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The development of multifunctional wound dressings that simultaneously prevent infection and promote tissue
regeneration remains a critical challenge in regenerative medicine. In this study, electrospun poly(ethylene
oxide) (PEO)-based nanofibrous membranes were functionalized with eugenol (EU) and eugenol methacrylate
(EUMA) as bioactive agents. The membranes were subsequently photo-crosslinked to enhance structural stability
and biomedical applicability. Different concentrations of bioactive compounds were evaluated, and the opti-
mized formulations produced scaffolds with uniform, defect-free fibers averaging 316-340 nm in diameter.
Physico-chemical characterization confirmed that the scaffolds possess mechanical robustness, flexibility, hy-
drophilicity, and permeability, which are key requirements for effective wound dressing performance. Both EU-
and EUMA-functionalized scaffolds were cytocompatible and non-toxic. In addition, they exhibited notable
antibacterial and anti-biofilm activity. Membranes containing 5% EU showed superior inhibition of Gram-
positive bacterial growth, whereas those incorporating 5% EUMA provided enhanced cytoprotective and pro-
regenerative effects. In vitro wound-healing assays using human mesenchymal stromal cells demonstrated that
EUMA-functionalized scaffolds achieved an 85% reduction in wound width within 24 h in a 2D model.
Consistently, in a 3D reconstructed human epidermis model, both EU- and EUMA-doped scaffolds accelerated
wound closure by approximately twofold compared to undoped PEO. This study thus provides a previously
unexplored structure-function comparison between native eugenol and its methacrylated derivative incorporated
into photo-crosslinked electrospun PEO scaffolds, elucidating how chemical modification governs the balance
between antimicrobial and regenerative performance. Overall, the developed PEO-based nanofibrous scaffolds
offer a scalable, cost-effective, and versatile platform for next-generation smart wound dressings designed to
support both infection control and tissue repair.

1. Introduction the global economic burden of chronic wounds is estimated to reach tens

of billions of dollars annually, with the wound care market projected to

Acute and chronic wounds constitute a major clinical and economic
challenge worldwide, accounting for substantial morbidity and mortal-
ity rates, healthcare costs, and reduced quality of life for patients [1,2].
In particular, chronic wounds, which affect about 2 % of the population
in developed countries, severely impact the quality of life of patients by
causing pain, loss of productivity, psychological distress, and economic
burden [3]. In addition to individual management and treatment costs,
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grow to approximately 20 billion USD by 2027 [4].

Skin damage resulting from external mechanical forces, burns,
chemical accidents, or chronic disease-related ulcers can significantly
compromise both the structural and functional integrity of the skin, and
in many cases, predispose the site to microbial infection. Although the
body rapidly initiates a coordinated wound healing process, the injured
site remains highly susceptible to bacterial and fungal colonization.
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Colonization of the wound area typically begins with Gram-positive
species, which elicit only weak immune responses, followed by Gram-
negative bacteria that eventually predominate in the wound microen-
vironment [5]. Both groups sustain a pro-inflammatory state that dis-
rupts key processes such as re-epithelialization and tissue regeneration.
This imbalance ultimately drives the progression from an acute to a
chronic wound [6-8]. Effective prevention of this progression relies on
the prompt application of advanced wound dressings that not only
provide a barrier against microbial invasion but also create a supportive
microenvironment for cellular proliferation, angiogenesis, and tissue
remodeling [9-11].

In contemporary clinical practice, wound dressings are primarily
used to protect injured tissue from microbial invasion and to support
healing by maintaining a moist environment conducive to re-
epithelialization. Traditional dressings, such as cotton, gauze, and
bandages, are widely employed due to their low cost and absorbency;
however, their role is largely passive. These materials may cause wound
dehydration, adhere to the tissue surface, and lead to secondary injury
upon removal, thereby delaying healing [12,13]. In contrast,
next-generation wound dressings increasingly adopt multifunctional
and synergistic therapeutic approaches that extend beyond superficial
protection. Effective wound management, particularly for complex or
chronic wounds, requires systems capable of promoting both epidermal
and dermal regeneration, while also supporting the repair and remod-
eling of deeper tissue layers. This comprehensive regenerative capacity
is essential to restore full tissue functionality, prevent fibrosis, and
reduce the risk of wound recurrence [14]. Recent progress in tissue
engineering and biomaterials has therefore focused on multifunctional
scaffolds capable of interacting with different cell types, modulating
inflammatory responses, and promoting regeneration in both superficial
and deep tissues through coordinated therapeutic mechanisms. Within
this framework, active healing strategies based on biofunctional scaf-
folds that deliver therapeutic cues in a controlled and localized manner
have emerged as a key trend in advanced wound care [15-17]. These
approaches rely on multifunctional synergistic therapy, in which anti-
microbial, anti-inflammatory, antioxidant, and pro-regenerative func-
tions are integrated within a single dressing to effectively address the
complex and dynamic wound microenvironment.

