concentration increased
from 0.08 to 0.10 g/mL, but there was no significant differ-
ence between the 0.10 and 0.12 g/mL solutions (Fig. S5c in
Supplementary Information).

The PVA 0.08 g/mL meshes presented an elongated
drop configuration, whilst the 0.10 g/mL meshes exhib-
ited decreased elongation and a lower bead occurrence,
with beads changing from spherical to spindle-like shape
[42]. PVA 0.12 g/mL meshes (Fig. S5a in Supplementary
Information) showed an adequate mesh shape and was rela-
tively defect-free when compared to the 0.08 and 0.10 g/mL
meshes. This was expected as the viscosity increases with an
increase in PVA concentration, and this results in a decrease
in defects in the fibres as the polymer concentration reaches
its optimal value [39]. The minimum required viscosity,
which corresponds to the polymer concentration of the elec-
trospinning solution, depends on the molecular weight of
the polymer and the nature of the solvent [42]. The PVA
used in this study has a molecular weight of 89,000-98,000,
and literature supported the choice of 0.12 g/mL for this
specific polymer [45]. Nevertheless, at this concentration,
the distribution of fibre diameters was wider (Fig. S5b in
Supplementary Information), making it a less uniform and
less repeatable mesh. Due to this, as well as other practi-
cal challenges (e.g., very high voltages) faced during mesh
fabrication, the TX surfactant was added to the polymeric
solution to achieve a more stable and consistent electrospin-
ning process.

Effect of the TX surfactant on stable electrospinning

Electrospinning can only take place when the electrostatic
forces from the applied electrical voltage exceed the surface
tension of the polymer solution [46]. Low surface tension is
advantageous, as a lower voltage is required for the ejection
of the jet from the Taylor cone. For PVA aqueous solutions,
the surface tension is highly dependent on the degree of
hydrolysis of the PVA, with a significant rise in surface ten-
sion as the degree of hydrolysis increases [47]. This study
employed a fully hydrolysed (>99%) PVA dissolved in water
at a high concentration (0.12 g/mL), thus a high voltage
(>20 kV) would be required if the composition and all other
parameters remain fixed [48]. Working with too high volt-
ages could complicate the fabrication process and lead to a
highly unstable jet during electrospinning, as charge density
in the solution is too high. To achieve reproducible electro-
spinning, small amounts of TX surfactant (up to 1% mass
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fraction) can be added to lower the surface tension and delay
PVA solidification [40, 47, 49].

A comparison between 0%, 0.5%, and 1% (mass fraction)
TX was carried out to determine a satisfactory surfactant
concentration (Fig. S6 in Supplementary Information). No
significant changes were observed in the average fibre diam-
eter of meshes in response to increasing TX concentration
(Fig. S6c in Supplementary Information). However, there
was a visible improvement in the quality of meshes con-
taining 0.5% (mass fraction) TX compared to that without
TX. Specifically, the fibre density increased, the fibre diam-
eter distribution became considerably narrower (Fig. S6b in
Supplementary Information), and meshes were electrospun
defect-free consistently. Additionally, the voltage required
for visually optimal Taylor cone formation was reduced from
22 to 18 kV. This concentration of TX was also suggested by
Tiwari and Venkatraman [40] in core—shell electrospinning,
where PVA was present within the core. They reported that
0.5% TX reduced interfacial tension and enhanced the trans-
fer of the drag force from the shell to the core solution. This in
turn reduced the required threshold ratio between the relative
viscosities of the core and shell required for production of
uniform sub-micron fibres [40]. Further increase in TX con-
centration up to 1% (mass fraction) did not have a positive
effect on the fabrication process or the mesh morphology. A
high occurrence of defects was observed, including a range
of bead shapes, from spherical to spindle-like beads, with
a relatively low average distance between beads (Fig. S6a
in Supplementary Information). This finding is in agree-
ment with the observations by Yao et al. [47] who reported
that surface tension decreases significantly in response to a
small increase in TX concentration, reaching a critical value
at 0.003 g/mL, after which further increase in surfactant
concentration had little effect on the surface tension of the
polymer solution [47].

PVA electrospun samples (at 0.12 g/mL) including 0.5%
(mass fraction) TX result in a uniform, consistently dis-
tributed mesh of continuous fibres, free of defects and with
repeatable average diameters. This mesh was selected as the
baseline for the production of all samples characterised in this
study, with further differences mainly reflecting the amount
of RO-101 gel added.