Various advanced materials [10,18], including films [19,20], foams
[21,22], sponges [23,24], hydrogels [25,26], and nanofiber membranes,
have been explored for these purposes. Electrospinning is a fiber fabri-
cation technique in which a high-voltage electric field is applied to a
polymer solution or melt, generating a charged jet that undergoes
elongation and solvent evaporation, ultimately producing continuous
fibers with micro- to nanoscale diameters [27,28]. Owing to its
simplicity, scalability, and ability to generate fibrous architectures that
closely mimic the native extracellular matrix, electrospinning has
emerged as one of the most widely investigated techniques for the
fabrication of advanced wound dressings [29-31]. The high
surface-to-volume ratio, interconnected porosity, and tunable fiber
morphology of electrospun scaffolds promote cell adhesion, prolifera-
tion, and migration, while enabling efficient gas exchange and moisture
regulation at the wound site. Moreover, electrospinning enables the
incorporation and controlled release of bioactive agents, supporting
integrated healing strategies that modulate inflammation, prevent
infection, and stimulate tissue regeneration [32-34]. A wide range of
polymers has been processed by electrospinning for wound healing ap-
plications, encompassing synthetic polymers such as poly(ethylene
oxide) (PEO), poly(e-caprolactone), poly(lactic acid), poly
(lactic-co-glycolic acid), and polyurethane, as well as natural polymers
including collagen, gelatin, chitosan, alginate, silk fibroin, and hyal-
uronic acid [35-37]. While synthetic polymers offer mechanical
strength and processability, they often lack cell-binding sites and
biodegradability, limiting their regenerative potential. Natural poly-
mers, on the other hand, combine biocompatibility, low cytotoxicity,
and intrinsic bioactivity that can accelerate tissue repair [38,39], but
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they typically exhibit limited mechanical stability. To address these
limitations, recent research has increasingly focused on polymer
blending, surface functionalization, and post-processing strategies, such
as chemical or photo-induced crosslinking, to tailor scaffold stability and
biological performance [40,41]. Within this framework, PEO represents
an attractive platform due to its biocompatibility, chemical inertness,
excellent thermal properties, and ease of electrospinning, making it well
suited for biomedical applications. When combined with bioactive
compounds and appropriate network stabilization strategies, PEO-based
electrospun scaffolds can be transformed from passive matrices into
active wound dressings capable of supporting infection control and tis-
sue regeneration.

Although electrospun mats are promising for wound healing appli-
cations, their use is often limited by their inferior mechanical properties
and stability [39]. A widely used strategy to overcome these drawbacks
is chemical crosslinking, which enhances the structural integrity,
insolubility, and mechanical robustness of the fibers, while also
improving their functional performance [42]. In particular, PEO-based
electrospun materials can be crosslinked through a photo-induced pro-
cess using a suitable photoinitiator and crosslinker. This approach forms
a covalent network that preserves the beneficial properties of PEO while
imparting superior stability and functionality [43-46].

Among the natural compounds explored for wound dressing devel-
opment, eugenol stands out for its broad bioactivity. Eugenol (4-allyl-2-
methoxyphenol, EU) is a natural phenolic compound, primarily derived
from clove but also present in nutmeg, cinnamon, turmeric, basil,
rosemary, and other aromatic plants [47-50]. EU exhibits strong anti-
microbial and antioxidant activities, alongside additional antiviral,
anti-inflammatory, anesthetic, anticarcinogenic, and neuroprotective
effects, making it valuable across food, cosmetic, agricultural, and
especially pharmaceutical applications [51-55]. Notably, in the context
of increasing antibiotic resistance, EU has shown broad-spectrum effi-
cacy against Gram-positive bacteria (e.g., Staphylococcus epidermidis,
Listeria monocytogenes, Bacillus subtilis, Streptococcus pneumoniae) [56,
571, Gram-negative bacteria (e.g., Escherichia coli, Salmonella spp.,
Pseudomonas aeruginosa) [58,591, and fungi such as Penicillium spp [60,
61]. The antibacterial activity of EU is primarily attributed to its
chemical structure and its multifaceted interactions with bacterial cells.
These include disruption of cell wall and membrane integrity, inhibition
of biofilm formation and DNA synthesis, induction of oxidative
stress-mediated apoptosis, scavenging of reactive oxygen and nitrogen
species, and interference with microbial proteins and nucleic acids, ul-
timately leading to cell lysis [62]. Moreover, EU serves as a valuable
precursor for chemical modification, as it contains both hydroxyl and
allylic functional groups. For instance, its methacrylate derivatives [63]
offer functional groups suitable for photoinduced processes while
potentially improving the bioactivity of EU [64-66].

Despite the extensive investigation of electrospun wound dressings
and the well-established bioactivity of eugenol, the incorporation of
eugenol and its methacrylate derivative into photo-crosslinked PEO
electrospun scaffolds remains largely unexplored. In particular, the
combined role of photo-induced network formation and essential oil-
derived functionalization in governing antibacterial, antibiofilm, cyto-
compatible, and pro-regenerative responses has not been systematically
addressed. The novelty of this work lies in the development of stable,
multifunctional electrospun PEO scaffolds functionalized with eugenol-
based compounds via photo-crosslinking, enabling a direct structure-
function comparison between native eugenol and its methacrylated
derivative within a photo-crosslinked fibrous network.

In this context, the present study reports the fabrication of biocom-
patible and antibacterial fibrous scaffolds through electrospinning fol-
lowed by photo-induced crosslinking. PEO-based mats were
functionalized with EU or its methacrylate derivative (EUMA) at
different concentrations (0-5 wt %). The resulting scaffolds were thor-
oughly characterized to assess crosslinking efficiency and their chemi-
cal, physical, and mechanical properties, including morphology, solvent
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resistance, permeability, and tensile strength. Biological performance
was evaluated through direct and indirect cytocompatibility assays, as
well as antibacterial activity against Staphylococcus epidermidis (Gram-
positive) and E. coli(Gram-negative), antibiofilm efficacy, and
cell-bacteria co-culture studies. Finally, the pro-regenerative potential
of the scaffolds was examined both in monolayer cultures of deep-layer
cells and in a 3D model using a commercial Reconstructed Human
Epidermis.

2. Materials and methods
2.1. Materials

High molecular weight polyethylene oxide (PEO, MW 1000,000 g/
mol), benzophenone (>99 %), trimethylolpropane triacrylate (TMPTA),
eugenol (EU, 99 %) and ethanol were purchased from Sigma Aldrich.
Ethoxy eugenyl methacrylate (EUMA) was synthesized following the
two-step procedure described in a previous work [63]. All other chem-
icals were obtained from Sigma-Aldrich. The chemical structures of the
compounds used in the fabrication of the electrospun mats are provided
in the Supporting Information (Figure S1).

2.2. Electrospun mats preparation

5 wt. % PEO solutions were prepared using a water/ethanol weight
ratio of 1/1 as solvent. The solutions were homogenized overnight by
magnet stirring at room temperature. TMPTA was added obtaining a 3:1
PEO:TMPTA weight ratio. Then, 2 wt. % (with respect to PEO) of
benzophenone and the desired amount of antibacterial agent (i.e., EU or
EUMA) were included. The mixture was stirred for 10 min. Different
solutions with different amounts of antibacterial agent were prepared,
namely 1, 3 and 5 wt. % with respect to PEO. Table 1 summarizes the
composition and the names associated with the different samples.

Electrospinning was performed by an E-fiber electrospinning system
SKE apparatus in horizontal setup with high-voltage power supply, a
programmable syringe pump, and a stationary collector. Aluminum foils
were used as the substrate during electrospinning. The syringe tip
diameter was 1 mm; the working distance between the needle and the
collector was set as 20 cm; a flow rate of 0.3 ml/h and a voltage between
10 and 14 kV was applied. The electrospun mats were prepared at
ambient conditions: temperature of 20-23 °C and relative humidity of
45-50 %.

After electrospinning, the fibrous mats were carefully peeled off from
the aluminum substrate to obtain free-standing scaffolds. Samples with a
thickness of around 50-100 pm were fabricated. The thickness was
measured by digital micrometer; for each sample at least 5 values in
different spots were collected and the average value was calculated.

Photo-crosslinking was performed by a high-pressure mercury-x-
enon lamp equipped with an optical fiber (LIGHTNINGCURE Spot light
source LC8, Hamamatsu). The irradiation had an intensity of 90 mW/
cm? on the surface of the specimens, and was performed for 10 min in
inert atmosphere by purging nitrogen gas. The UV light intensity was
measured by a UV Power Puck II (EIT Instrument Markets).

Table 1

Composition and name details of the scaffolds fabricated.
Sample name Additive

Type Concentration (wt %)

PEO - -
PEO-1EU Eugenol 1
PEO-3EU Eugenol 3
PEO-5EU Eugenol 5
PEO-1EUMA Eugenol methacrylate 1
PEO-3EUMA Eugenol methacrylate 3
PEO-5EUMA Eugenol methacrylate 5
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2.3. Electrospun mats characterization

For assessing the chemical bonds and compositions of electrospun
fibers prior and after UV curing, attenuated total reflection FTIR spec-
troscopy (ATR-FTIR, Thermo Fisher Scientific Nicolet iS50) was used.
Conversion was calculated by monitoring the decrease in the area A of
the ATR-FTIR absorption band of the reactive functionality (acrylate
C=C peak around 1638 cm 1) with time t. The area was normalized by a
constant signal in the spectra (C=0 peak at 1730 cm™!). Percent C=C
conversion is given by Eq. (1):

. on) _ _ \Ac:c/Ac:o\t >
Conversion (%) = (1 7|AC:C/AC:O|[:0 x 100 1

Three repetitions were performed, and the average conversion value
and the standard deviation were calculated.

The electrospun scaffold morphology was characterized by FE-SEM
(Field Emission Scanning Electron Microscopy, ZEISS Supra 40). The
samples were coated with a thin Pt film via sputtering (by a Quorum
Q150T ES sputter coater) prior to analysis. Fiber diameter and surface
porosity were quantified by analyzing FE-SEM micrographs using
ImageJ software. For each sample, approximately 100 fiber diameter
measurements were collected. Surface porosity was determined by
converting the images to 8-bit grayscale followed by binarization using
the thresholding function in ImageJ. This procedure enabled segmen-
tation of pore regions from the fibrous matrix. The threshold level was
manually optimized to capture the maximum observable porosity and
was kept constant across all samples to ensure consistency. The resulting
binary images were subsequently analyzed to calculate the pore area
fraction.

The insoluble fraction of crosslinked electrospun mats was measured
by soaking the samples in a water/ethanol solution (1/1 wt ratio) for
24 h, drying them at room temperature for 48 h and calculating the mass
loss of the samples. Long-term stability was evaluated using a similar
procedure. The electrospun mats were immersed for one week in an
aqueous solution simulating physiological conditions (glucose concen-
tration: 5 mM; pH = 7) and maintained at 37 °C. Following incubation,
the samples were dried at room temperature for 48 h, and the mass loss
was determined.

The mechanical properties of the samples were analyzed using the
electromechanical universal testing machine INSTRON 3366 Series dual
column tabletop system (ITW Test and Measurement Italia, Instron
CEAST Division) equipped with a 10 kN load cell. The fibrous mats were
cut to obtain samples with dimensions of 25 mm in length and 12 mm in
width and placed between the clamps. A constant stretching speed of
5 mm/min at room temperature was applied, and at least three repli-
cates were tested for each sample. During the tensile testing, stress
(through machine-recorded force) and strain (the displacement based on
initial cross-section area and gauge length) were measured. The Young’s
modulus E was calculated based on the initial linear elasticity regime of
stress—strain curves, and the strain at break ¢ was recorded.

The permeability of samples was evaluated by the Elcometer 5100/1
Payne Permeability Cup in accordance with the ASTM E96 standard
[67]. The cell was filled with 10 g of distilled water, and the water vapor
transmission rate (WVTR) of the scaffold was determined by periodically
weighing the assembly until linear.

Static contact angle measurements were performed with a FTA
1000C instrument, equipped with a video camera and image analyzer, at
room temperature with the sessile drop technique. Three to five mea-
surements were performed on each sample and the values averaged. The
probe liquid was water (HPLC grade).