PVA/RO-101 electrospun meshes

Figure 3a shows the differences in Taylor cones when
electrospinning PVA (0.12 g/mL) solutions with different
concentrations of RO-101; here the same parameters were
used (i.e., 13 cm needle-to-collector distance, 0.75 mL/h flow
rate, and 17.5 kV applied voltage) for all comparisons. As
the RO-101 mass is increased in the polymeric solution, the
elongation of the Taylor cone is diminished, reaching a con-
trollable jet in PVA RO30 (0.0514 g/mL RO-101) and PVA
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RO40 (0.08 g/mL RO-101) solutions. The decrease in elon-
gation can be explained by the reduction in surface tension
and/or drag forces within the polymeric solution. This reduc-
tion in tension may be supported by the increasing mass
of TX present in the solution as the mass of RO-101 also
increased, while the PVA concentration remained constant.
This is because small increments in the TX mass may cause
considerable reduction in the surface tension of polymeric
solutions containing high amounts of RO-101. This claim
is supported by an observed decrease in the critical voltage
required for jet formation from the Taylor cone [45] that was
observed as the mass of RO-101 was increased; this find-
ing is contrary to the expected increase in critical voltage
that would be expected as the concentration of the polymeric
solution increased [48]. Moreover, the chemical composition
of the polymeric RO-101 gel combined with its proportional
increase in mass in the solution may contribute to the reduc-
tion in drag forces between PVA and the gel, hence reducing
the critical voltage for uniform fibre formation [40].
Figures 3b and 3c present the morphology and diameter
distributions, respectively, of PVA and PVA/RO-101 electro-
spun sub-micron fibres with different gel concentrations. It
was evident that the average diameter of the sub-micron fibres
increased with increasing concentration of RO-101, which
was expected as the increase in gel mass leads to an overall
increase in the concentration of the polymeric solution; this
finding is consistent with those of previous studies [18, 48,
50]. Pure PVA sub-micron fibres (containing 0 g/mL RO-
101) averaged (212 % 50) nm in diameter, and even though
the solution containing the smallest amount of RO-101 gel
(i.e., PVA RO20, 0.03 g/mL RO-101) did not drastically
impact the diameter ((226 £ 51) nm)), further increase in
RO-101 concentration resulted in a significant increase in
fibre diameter ((283 £ 138), (379 + 99), and (545 +£ 255)
nm for PVA RO30, 40, and 50, respectively) (Fig. 3d). It
was initially predicted that increasing the mass of RO-101
would cause an increase in both the viscosity and conduc-
tivity of the polymeric solution [51], and that this behaviour
would be a major influence on the morphology of the meshes.
Even though viscosity trends between the solutions studied
were not clearly defined, the increase in fibre diameters with
an increase in RO-101 mass was closely correlated to the
decrease in conductivity (Fig. 2f). This confirms the strong
relevance of this parameter to mesh morphology, whilst sug-
gesting that there are other factors which influenced the
fibres. The presence of bundles and large spindle-like beads
in PVA ROS50 fibres (Fig. 3b) show that fibres did not dry suf-
ficiently before reaching the collection plate, confirming that
the increase in RO-101 may increase the probability of wet
fibres when deposited on the plate [52]. This phenomenon
was also noted when removing the electrospun mesh from
the collector plate, as a relative increase in moisture was
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recorded when removing samples with higher RO-101 con-
centrations. This may be caused by a gradual reduction in the
rate at which water is removed from the jet as RO-101 concen-
tration increases [52]. This hypothesis is supported by Taylor
cone images (Fig. 3a), which confirmed that with increasing
RO-101, the suspended droplet becomes smaller and is there-
fore less exposed to air. The wetter the fibres, the less they
are strained by the electric field when they are deposited, so
they are more likely to undergo a solidification process that
is influenced by surface tension and relaxation process dic-
tated by the viscoelastic property of the wet fibres [52]. This
process explains the undulating morphology observed as the
concentration of the RO-101 gel increased.

With electrospinning solutions of increased polymeric
concentration (higher RO-101 mass), the Taylor cone solid-
ified faster and the needle tip was clogged, which was also
observed in a similar work by Mwiiri and Daniels [45].
Clogging causes the jet to become inconsistent which also
contributes to the creation of defects. Increased RO-101 con-
centration also resulted in greater inconsistency in the fibre
diameter, represented by a larger standard deviation in aver-
age diameter (Fig. 3c). Pure PVA (0 g/mL RO-101) has a
narrow distribution, with almost two-thirds (66%) of fibres
measuring 180-220 nm in diameter. Incorporating RO-101
gel resulted in a wider diameter distribution. Most PVA
RO20 fibres (72%) fell within the 180-260 nm range. This
range continued to broaden and include larger diameters as
the RO-101 concentration increases: 200-350, 250—450, and
300-700 nm for the majority (>78%) of PVA RO30, 40, and
50 samples, respectively. This finding agrees with a simi-
lar observation by Khan et al. [50], who also conducted an
experiment using honey.

All polymeric solutions containing RO-101 were electro-
spun into uniform three-dimensional (3D) structures (Fig. 3b)
that could mimic the structure of the natural extracellular
matrix [18]. Out of these, PVA RO20 showed the most homo-
geneous morphology (narrowest fibre diameter distribution)
with smooth fibres and low bead occurrence. However, for
this study PVA RO40 was most appropriate as these fibres
carry the highest mass of RO-101 that allow for homoge-
nous fibres with low bead occurrence, which is not the case
for PVA RO50 (Figs. 3b and 3c¢).

Effect of sterilisation on mesh morphology

The role of sterilisation techniques, gamma irradiation and
UV irradiation on fibre morphology were assessed, as this
could potentially change the performance of the mesh (Fig.
S7 in Supplementary Information). By observing the distri-
bution of the fibres and comparing diameters before and after
gamma irradiation, it was determined that sub-micron fibres
were not significantly affected by this sterilisation technique

(Figs. S7a-S7c in Supplementary Information). The pres-
ence of beaded sub-micron fibres with a spindle shape as
well as spherical beads after sterilisation could have been
caused by the crosslinking, branching, and grafting effects
induced by gamma irradiation on the PVA and RO-101 poly-
mer chains [53, 54]. Gamma irradiation has been shown
to simultaneously induce polymerisation of organic com-
pounds, crosslinking of PVA, grafting between PVA and
adjacent molecules, and immobilisation of GO, onto a PVA
matrix [54]. These reactions may enhance the performance
of the mesh towards our intended wound dressing applica-
tions, since they may improve its stability when in contact
with the aqueous wound environment, as well as promote a
steadier rate of H,O; release via improved encapsulation of
the GO, enzyme. Nevertheless, higher doses (closer to 100
kGy) or extended exposure of gamma irradiation could cause
degradation of the intermolecular hydrogen bonds in PVA,
resulting in chain scissions and an accompanying reduc-
tion in mechanical strength [53]. The UV-irradiated samples
(Fig. S7a in Supplementary Information) showed no major
beads present in the meshes, and their overall morphology
appeared similar to the nonsterile samples. However, a sig-
nificant increase in fibre diameter was observed (Fig. S7c in
Supplementary Information), which aligns with previously
reported results [55]. It is worth mentioning that a high UV
exposure power (~20 W) could increase the water absorption
abilities of the fibres via crosslinking [55].

Based on this preliminary morphological assessment, it
was concluded that gamma irradiation would be a more suit-
able sterilisation technique for PVA/RO-101 meshes since it
displayed an insignificant effect on fibre diameter and dis-
tribution. Additionally, it may improve the stability of the
mesh via the crosslinking effect it may have on its polymeric
chains. Still, UV irradiation cannot be dismissed from this
experiment alone, as it resulted in changes to fibre morphol-
ogy that could be tolerable if the mesh met all requirements
for its intended medical application. For a clear understand-
ing of the suitability of these processes, we performed a
separate comparison of the effect on the enzymatic activity
of the meshes (Sect. “Comparison of sterilisation methods
on HyO, production”).

Tensile mechanical properties

Tensile mechanical properties of the meshes were investi-
gated to identify the impact of incorporating RO-101 and to
evaluate the suitability of RO-containing meshes for wound
dressings and tissue engineering applications. Figure 4a illus-
trates representative strain—stress curves for the PVA, PVA
RO20, and PVA RO40 meshes.

The most flexible meshes were PVA RO40 with Young’s
modulus of (152.13 + 83.70) kPa, which was similar to sam-
ples without RO-101 (i.e., (187.94 £ 107.36) kPa for PVA
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alone) (Fig. 4b). Conversely, Young’s modulus was the high-
est for the PVA RO20 mesh ((280.83 + 38.29) kPa). There
was no significant difference in ultimate tensile strength
(UTS) values across samples (Fig. 4c). Moreover, PVA RO20
samples demonstrated to be the most ductile with a frac-
ture strain of (34.90 + 15.74)% (Fig. 4d). This could be
due to PVA RO20 having the most homogeneous morphol-
ogy (narrowest fibre diameter distribution) as well as smooth
fibres and low bead occurrence (Fig. 3). Overall, the ductil-
ity decreased with further incorporation of RO-101 into the
fibres, with PVA RO40 meshes presenting a mean fracture
strain of (30.20 £ 10.93)%.

Young’s modulus of PVA RO40 meshes was found to be
similar to that of commercially available wound dressings
including Kaltostat®, Aquacel® Ag, Aquacel® Extra, and
Exufiber®, which vary between 0.24 and 0.95 MPa [56].
Moreover, the average UTSs recorded for PVA RO20 and
PVA RO40 (2.01 and 2.02 MPa, respectively) were signifi-
cantly higher than the UTSs observed for these commercial
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dressings (0.04-0.53 MPa). The electrospinning process
presents an approach capable of fine control of the mechan-
ical properties of the meshes and is capable of facilitating
improved regeneration by favouring differentiation [57].

Water absorption capacity, weight loss behaviour,
and wettability

The ability to absorb water is an important property for elec-
trospun meshes intended for wound dressing applications, as
this represents how much exudate can potentially be absorbed
from the wound bed during the healing process [18]. The
meshes’ ability to absorb wound exudate was estimated by
studying their degree of swelling after leaving them to soak
for periods of 1 and 24 h in 1x PBS (Fig. 5a). Additionally,
as the PVA/RO-101 meshes were uncrosslinked in this study,
the stability of the meshes in an aqueous environment was a
concern; hence, a weight loss study was performed.
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After soaking for 1 h, PVA meshes demonstrated the high-
est average swelling percentage at 197%, followed by PVA
RO30 meshes at 170% (Fig. 5a). On the other hand, PVA
RO20 samples exhibited the lowest absorption at 115%. After
24 h, PVA RO30 and PVA RO40 showed the largest capac-
ity for absorption with averages of 189% and 186% of their
initial mass, respectively. The lowest capacity for absorption
was again PVA RO20, which showed an average swelling of
133%.

The deficiency in absorption shown by the PVA RO20
samples can be explained by a large degradation of the fibres
when immersed in an aqueous environment. This is sup-
ported by the results of the weight loss experiment, where
these samples consistently presented the largest average per-
centage loss in mass, i.e., at 66% and 60% after soaking for
1 h and 24 h, respectively (Fig. 5b). For the 24 h case, the
highest swelling percentages found in the PVA RO30 and
PVA RO40 samples also relate to the lowest average weight
loss percentages, at 50% and 47%, respectively. As expected
for the 1 h soaking case, PVA presented the lowest weight
loss at 48%. It was evident that PVA has a higher absorp-
tion percentage when soaked in PBS for 1 h, as the longer
it remains in the aqueous environment, the more quickly it
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swelling and weight loss and n = 5 for wettability; *p <0.05, “p <0.01,
“*p <0.001, " p <0.0001). PVA: polyvinyl alcohol; PBS: phosphate-
buffered saline

degrades. Conversely, for the PVA RO20, 30, and 40 electro-
spun meshes, after 1 h the mass of RO-101 gel within the PVA
carrying fibres starts to dilute. After 24 h immersion in 1x
PBS, at the peak of enzymatic release of H>O», the major-
ity of the active ingredient in the RO-101 gel had already
reacted, and the concentration of the gel present in the mesh
continuously decreased. This created new gaps in the fibres
that may then be occupied by molecules of the PVA/RO-101
polymeric chain interacting with water molecules. Moreover,
these meshes demonstrated relatively high morphological
stability, so with prolonged soaking, composite fibres have
the opportunity to swell further without losing as much mass
as PVA samples alone. This behaviour led to higher absorp-
tion after 24 h of immersion compared to immersion for only
1 h (Fig. 5a). Between 1 and 24 h, an increase in absorp-
tion of 16%, 11%, and 31% for the PVA RO20, 30, and 40
electrospun meshes, respectively, was observed. It was also
observed that the threshold for RO-101 concentration in the
mesh should be 40% (mass fraction), as PVA RO50 electro-
spun meshes demonstrated a 10% reduction in swelling after
24 h relative to their size after 1 h. This supports the choice
of the PVA RO40 mesh as a suitable test case for the intended
purposes of this study.
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The wettability of electrospun meshes is another impor-
tant factor that determines their biological performances, as
it affects the sample’s absorption and H,O, release profiles.
These parameters are strongly predictive of the capacity of
the sub-micron fibres to kill pathogens whilst promoting cell
attachment, adhesion, and proliferation. For wound dress-
ings, it is necessary that the surface in contact with the
wound bed is hydrophilic (i.e., with a contact angle <90°)
[58]. Since PVA RO50 samples were ruled out as a viable
option for this study, only PVA RO20 and 40 were analysed.
PVA electrospun meshes presented an average water contact
angle of 14.50° & 1.71°, whereas the PVA RO20 and PVA
ROA40 samples exhibited 22.93° 4 1.76° and 33.90° £ 0.52°,
respectively (Figs. 5c and 5d). A clear trend was observed: as
the mass of RO-101 present in the mesh increased, the con-
tact angle was higher, although it remained hydrophilic and
retained the potential to act as a wound dressing. These con-
tact angle measurements are aligned with previously reported
values, which showed that a mesh of 0.10 g/mL PVA with
various molecular weights resulted in contact angles in the
30°-40° range [59, 60], and it is expected that as PVA con-
centration increases, the contact angle can decrease due to
the hydrophilic nature of PVA, which contains hydroxyl
groups. Water absorption values of PVA and PVA RO40 were
inversely proportional to water contact angles, following the
trend suggested by Maver et al. [61]. Overall, PVA presented
the lowest contact angle and it resulted in the highest average
swelling percentage when compared to PVA RO20 and 40.
However, the 3D structure and viscous nature of the materials
analysed make the relation between contact angle and water
absorption values complicated [61], which may explain why
PVA RO20 did not fit the expected trend for the electrospun
meshes tested.