2.4. Biological evaluation of the electrospun mats

2.4.1. Cells cultivation
Primary human gingival fibroblasts (HGFs, ATCC CRL-2014) and
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human bone marrow-derived mesenchymal stromal cells (hBMSCs,
ATCC PCS-500-012) were purchased from the American Type Culture
Collection. Cells were cultured in alpha-modified Eagle’s medium
(a-MEM, Merck, Milan, Italy) and low-glucose Dulbecco’s modified
Eagle’s medium (DMEM-LG), supplemented with 10 % or 15 % heat-
inactivated fetal bovine serum (FBS), respectively, and 1 % antibiotics
(penicillin/streptomycin, Merck), at 37 °C in a humidified atmosphere
with 5 % CO:. Cells were grown until reaching 70-80 % confluence, then
detached using a 0.25 % trypsin-EDTA solution (Merck), harvested, and
used for experiments. For the 3D evaluation of efficacy, a commercial
reconstructed human epidermis (RHE) model was used. Briefly, the
model was removed from the transport gel and transferred to a 6-well
plate containing 3 mL of maintenance medium.

2.4.2. Direct cytocompatibility

To investigate the possible cytotoxic effect of the nanofibrous mats,
primary HGFs were put in direct contact with them. Samples were
sterilized under UV-C light (30 min on each side) and then transferred in
a 24 multi-well plate. A drop containing 1 x 10* cells was spotted on
each sample and the plate was left in the incubator (37 °C, 5 % CO5) for 4
h allowing cells’ adhesion and spread. The samples were then sub-
merged in a complete cell culture medium («-MEM+10 %FBS) and left
in an incubator for 24 and 48 h. After each time point, the cells’ meta-
bolic activity was analyzed using the Alamar blue assay, following the
manufacturer’s instructions. Briefly, the culture medium was replaced
with the Alamar blue solution (0.015 % in fresh medium). Plates were
then incubated in the dark for 4 h at 37 °C. After incubation, 100 pL were
transferred to a new black 96-well plate, and fluorescence signals were
measured using a spectrophotometer (Spark, Tecan Trading AG, Basel,
CH) with an excitation wavelength of 530 nm and emission reading at
590 nm. Cells cultured in the eugenol-free medium served as a control.
The experiment was conducted with three replicates for each applica-
tion. Subsequently, cell morphology was examined by scanning electron
microscope. Briefly, in the last time point, cells were fixed overnight at
4 °C with 2,5 % Glutaraldehyde (in PBS). Later on, samples were
dehydrated with an ethanolic scale (70, 90, 100 % 1 h each) and fast-
dried with the low-tension chemical compound Hexamethyldisilazane
(Electronic grade, 99+ %, ThermoFisher, Waltham, USA). Samples were
then covered with a nanometric gold layer (10 nm, Sputter coater, Jeol,
Akishima, Japan) and observed in the SEM (JSM-IT500 InTouchScope™
Scanning Electron Microscope, Jeol).

2.4.3. Indirect cytocompatibility test

To evaluate the possible cytotoxic effect of active agents or degra-
dation products leached from the electrospun patches, an indirect
cytotoxicity test was done following the ISO 10,993 part 5 and 12
guidelines. Briefly, the samples were immersed in an appropriate vol-
ume of FBS-free cell culture medium and left in the agitator at 37 °C for 7
days. Subsequently, the conditioned medium was collected, supple-
mented with 10 % FBS, and used for the test. 1 x 10 cells were seeded
within a 24-well sterile plate. After 24 h, necessary for proper adhesion
and spreading, the culture medium was removed and replaced with the
conditioned medium. Cells’ metabolic activity was then analyzed
through Alamar blue assay following the procedure described in para-
graph 1.1. Afterward, cell morphology was evaluated using immuno-
fluorescence. Briefly, the cells were fixed overnight with a 4 %
paraformaldehyde (in PBS) at 4 °C. A solution containing phalloidin
(1:500) and 4',6-diamide-2-phenyl (DAPI, 1:1000), diluted in PBS+1 %
bovine serum albumin was put in contact with cells for 1 h at room
temperature, in the dark, and then the cells were observed with the
EVOS FLoid Imaging System (ThermoFisher).

2.4.4. Bacterial growth condition

S. epidermidis (ATCC 51,625, Gram-positive) and E. coli(ATCC BAA-
1161, Gram-negative) have been used to evaluate the antibacterial
properties of the eugenol-doped patches. Strains were firstly streaked in
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the Luria-Bertani semi-solid medium (LB agar, Merck, Darmstadt, Ger-
many) until single colonies appeared. Then, 2-3 colonies were collected,
dispersed in 20 ml of LB broth, and left overnight at 37 °C in agitation
(120 rpm). Before performing the tests, bacterial concentration was
verified using a spectrophotometer using a 600 nm wavelength (Nano-
photometer NP80, Implen, Munich, Germany). The bacterial number
was then adjusted to 0.00001, corresponding to 10° bacteria.