After taking these results into consideration, PVA RO40
remained the combination of choice for this study, as it pre-
sented an adequate fibre morphology and performed better
in wettability and absorption testing than other commercially
available materials used for wound dressings such as nonwo-
ven viscose, fibrous alginate, and polyethylene terephthalate
[61].

Enzymatic activity: H,0, production

The production of HyO; is the dominant factor determining
the antimicrobial activity of honey and honey-inspired engi-
neered products [6, 17,29, 30, 62]. The main objective of this
work was to verify that the fabricated meshes would be able
to controllably release HoO; for at least 24 h, and follow a
similar profile as the RO-101 gel would on its own when acti-
vated with PBS. Additionally, to enable the translation of the
PVA/RO-101 mesh into a clinically viable wound dressing, a
suitable sterilisation method is required that does not disrupt
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the production of H,O,. A variety of Food and Drug Admin-
istration (FDA)-recognised methods are available, including
dry/moist heat, e-beam/gamma/X-ray/UV irradiation, ethy-
lene oxide (ETO) gas perfusion, and H» O, vaporisation. Heat
is not a suitable method since after only 30 min of incubation
at 60 °C, more than 80% of the GO, activity is lost [63], and
the minimum temperature required for moist heat sterilisa-
tion is 121 °C or even 176 °C for dry heat sterilisation [64].
Similarly, the basic ETO sterilisation cycle requires an expo-
sure time of 1-6 h at a temperature of 37-63 °C, as well as
an 8—12 h mechanical aeration cycle at 50-60 °C to desorb
toxic ETO residues present in exposed absorbent materials
[65]. Vaporised H,O;, was not considered as the necessary
levels appropriate for sterilisation would oxidise the GO,
thereby rendering it inactive [66]. Therefore, due to the lim-
itations associated with the methods mentioned above, two
irradiation sterilisation techniques, gamma irradiation and
UV irradiation, were selected. In previous reports, these two
methods have been found to not induce substantial changes in
the physicochemical and/or cell viability properties of poly-
meric nanostructures [67].

Subsequently, the effect of either gamma or UV sterili-
sation on H>O; production was assessed in PVA RO20 and
PVA RO40 (Fig. 6). These samples were chosen to observe
the effect of doubling the concentration of RO present on
H>0, production.

Comparison of sterilisation methods on H,0, production

Figure 6a provides a comparison of H,O; generation over 24
h for UV-sterile, gamma-sterile, and non-sterile PVA/RO-101
samples. After 24 h, non-sterile PVA RO40 samples accu-
mulated a H,O; concentration of (927 + 314) uM/(g-mL)
(referring to HO, molarity produced by 1 g of material when
dissolved in 1 mL of PBS), and non-sterile PVA RO20 sam-
ples reached (425 &+ 136) wM/(g-mL). As expected, samples
with higher RO-101 concentrations reached a significantly
higher HyO, peak. During the same period, meshes exposed
to UV sterilisation reached H,O, concentrations of only (113
£ 4) and (196 £ 14) uM/(g'mL) for PVA RO20 and 40,
respectively. This corresponds to 73% and 79% reductions
in H>,O; levels compared to non-sterile samples, indicating
that one hour (on each side) of UV exposure has a strongly
adverse effect on mesh GO, activity. This finding is consis-
tent with previous studies showing that gradual denaturation
of GO, occurs as UV exposure intensity and time increase
[68]. Moreover, both UV-sterile samples reached their peak
after only 2 h of activation, and this low level was sustained
with no further release for the next 22 h. The release profile
observed in both UV-sterile samples advises against using
this method for sterilisation of PVA-RO electrospun meshes,
as they did not meet the key requirement for their intended
wound healing application.
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Fig.6 H>O; production over: a 24-h period for non-sterile, UV-sterile,
and gamma-sterile electrospun samples (i.e., PVA RO20 and PVA
RO40), b 72-h period for gamma-sterile PVA RO20 and PVA RO40
electrospun samples, including PVA RO40 (0% GOy) as a negative

Taken together these results demonstrated that gamma
irradiation, at a total dose of 25 kGy, had the least effect
on GO, activity, and the overall levels of HyO» production
achieved were significantly higher than that of UV-sterilised
samples. Interestingly, gamma-sterilised samples showed
even higher levels of GO, activity than non-sterile samples
during this period. This is in agreement with the hypothesis
that there would be little to no detrimental effect of gamma
irradiation on GO, activity [69]. At24 h, the H,O; concentra-
tions of the gamma-sterilised PVA RO20 and 40 electrospun
meshes were (762 £ 276) and (1067 £ 428) pM/(g-mL),
respectively. Even though the H,O, concentration at 24 h
was slightly higher for gamma-sterile samples, their profiles
showed that the peak was reached earlier (between 6 and 24
h). Conversely, non-sterile samples reached their peak at 24
h, which indicates the potential for further HyO» release in
the following hours. Hence, it was determined that although
gamma irradiation did not considerably impact the overall
H;0O, concentration levels, it notably changed the release
profile of the samples over the investigated period. It is pos-
sible that gamma irradiation immobilised the GO, onto the
mesh, and whilst the entrapment did not have a detrimental
effect on enzyme activity [54, 69], it may have promoted a
larger initial release followed by a more stable but smaller
release over the following 5-10 h, and an earlier drop in H O»
production when compared to non-sterile samples.

(b) Gamma sterile samples

H,O, concentration (uM/(g-mL))

Time (h)

4 Gamma-PVA RO20
@ Gamma-PVA RO40

® Gamma-PVA RO40 (0% GO,)
+ RO gel (0.4 gin 1 mL PBS)

control and an equivalent mass of RO-101 gel (0.01% GO,) as a posi-
tive control. Data are expressed as mean = standard deviation (n = 3).
UV: ultraviolet; PVA: polyvinyl alcohol; GO,: glucose oxidase; PBS:
phosphate-buffered saline

72 h H,0; release profiles of gamma-sterilised electrospun
meshes

Gamma sterilisation did not exert a major negative impact
on the catalytic action of GO, when evaluated against non-
sterile meshes with respect to HoO, production over 24 h.
Subsequently, a more comprehensive study was carried out
over 72 h to verify the levels of H,O; that could potentially
be achieved by gamma-sterile samples, as well as to help
us better understand the H>O; release profile. To understand
how much GOy activity was retained after the incorporation
of the RO-101 gel into the polymeric solution and during
the electrospinning process, an equivalent mass of gamma-
sterile RO-101 gel (positive control) was examined at the
same time points. A PVA RO40 sample containing 0% GOy
was used as a negative control to identify any potential alter-
native contributing factor from RO-101.

The PVA RO40 meshes reached a maximum average
H;0O, concentration of (1192 £ 280) wM/(g-mL) after 6
h of activation. Similarly, the PVA RO20 samples reached
their peak at the same time, producing an average of (837
4 194) uM/(g-mL), which is approximately 30% lower than
PVA RO40 samples (Fig. 6b). This difference was expected
because it is assumed that PVA RO20 samples contain
approximately 50% less RO-101 mass encapsulated within
the fibres. These findings support the claim that gamma irra-
diation can indeed support RO-101 encapsulation within the
fibres, and this improved entrapment may provide a more
stable and consistent release profile, as observed by both

@ Springer



Bio-Design and Manufacturing

meshes. This consistent release profile was achieved with-
out sacrificing the HyO» concentration levels expected from
the previous evaluation of non-sterilised samples.

Further analysis of release profiles showed that the
gamma-sterile electrospun meshes achieved peak production
earlier than the RO-101 gel. The gel reached its peak at 24 h,
which is similar to the release profile of non-sterilised elec-
trospun samples. In addition, the RO-101 gel was able to
maintain higher levels of HyO; even after 24 h, with only
gradual decreases in concentration from 24 to 48 and 72
h. The gel’s ability to sustain high levels of H,O;, beyond
72 h suggests the potential for the electrospun dressing to
extend its intended product application duration for extended
periods once the method of incorporating the gel within the
fibres is optimised. Furthermore, the release profile of the
PVA/RO-101 meshes is influenced by the initial activation
and dilution of GO, during the mixing of the RO-101 gel
and the PVA solution before electrospinning. Results suggest
that the electrospinning process effectively pauses enzymatic
activity by eliminating most of the freely available water.
However, HyO» levels may be reduced compared to RO-
101 gel alone, and there could be resting levels of H>O;
present within the fibres. Moreover, the influx of oxygen
and atmospheric water, to which the electrospun meshes are
exposed when not vacuum sealed, may contribute to a fur-
ther increase in the resting production of HO;. Nevertheless,
gamma-sterile samples delivered expected H,O, levels for
up to 24 h, followed by a gradual decline in concentration.
This decline is controlled by the decreasing activity of GOy
and the decay rate of HyO»,, and it was slightly steeper in
the case of PVA/RO-101 samples than in the gel. In a wound
setting, HoO» levels would also be reduced by catalase and
other peroxidase enzymes, which are abundant in skin tis-
sues [70]. By comparing PVA RO40 meshes to an equivalent
mass of RO-101, the addition of 0.1% (mass fraction) TX
was confirmed to not have a noticeable negative impact on the
enzymatic production of HyO», but supported the repeatable
and consistent production of meshes. However, its presence
in medical devices in the European Union (EU) will become
restricted; hence, future work will involve the optimisation
of processing to eliminate the need for TX.

The release profiles shown by the gamma-sterile meshes
further endorsed gamma irradiation as a potential technique
for mesh sterilisation. They also validated the electrospinning
process, as the fabricated meshes demonstrated H,O; levels
comparable to an equivalent mass of RO-101 gel. Although a
small percentage of H,O; generation occurs during the solu-
tion preparation step when mixing the gel, the reaction is
paused during the fabrication process via water evaporation.
The enzymatic reaction is only resumed once the electrospun
mesh is activated with sufficient water molecules. When com-
paring the average maximum H;O, concentration achieved
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by PVA RO40 samples (i.e., (1192 £ 280) wM/(g-mL)) ver-
sus the average peak of its equivalent RO-101 gel mass (i.e.,
(1343 £ 821) wM/(g'mL)), there is an estimated loss of
11% (Fig. 6b). Gamma-sterile samples reach peak production
faster, which could be a potential advantage for managing a
range of wounds. The sharper initial rise and earlier decline
do not represent a disadvantage for gamma irradiation, since
all samples comply with the minimum requirement of main-
taining H,O; levels for up to 72 h. This is critical, since it is
the maximum time an absorbing wound dressing is generally
left in place; however, dressings are typically changed more
than once a day depending on the amount of wound exudate
[71]. In wounds where a highly concentrated burst of H,O; is
desired (e.g., infected chronic wounds), gamma-sterile PVA
RO40 samples are a highly absorbent solution.

Antimicrobial susceptibility assays

The efficacy of honey and honey-inspired engineered prod-
ucts has been demonstrated both in vitro and in vivo against a
range of Gram-negative and Gram-positive bacteria, includ-
ing antibiotic-resistant species (e.g., MRSA) [6, 16, 29, 30].
Although further optimisation is required to enhance the
incorporation of RO-101 and release profile of H,O», antimi-
crobial assays were carried out to understand the activity of
electrospun PVA/RO-101 meshes to inhibit bacterial growth.
Agar diffusion tests were performed as an initial qualitative
analysis, followed by 24 h time-Kkill tests, which provided
clearer quantitative bactericidal data. Finally, the antibiofilm
potency of the electrospun fibres was determined to represent
the bacterial growth modes of a chronic wound.