2.4.5. Direct antibacterial evaluation

Before testing, samples were exposed to UV-C light (30 min on each
side) and transferred to a sterile 24-multiwell plate. Tests were per-
formed by using a slightly modified version of the ISO 22,196 procedure.
Briefly, 50 pl of LB broth containing a defined number of bacteria (10°
bacteria/sample) were placed on top of the specimens, and the plate was
incubated at 37 °C for 24 h. Later on, the bacteria's viability was eval-
uated through metabolic activity by using the Alamar blue assay. Briefly,
a solution of Alamar blue (0.0015 % in PBS) was put in contact with the
infected materials and kept at 37 °C for 3 h. After that, an aliquot was
transferred in a black 96-well plate, and fluorescent signals were read
using the TECAN Spark Spectrophotometer (530 nm excitation and
590 nm emission). Results were normalized using the undoped material
as a control. The number of viable bacteria was finally quantified using
the colony-forming unit test (CFU). To detach bacteria from the mem-
branes, specimens were transferred into sterile 2 ml tubes containing
1 ml of sterile PBS. The tubes were then immersed in an ultrasonic bath
and exposed to sonic waves for 3 cycles (27 % amplitude, 5 min each).
These cycles were interspersed with 3 cycles of vortex. The bacterial
suspension was finally diluted in 6 serial dilutions and each of the di-
lutions was spotted in a slice of a semi-solid LB media. The number of
bacteria was calculated using Equation (2):

CFU (mL) = (number of colonies x dilution factor) x 10Qserial dilution @)

2.4.6. Indirect antibacterial evaluation

To evaluate the effect of the released soluble species on bacterial
viability, an indirect antibacterial evaluation was performed following
the ISO 10,993 part 5 and 12 guidelines, previously detailed. Briefly, the
samples were immersed in an appropriate volume of LB broth and left in
the agitator at 37 °C for 7 days. Subsequently, the conditioned medium
was collected and used for the test. Both bacterial strains, whose number
was adjusted to 10° bacteria/ml, were diluted in the conditioned me-
dium and maintained for 24 h. Bacterial viability and number have been
assessed with Alamar blue and CFU assay respectively, as previously
described. Bacterial morphology and area coverage were examined
using SEM. To estimate the area percentage covered by bacteria, the
pictures obtained through SEM have been analyzed using ImageJ
software.

2.4.7. Cells/bacteria co-culture

To evaluate the protective effect of the eugenol-doped patches on
cells against pathogenic bacteria, an advanced cells/bacteria co-culture
system has been used. A bacterial suspension, previously grown in LB
broth, was diluted (1:10 ratio) in antibiotic-free a-MEM and placed at
37 °C overnight in agitation (120 RPM). Simultaneously, a defined
number of HGFs (10x10%), resuspended in complete antibiotic-free
a-MEM, was seeded on top of sterile specimens, further maintained at
37 °C for 24 h. Later on, the number of bacteria was adjusted to 10% and
placed in contact with the cell-seeded patches for 24 h. Finally, the
number of cells and bacteria was counted with trypan blue and CFU,
respectively. Cells’ infected morphology was observed by using SEM.

2.4.8. 2D Scratch test

To evaluate the pro-regenerative potentialities of the eugenol-based
active agent contained in the patches, the samples were immersed in an
FBS-free cell culture medium for 7 days at 37 °C with shaking at
120 rpm, following the ISO 10,993-5 guidelines previously detailed, and
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a scratch test was done. Briefly, hBMSCs were seeded into a 24-well
plate at the density of 2 x 10* cells/well to ensure total area
coverage. After 24 h, necessary for proper cell adhesion, the culture
medium was removed, and a scratch was made using a 200 pl tip with
gentle pressure. After scratching, the well was rinsed to remove de-
tached cells and the conditioned medium, supplemented with 10 % of
FBS was added. The plate was placed in the BioTeK CYTATION 5 im-
aging reader (AHSI S.p.a, Bernareggio, Italy) and photos were acquired
every hour for 24 h.

2.4.9. 3D wound assay

A three-dimensional wound assay was performed using a commercial
Reconstructed Human Epidermis (SkinEthic™ RHE, EPISKIN, Lyon,
France) to validate the results obtained from the scratch test in mono-
layer. This in vitro model is composed of normal human keratinocytes
cultured on an inert polycarbonate filter at the air-liquid interface. The
wound was created with a scalpel, and patches were placed on top of the
model. The models were then maintained in a maintenance medium
(Episkin, Lyon, France) and observed at 0, 24, and 48 h. Images were
captured using an optical microscope with a 20x magnification lens, and
wound closure was quantified using ImageJ software.

2.4.10. Statistical analysis of data

All biological experiments were conducted in triplicate. Data anal-
ysis was performed using SPSS software (v.29.0.2.0, IBM, USA).
Normality of the data and homogeneity of variances were first evaluated
using the Shapiro-Wilk and Levene tests, respectively. Subsequently,
differences between treated groups and controls were assessed by one-
way ANOVA, followed by Tukey’s post hoc test. A p-value < 0.05 was
considered statistically significant.

3. Results and discussion
3.1. Scaffolds preparation by electrospinning and photo-crosslinking

Fibrous mats were fabricated via the electrospinning of PEO con-
taining an acrylic crosslinker (i.e., TMPTA) and an antibacterial agent
(either eugenol EU or eugenol methacrylate EUMA) at different con-
centrations, as detailed in Table 1. Subsequently, the fibrous mats were
irradiated to promote radical curing, exploiting both the high reactivity
of the acrylic groups in the multifunctional crosslinker and the photo-
induced hydrogen abstraction from PEO. Previous studies have
demonstrated that crosslinking of electrospun PEO mats enhances the
stability of the nanofibrous structure [44,45]. Furthermore, the
eugenol-based active agents contain C=C reactive double bonds (one
allyl group per molecule in EU and both an allyl and a methacrylate
group in EUMA) enabling their participation in the crosslinking process.

The chemical structure of the electrospun scaffolds before and after
photocuring was characterized by ATR-FTIR spectroscopy (Fig. 1).
Representative spectra are shown in Figure S2 of the Supporting Infor-
mation, along with those of pure EU and EUMA for reference. As an
example, Fig. 1a displays the FTIR spectra of the PEO-5EUMA sample
before and after irradiation. Prior to irradiation, five characteristic peaks
were detected: 1100 cm™ (ether groups of PEO), 1514 cm™ (C-H
stretching of the aromatic ring in eugenol), 1638 cm™ (C=C stretching
of acrylic and vinyl groups in TMPTA, eugenol and eugenol methacry-
late), 995 cm™ (out-of-plane =C-H bending), and 1730 cm™ (C=0
stretching of TMPTA and EUMA). Comparable spectral features were
observed for the other samples, confirming the successful incorporation
of the eugenol-based active agents into the electrospun scaffolds.