Agar diffusion test

All electrospun meshes demonstrated potential to inhibit
the growth of both staphylococci and pseudomonads. Fig-
ures 7a—7c show the zones of inhibition of PVA RO20, 40,
and 50 electrospun samples against S. aureus (ATCC 25904).
The PVA RO20 mesh samples show a zone of inhibition that
allowed some colonies to form as well as grow under the
mesh. However, as the estimated concentration of RO-101
in the mesh increased from 20% to 40% (mass fraction), the
inhibition zone slightly increased. Moreover, in PVA RO40
meshes, approximately half of the mesh degraded into the
agar and fully inhibited the growth of the bacteria on these
portions (Fig. 7b). The PVA RO50 meshes showed a smaller
zone around the mesh, but the portion of the mesh that dis-
solved was larger, resulting in a larger and clearer zone of
inhibition under the mesh itself (Fig. 7c). Although PVA
RO50 samples are expected to have a higher antimicrobial
effect, they are more challenging to manufacture, and—rel-
ative to PVA RO40 samples—result in a thinner mesh when
electrospun. Thus, a stronger initial inhibitory effect of PVA
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Fig.7 Representative images of
agar plates showing zones of
inhibition by: a PVA RO20,

b PVA RO40, and ¢ PVA RO50
in the presence of S. aureus
(ATCC 25904); d 40 mg of
RO-101 gel control (at different
GO, concentrations) diluted in
100 uL 1x PBS, e PVA RO40,
f PVA RO40 (100 mg) in the
presence of S. aureus (ATCC
6538); g 40 mg of RO-101 gel
control (at different GO,
concentrations) diluted in 100
pwL 1x PBS, h PVA RO40, i PVA
RO40 (100 mg) in the presence
of MRSA; j PVA RO20, k PVA
RO40 in the presence of P.
aeruginosa (ATCC 15442); and
1 PVA ROA40 in the presence of P.
aeruginosa (ATCC BAA-47).
PVA: polyvinyl alcohol; PBS:
phosphate-buffered saline; GOy:
glucose oxidase; MRSA:
methicillin-resistant S. aureus
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ROS50 was observed, but as the fibres began to dissolve in the
agar within the 24 h period, bacteria started growing on top
and around the mesh.

When evaluating susceptibility against S. aureus (ATCC
6538), temporary zones of inhibition were observed around
the 19-mm meshes (Fig. 7e), potentially indicating rapid con-
sumption of H>O, or minimal activation of the enzymatic
reaction due to insufficient free water molecule availability.
To verify this, a larger mesh (100 mg) was moistened with
100 wL 1x PBS (Fig. 7f), resulting in a clearer zone of inhi-
bition and suggesting a successful migration of generated
H,0» into the nutrient agar. The shape and size of the zone
could be explained by the tight binding of the antimicrobial
gel to the electrospun mesh; accordingly, HyO» tended not
to diffuse out of the mesh. Moreover, the small zone can be

explained by the fast degradation of H,O; once production
has stopped, since the moisture available does not support
continuous generation. This is further supported by the larger
zones of inhibition created by a mass of RO-101 gel that
was equivalent to the 100 mg PVA RO40 meshes when both
were activated by the same amount of 1x PBS (Fig. 7d). In
this case, activated RO-101 gel was added to 8-mm wells in
the inoculated agar. This illustrated the antimicrobial activ-
ity of the gel at different GO, concentrations and was used
as a positive control to compare to the activity displayed
by various meshes regarding the enzymatic generation of
H,0,. PBS was included as a negative control since it was
used to activate samples. These zones are much clearer, and
fewer colonies were able to grow once the PBS evaporated,
indicating a longer period of H,O» production. This method
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also provided better migration of the antimicrobial gel into
the agar, which can be seen by the larger and more circu-
lar zone of inhibition. A similar behaviour was observed for
the MRSA samples (Figs. 7g—7i). For P. aeruginosa, meshes
containing RO-101 were unable to fully inhibit growth but
presented clear zones in which the concentration of colonies
was decreased (Figs. 7j—71). Finally, the zones became larger
as the concentration of RO-101 increased from PVA RO20
to PVA ROA40, regardless of the shape of the sample.

Agar diffusion results directly related to previously
reported H>O; release data and showed that PVA/RO-101
meshes have the potential to inhibit bacterial growth of both
Gram-positive and Gram-negative bacteria. This suggests
that the proposed mechanism of antimicrobial activity (i.e.,
H;0,) is being fulfilled. Next, to generate quantitative data
and to conduct an experiment in which the lack of water
molecules would not be a problem, a 24 h time-kill test was
carried out.

24 h time-kill test

Figure 8a shows the antibiotic activity of the 19-mm elec-
trospun meshes when added to a bacterial broth culture
medium. Uncrosslinked samples can degrade in aqueous
environments, and this may have an impact on the amount of
bacteria that can attach to the surface of the mesh. To evaluate
the killing effect on bacteria attached to electrospun meshes
over 24 h, PVA alone was used as a negative control. PVA
samples supported an average lg of CFU count per mm? of
5.97. In contrast, PVA RO20 samples achieved an average
reduction of (0.77 + 0.39) log units, whereas PVA RO40
achieved a reduction of (1.27 £ 0.31) log units. The anal-
ysis of viable bacteria remaining in the spent broth culture
medium in the wells after removal of the meshes validated
the antimicrobial activity of the PVA/RO-101 meshes, as was
illustrated by an observable reduction in the CFU count per
mL (Fig. 8b). Overall, PVA RO40 achieved an average reduc-
tion of (1.38 = 0.39) log units when compared to the control
(i.e., without an electrospun mesh), and a (1.00 & 0.20) log
unit reduction when comparing to a well where a PVA sam-
ple was added and removed after 24 h, which corresponds to
a 90% kill rate.

PVA RO40 meshes not only achieved significant reduc-
tions in viable counts compared to PVA alone (p < 0.01) but
also against PVA RO20 (p < 0.05). This set of quantitative
data demonstrated a strong relationship between antimicro-
bial activity and the concentration of RO-101 encapsulated
in the mesh. Increasing RO-101 concentration results in an
enhancement in antimicrobial activity due to a higher release
of enzymatically generated H,O, (Fig. 6b). Furthermore,
these results aligned with the observations from the agar
diffusion test and verified the potential of these meshes as
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antimicrobial barriers, particularly for chronic wound man-
agement. These wounds are challenging to treat mainly due
to the presence of biofilms, which prevent healing and sig-
nificantly increase the likelihood of infection [72]. Chronic
wound biofilms often exhibit resistance towards frequently
used antimicrobial agents but are more susceptible to top-
ical antimicrobials after wound debridement [72]. Hence,
we subsequently examined the in vitro antibiofilm activity
of topically applied PVA/RO-101 meshes against common
wound-associated bacteria, including an antibiotic-resistant
strain.

Antibiofilm activity study

In chronic wounds, biofilms impede the transition from
inflammation to cell proliferation during healing [72].
PVA/RO-101 meshes can potentially contribute to the healing
process since HoO3 has been successful in resolving biofilm-
related infections caused by multidrug-resistant organisms,
including MRSA [62]. By delaying biofilm reformation after
debridement, PVA/RO-101 meshes may reduce the likeli-
hood of infection and minimise the need for antibiotics and
the subsequent risk of antibiotic resistance [72]. Moreover,
the generated H,O, may simplify debridement in chronic
wounds through the activation of neutrophils, which prote-
olytically remove damaged wound tissue [6].

Figures 8c and 8d show the antibiofilm activity of vari-
ous electrospun meshes after a 24 h exposure to colonised
coupons. For both bacterial strains tested, all samples con-
taining RO-101 (even at concentrations as low as 20% mass
fraction) showed a reduction in the CFU count per mm?
of mesh when compared to pure PVA samples. Aligned
with previous results, the electrospun samples reported here
demonstrated an antibiofilm effect that correlated to their RO-
101 concentration and hence their ability to produce H>O5.
Against S. Aureus ATCC 6538, PVA RO40 samples achieved
the largest reduction in average log CFU count per mm? at
(0.83 £ 0.32) log units, whilst PVA RO20 samples caused a
reduction of (0.21 &£ 0.40) log units (Fig. 8c). Moreover, PVA
ROA40 achieved significantly greater reductions (p < 0.0001)
than either PVA or PVA RO20 meshes. Similar statistical
differences were observed when testing mesh performance
against MRSA. In this case, PVA RO40 samples achieved
a reduction of (0.50 £ 0.28) log units (Fig. 8d), thereby
demonstrating signs of antibiofilm activity even against these
multidrug-resistant bacteria. PVA RO20 samples were not
able to significantly reduce viable counts for either strain,
suggesting that there is a minimum effective requirement of
RO-101 and GO, concentration.

To validate our antimicrobial medical device as a suit-
able therapy against biofilm-related infections, we aimed to
achieve a minimal eradication of 99.9% of biofilm-embedded
bacteria [73]. This value corresponds to a 3 lg reduction
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Fig. 8 Antibiotic activity of
PVA/RO-101 electrospun meshes
against S. asureus ATCC 25904
after 24 h of incubation: a Ig
CFU count of living bacteria
attached to mesh per mm? and

b 1g CFU count of living bacteria
recovered from the culture broth
medium following mesh
removal, per mL. Antibiofilm
activity of PVA/RO-101
electrospun meshes: ¢ Ig CFU
count of remaining viable S.
aureus ATCC 6538 biofilm on
coupons per mm? and d lg CFU
count of remaining viable MRSA
biofilm on coupons per mm?,
Graphs include representative
images of CFU count at the same
dilution. All graphs show a
decrease in viable count as the
concentration of RO-101
encapsulated in the mesh
increases. Data are expressed as
mean =+ standard deviation (n =
3;"p<0.05, 7 p<0.01, " p<
0.001, ™ p < 0.0001). PVA:
polyvinyl alcohol; CFU:
colony-forming units; MRSA:
methicillin-resistant S. aureus

24 h time-Kkill
(@) Living bacteria attached to mesh (b) Bacteria recovered from culture
Fk Kk I - 1
I 1
7 7 10 -
*%k
< 6 ~ 9 ’
E .|
£ £
= c
< 3
3 3
o S
S
2 51 = 8
4 - 7 T
N o
S
oS ?‘Q‘
Q\\
Antibiofilm activity
() S. aureus ATCC 6538 (d) MRSA
1
E E
S 1S
= 2
> e |
38 8 6.5
= 5
[T [T
o o
> >
- —
6.0 T

Q
Q &

v
&

in CFU/mL relative to the control treatment. Although this
requirement was not met, our initial results are promising.
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mesh fibres and after the incorporation process is optimised
for a more controlled and sustained H, O, release. Moreover,
testing techniques should continue to be refined and adjusted
to the nature of the produced meshes, especially with regard
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to difficulties presented by the degradation of the fibres in
aqueous environments.

Cytocompatibility

A preliminary cytocompatibility study was carried out to
determine whether there was any potential cytotoxicity
induced by the PVA-RO meshes to HDFs. Cell metabolic
activity for HDFs exposed to the PVA and PVA RO20 meshes
was significantly higher than that of PVA RO40 at all time-
points (Fig. 9a), suggesting that exposure to the PVA RO40
meshinduced a decrease in metabolic activity. A similar trend
was observed with respect to cell proliferation, which showed
a significant decrease in the PVA RO40 group compared to
PVA and PVA RO20 from Day 3 onward (Fig. 9b). However,
on Day 1, the cell numbers for PVA RO20 and RO40 were
similar and were both significantly higher than PVA. These
results indicate that exposure to PVA RO40, and specifically
to higher levels of H,O», contributes to a significant decline
in cell activity and number.