Upon irradiation, a significant reduction in the intensity of the peaks
at 1638 cm™ and 995 cm™! was observed (Fig. 1a), indicating the
occurrence of the crosslinking reaction. Notably, the reduction in the
absorption associated with the C=C bonds was incomplete, suggesting
partial conversion. This is likely due to the limited mobility and acces-
sibility of some reactive groups located within the polymer fiber
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Fig. 1. Conversion analysis by ATR-FTIR spectroscopy. a) Spectra of PEO-
5EUMA electrospun fibrous scaffold prior and after irradiation. The inset rep-
resents a detail of the spectra in the range 1600-1800 cm !, showing the
reduction in the peak due to C=C double bonds after irradiation. b) Conversion
data for the electrospun fibrous scaffolds.

structure, which may hinder their participation in the crosslinking re-
action [44].

The degree of conversion was quantitatively assessed by analyzing
the absorption band of the reactive C=C double bonds at approximately
1638 cm !, normalized to the carbonyl signal at 1730 cm™!, and the
results are reported in Fig. 1b. The conversion values ranged from me-
dium to high (56-72 %). Across all compositions, the scaffolds con-
taining eugenol methacrylate exhibited higher conversion rates than
those containing eugenol at the same concentration. This is attributed to
the bifunctional nature of EUMA, which facilitates a greater extent of
crosslinking, as well as the radical inhibitor effect of the phenol in EU
[68]. For both types of active agents, increasing their concentration led
to a slight increase in conversion. Although the addition of EU and
EUMA reduces the average functionality of the system, chain growth and
crosslinking are promoted. This behavior likely reflects differences in
molecular mobility: the trifunctional crosslinker contains closely spaced
reactive groups that become less accessible once incorporated into the
network, whereas the mono- and bifunctional eugenol derivatives
remain more mobile and can more readily react with unconverted
crosslinker sites, facilitating further network formation.
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3.2. Chemical-physical and mechanical characterization of the
nanofibrous scaffolds

The morphology of the photo-crosslinked fiber mats was investigated
by FE-SEM. As shown in Fig. 2, the incorporation of both active agents
did not adversely affect fiber formation during electrospinning. Uniform
and defect-free fibrous scaffolds composed of straight fibers with cir-
cular cross-sections were obtained from all formulations. The addition of
the active agents led to a reduction in the average fiber diameter,
decreasing from 515 nm in the pure PEO sample to 289-340 nm in the
doped scaffolds (Fig. 2a). This decrease is attributed to the presence of
the polar additive, which enhances the stretching of the jet during

(a)
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electrospinning and induces the formation of ultrafine fibers that con-
nect the primary electrospun fibers, which is a phenomenon known as
electro-netting [69]. As also evident from Fig. 2a, increasing the con-
centration of the active agents leads to a progressive broadening of the
fiber diameter distribution, indicating reduced morphological homoge-
neity. While the pure PEO scaffold exhibits a relatively narrow diameter
distribution, samples containing 1 % and 5 % of EU or EUMA display a
wider range of fiber sizes. In addition, the neat PEO scaffold shows a
surface porosity of approximately 7 %, whereas both EU- and
EUMA-functionalized scaffolds exhibit higher and comparable surface
porosity values, averaging around 14 %. This increase in surface
porosity is consistent with the observed reduction in fiber diameter and

PEO-5EUMA

PEO-SEU

PEO-3EUMA

PEQ-3EU

PEO-1EUMA

PEO-1EU

PEO

T T T T

T
0 100 200 300 400 500

Fig. 2. Morphology of the photo-cured electrospun fibrous mats. a) Average fiber diameter. b-f) FE-SEM images of the PEO (b), PEO-1EU (c), PEO-1EUMA (d), PEO-

3EU (e), PEO-3EUMA (f), PEO-5EU (g) and PEO-5EUMA (h) fibrous scaffolds.
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may be advantageous for wound healing applications by facilitating gas
exchange and maintaining appropriate fluid balance at the wound
interface.

The solvent resistance of the crosslinked fibrous scaffolds was eval-
uated by insoluble fraction measurements and in terms of shape-
stability.

Fig. 3a presents the values of the insoluble fraction, determined using
a water/ethanol mixture as the solvent. Overall, the doped scaffolds
exhibited higher insoluble fractions compared to the pure PEO sample,
and this insolubility increased with the amount of antibacterial agent
incorporated into the mats. This trend is consistent with the higher
conversion values previously discussed (Fig. 1).

When comparing scaffolds containing different active agents (i.e., EU
vs. EUMA) at the same concentration, it is evident from Fig. 3a that the
eugenol-containing scaffolds consistently exhibited higher insoluble
fractions. Notably, the PEO-5EU sample demonstrated the greatest sol-
vent resistance. Although this behavior appears to contradict the con-
version data, where EUMA showed a higher degree of conversion, it can
be rationalized by considering the polymerization behavior of the active
agents. EUMA, which contains both allyl and methacrylate groups, is
more susceptible than EU (bearing only an allyl group) to termination by
disproportionation. This process favors the formation of short polymer
chains or microgels during irradiation, which remain soluble rather than
contributing to network formation.

The insoluble fraction data also support the interpretation that the
relatively moderate conversion values are due to the branched structure
of the trifunctional crosslinker TMPTA. In fact, certain acrylic groups
may remain unreacted due to steric hindrance or limited mobility, while
a sufficient number still participate in the reaction to form an effective
and insoluble crosslinked network.