This finding was further qualitatively supported by visual
observation of a decline in cell nuclei in the PVA RO40 expo-
sure group and a concurrent increase in the PVA and PVA
RO20 groups over seven days (Fig. 9c). On Day 1, a similar
number of cells were observed; however, by Day 7, only a few
cells were visible in the PVA RO40 group, but large numbers
of cells were present in the PVA and PVA RO20 groups. Addi-
tionally, cell viability tests performed on Day 7 showed that
the PVA and PVARO20 groups had large numbers of viable
cells that exhibited spindle- and stellate-like morphologies
(Fig. 9d). However, the PVA RO40 group showed a con-
siderably lower number of cells and more dead cells were
observable. Nevertheless, the presence of live cells suggests
that although being exposed to the PVA RO40 mesh induces
significant cytotoxicity, the remaining cells can recover once
the H,O» levels have reduced.

The results indicate that the PVA RO40 meshes induced a
cytotoxic response in HDFs cultured for up to seven days that
was not observed in either the PVA or PVA RO20 meshes. The
levels of H,O; peaked within the first 6-24 h and remained
at elevated levels for at least 72 h, with the highest levels
in PVA RO40 (Fig. 6). Significant cytotoxicity was observed
from Day 3 (72 h after exposure to the mesh), which is indica-
tive of cumulative exposure to H>O». In contrast, on Day 1
the level of cytotoxicity was unclear. Additional investiga-
tion is therefore required to determine the cytotoxicity profile
during the initial hours and days after exposure to clearly
determine whether cell death occurs via apoptosis or necro-
sis. Moreover, a cell migration scratch assay is required to
provide an in vitro model of wound closure and to examine
the role of HyO,. Furthermore, it should be noted that this
study does not replicate a skin wound environment, since
the moisture levels in that environment cannot be directly
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compared to those tested here. In a wound environment, the
meshes would not be exposed to such high levels of water,
and the activation of the mesh and the generation of HyO;
would be slower.

Subsequently, an improved in vitro or skin explant model
is required to establish the actual H,O; release kinetics and
to determine specific therapeutic levels. This is key as the
concentration of HyO; present in the wound tissue affects
the rate of healing. For example, in a mouse excision wound
model, Loo et al. [74] observed that HyO; had a positive
effect on angiogenesis and wound closure at a concentra-
tion of 10 mmol/L. However, at a higher concentration (i.e.,
166 mmol/L), HyO, was found to hinder the wound closure
process [74]. In another mouse model, the application of 50
mmol/L H>O; topically promoted wound closure, whereas
the application of 980 mmol/L. H,O, resulted in delayed
healing [75]. Concentrations of H>O; below 50 mmol/L thus
appear to be more effective in promoting wound healing, and
lower concentrations are generally preferred. Here, the PVA
ROA40 electrospun meshes generated H,O» in concentrations
over 1 mM/(g-mL) after 24 h; thus, positive wound healing is
expected in vivo, although some cytotoxicity was observed
in the current in vitro study. Moreover, the optimal concen-
tration of HyO, may vary depending on the specific culture
environment and cell type involved. Therefore, a range of
RO-101 concentrations in the electrospun meshes should be
evaluated using in vitro, ex vivo skin explants, and in vivo
models to determine the optimal level of H,O, production
required for wound healing.

Conclusions

This study demonstrates the successful encapsulation of
medical-grade RO-101 antimicrobial gel into PVA elec-
trospun sub-micron fibres to support the controlled and
sustained delivery of H>O,. PVA/RO-101 meshes at different
gel concentrations were fabricated via a simple and nontoxic
aqueous electrospinning.

First, NMR spectra confirmed that the RO-101 mass mixed
in the polymeric solution was incorporated within the fibres,
as higher peak intensities were present following increased
gel loading. Morphological studies confirmed smooth and
uniform meshes that were able to mimic the structure of the
natural extracellular matrix, with diameters in the 200-500
nm range. Moreover, increasing the RO-101 concentration
resulted in larger average diameter and wider fibre distribu-
tions. The selection of PVA as a matrix carrier for RO-101
was further validated by its hydrophilicity and large capac-
ity for absorption, with PVA RO40 samples presenting water
contact angles as low as 30° and swelling percentages close
to 200% of their initial mass. Taken together, these results
support their use in absorbing exudate from the wound bed.
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The PVA/RO-101 meshes successfully generated H,O»
after activation in an aqueous environment. Importantly,
higher enzymatic production of H,O, was achieved with
increasing RO-101 concentration within the mesh. Gamma-
sterile PVA RO40 meshes achieved H>O; levels comparable
to equivalent mass of RO-101 gel, thereby validating the elec-
trospinning process and sterilisation method. Although H> O,
generation began during the solution preparation phase,
the reaction was effectively paused during the electrospin-
ning process via water evaporation. Overall, the PVA RO40
meshes were able to release over | mM/(g-mL) H>O, after
24 h of activation and maintained at least half of this HyO»
level over 72 h. The enzymatic production of ROS was con-
verted into antimicrobial activity against both Gram-positive
(S. aureus) and Gram-negative bacteria (P. aeruginosa),
including a multidrug-resistant strain (MRSA). These effects
were qualitatively shown through zones of inhibition and
were measured quantitatively by examining viable count
reductions in time-kill and antibiofilm assays. Increasing the
concentration of RO-101 in the meshes—and subsequently
their ability to produce HyO,—resulted in enhanced antimi-
crobial activity. Further optimisation of the synthesis of the
PVA/RO-101 solutions and meshes to increase gel loading
and improve enzyme activity will enable even higher ROS
production and antimicrobial effect.

Additionally, the in vitro cytocompatibility of the
PVA/RO-101 meshes showed a concentration-dependent cell
response with high viability and proliferation for PVA RO20
but limited cytotoxicity for PVA RO40. Thus, further under-
standing is required to elucidate the cell response to HyO»
exposure and its impact on wound healing. Consequently, this
knowledge can enable the launching of preliminary in vivo
animal studies and will determine the suitability of preclin-
ical studies designed to facilitate clinical translation of this
technology.

Overall, this study demonstrates the potential of highly
absorbent antimicrobial PVA/RO-101 meshes, which are
capable of absorbing wound exudate to generate and sustain
enzymatically controlled H,O; production over 72 h. The
released H,O» acts as a powerful antimicrobial barrier, and
therefore, these electrospun meshes show promising results
for integration into advanced wound dressings.
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