The solvent resistance of the electrospun scaffolds was also evaluated
by examining the preservation of their fibrous morphology after im-
mersion in a water/ethanol solution. Fig. 3b and 3c present microscopy

100
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images of the PEO-5EU and PEO-5EUMA samples, respectively,
following solvent exposure. Upon immersion, structural changes occur:
the fibers become less linear, exhibit a broader size distribution, and
form a more entangled network. Additionally, the fibers swell, losing
their original circular cross-section. The average fiber diameters after
treatment are 343.8 & 168.4 nm for PEO-5EU and 382.2 4+ 195.6 nm for
PEO-5EUMA, corresponding to increases of approximately 28 nm and
42 nm, respectively, compared to the as-prepared samples. Despite these
changes, the scaffolds maintain a reasonably stable morphology, indi-
cating effective light-induced crosslinking and demonstrating promising
potential for wound healing applications.

Finally, the long-term stability of the membranes was evaluated by
measuring weight loss after one week of incubation under physiological
conditions. All samples exhibited good stability over time. Notably, EU-
doped scaffolds showed slightly higher resistance to degradation, with a
weight loss of approximately 19 % for PEO-5EU, compared to 25 % for
the PEO-5EUMA sample.

The mechanical properties of the fibrous scaffolds were assessed
through tensile testing. Table 2 summarizes the elastic modulus (E) and
the percent elongation at break (strain at break, €) of the samples. The
average values of E range from 15 to 28 MPa, which is consistent with
those reported in the literature for similar PEO-based nanofibrous sys-
tems [44,70]. All the samples exhibited comparable mechanical
behavior; however, a slight increase in E was observed with higher de-
grees of conversion, and thus with greater amounts of active agent. In
contrast, the elongation at break remained relatively consistent across
all samples.

As a preliminary assessment of the potential of eugenol-containing
scaffolds for wound healing applications, their permeability and water
wettability were also investigated. The water vapor transmission rate
(WVTR) values and water contact angles are reported in Table 2. The
scaffolds exhibited permeability in the range of 892-1025 g/m?/24 h,
which is consistent with previously reported data [44]. They also

(a)
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T

Fig. 3. Solvent resistance of the photo-cured electrospun fibrous mats. a) Insoluble fraction, evaluated with a water/ethanol solution. b-c) FE-SEM images of the PEO-

5EU (b) and PEO-5EUMA (c) fibrous scaffolds after solvent treatment.
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Table 2

Mechanical properties (elastic modulus E and strain at break ¢), water vapor
transmission rate (WVTR) and water contact angle of the photo-crosslinked
electrospun fibrous mats.

Sample E (MPa) e (%) WVTR (g/m?/24  Water contact angle
hr) ©)

PEO 155+17 88+36 1025 11.7 £ 1.5

PEO-1EU 153+ 2.1 7.6 + 3.6 1022 11.9+1.3

PEO- 16.4 + 2.9 9.6 + 4.4 1011 10.7 £ 1.5
1EUMA

PEO-3EU 20.5 £+ 3.2 7.4 £3.9 894 10.6 £ 1.7

PEO- 25.6 + 4.2 8.1 +4.8 974 9.9 +£2.0
3EUMA

PEO-5EU 20.6 £ 4.2 7.5+ 3.0 892 9.2+1.8

PEO- 27.7+34 77+41 981 9.4+ 21
SEUMA

showed water contact angles below 12°, indicating high surface wetta-
bility. The incorporation of hydrophobic eugenol caused only a slight
reduction in permeability, while further enhancing surface hydrophi-
licity. This is likely because the eugenol was embedded within the PEO
matrix, where its aromatic (hydrophobic) rings were surrounded by the
hydrophilic polymer, allowing hydroxyl groups (hydrophilic) to be
exposed at the surface. These findings confirm that all the investigated
nanofibrous materials remain hydrophilic, permeable, and breathable.

Based on the comprehensive characterization of the photo-cured
electrospun scaffolds, and considering their intended use as wound
healing patches, the two formulations containing the highest concen-
trations of active additive (i.e., PEO-5EU and PEO-5EUMA) were
selected for further biological evaluation, alongside the neat photo-
crosslinked PEO-based material (i.e., PEO) for comparison.

3.3. Biological performance assessment of the nanofibrous scaffolds

3.3.1. Cytocompatibility
Despite the well-established cytocompatibility of PEO, its supple-

mentation with eugenol essential oil may significantly impact cell
viability [71]. To evaluate the cytocompatibility of eugenol-doped PEO
scaffolds, both direct and indirect cytocompatibility assays were con-
ducted, with results summarized in Fig. 4.

As shown in Fig. 4a, the direct assay results indicate that neither
PEO-5EU nor PEO-5EUMA significantly reduced the viability of HGF
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cells (p > 0.05). These findings are consistent with those of Tong et al.
[72]1, who reported the safety of EU at concentrations up to 50 uM.

Interestingly, after 48 h, PEO-5EUMA induced a slight, though not
statistically significant, increase in cell viability. This effect may be
related to eugenol’s ability to accelerate wound healing [72]; however,
evidence for a direct pro-proliferative effect of eugenol on fibroblasts is
limited and often contradictory. Eber et al. [73] observed that eugenol in
periodontal dressings slowed the proliferation of HGF. Therefore, the
modest increase in cellular metabolism observed here may more plau-
sibly reflect the favorable microenvironment produced by the entire
formulation of the eugenol-doped PEO patches rather than a direct
stimulatory action of eugenol on fibroblast proliferation. SEM micro-
graphs of the samples after the direct cytocompatibility test further
confirm the cell-friendly behavior of the eugenol-doped scaffolds. As an
example, Fig. 4c shows the micrograph of PEO-5EUMA, where cells
appear well-spread and elongated, exhibiting multiple contact points
with the eugenol-containing patches. Additional evidence of cyto-
compatibility is provided in Figure S3 (Supporting Information), which
displays a dense layer of cells covering the entire PEO-5EU surface and
thus actively producing extracellular matrix in direct contact with the
patch. These observations are consistent with the findings reported by
Khunkitti et al. [74].

The direct cytocompatibility evaluation was intentionally limited to
short exposure times (24-48 h) to assess acute cellular responses and to
exclude immediate material-related cytotoxic effects. Longer-term bio-
logical interactions were instead investigated through standardized in-
direct assays conducted in accordance with ISO 10,993-5 and ISO
10,993-12, which are particularly relevant for evaluating the cytotoxic
potential of soluble species released from the scaffolds. These species
may include not only eugenol, but also degradation byproducts of the
polymeric network, residual photoinitiator fragments, short polymer
chains, or microgel domains generated during the crosslinking process.
This combined approach more closely reflects realistic application sce-
narios, in which cells are not necessarily in continuous direct contact
with the material but may be influenced by diffusible substances in the
surrounding microenvironment. The results of the indirect cytotoxicity
test, summarized in Fig. 4b, show that the compounds released from
both PEO-5EU and PEO-5EUMA did not significantly reduce cell
viability. This finding is consistent with the results of the direct cyto-
compatibility tests. Furthermore, considering the insoluble fractions of
PEO-5EU and PEO-5EUMA, which correspond to 96 % and 81 %,

PEO-SEU N\W\W
PEO-SEUMA %’%’//’/////"///////‘Wﬁ/l‘/////ﬁ

20 -40 60 80 100 120
Viaibility % vs PEO (Ctl)

PEO-5EU PEO-5EUMA

Fig. 4. Cytocompatibility results. a) Direct cytocompatibility results, assessed after 24 and 48 h of contact; b) indirect cytocompatibility results, performed in
accordance with ISO 10,993-5; ¢) SEM micrograph showing cell distribution on PEO-5EUMA; d) morphological characterization of cells in contact with the eluate
used for the indirect cytocompatibility test. Red arrows indicate scaffolds debris in proximity to the cells.
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respectively (Fig. 3a), the concentration of eugenol released remains
well below the cytotoxicity threshold. This finding is further supported
by the fluorescent images in Fig. 4d, which depict normal cell
morphology and distribution across all conditions, even in the presence
of scaffold debris, as indicated by the red arrows in the figures.

3.3.2. Direct antibacterial activity

Given the significant impact of bacterial infections on the transition
of acute wounds into chronic wounds, the antibacterial effects of
eugenol-doped scaffolds have been evaluated against Staphylococcus
epidermidis (a Gram-positive bacterium) and E. coli(a Gram-negative
bacterium). Fig. 5a illustrates the differential effects of the eugenol ad-
ditives contained in PEO scaffolds on Gram-positive and Gram-negative
bacteria. PEO-5EU and PEO-5EUMA effectively reduce the viability of
S. epidermidis compared to undoped PEO (** p < 0.01 and * p < 0.05,
respectively), but do not significantly affect the viability of E. coli
(p > 0.05). These results align with the study by Fajdek-Bieda et al. [75],
which suggests that the difference in eugenol efficacy is likely due to
structural variations in bacterial cell walls. Gram-positive bacteria
possess a thicker peptidoglycan layer but lack an outer membrane,
making them more susceptible to membrane-disrupting agents like
polyphenols, including eugenol. In contrast, Gram-negative bacteria
have an outer membrane rich in lipopolysaccharides, which can act as a
barrier against antimicrobial compounds and contribute to resistance
mechanisms [76]. However, this topic remains controversial, and the
observed effect may be species-specific and strongly dose-dependent
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[77]. Furthermore, the analysis revealed a stronger antibacterial effect
in scaffolds loaded with eugenol (PEO-5EU), which significantly
reduced the viability of S. epidermidis compared to scaffolds loaded with
the methacrylate form of eugenol (PEO-5EUMA, $ p < 0.05). This dif-
ference may be attributed to the inherent variations between the two
incorporated active agents. The antimicrobial activity of eugenol pri-
marily arises from its free phenolic hydroxyl group, which contributes to
microbial inactivation through proton donation that disrupts cell
membranes, hydrogen bonding with membrane proteins and lipids, and
redox reactions that generate reactive oxygen species capable of
damaging cellular components [78,79]. However, upon methacrylation,
this phenolic hydroxyl group becomes esterified, thereby losing its
ability to participate in these interactions and consequently diminishing
the antimicrobial efficacy of the compound.

The CFU assay, presented in Fig. 5b, confirms the viability results,
identifying PEO-5EU as the most effective material. However, since the
colony count remained close to the initial infection level (10%/well,
indicated by the red line), these findings suggest a bacteriostatic rather
than a bactericidal effect. This represents a novel finding compared to
previous studies reported in the literature [59], but it can be explained
by the multidrug-resistant nature of the bacterial strains, which alters
the permeability of their cell membranes to antimicrobial agents [80].
The SEM micrographs of S. epidermidis shown in Fig. 5c are consistent
with the results of the viability assay and bacterial count. In the PEO
control, the scaffold is heavily colonized, with clusters and individual
bacteria homogeneously distributed across the surface. In PEO-5EU, the
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Fig. 5. Direct antibacterial activity. a) Percentage of S. epidermidis (light grey bar) and E. coli(dark grey bar) viability, estimated using metabolic activity; b) Number
of viable bacteria, with the initial infection count indicated by the red line; ¢) SEM images of Staphylococcus epidermidis bacterial colonies on the scaffolds; and d)
representative high-magnification SEM images showing membrane damage in S. epidermidis cells (pores indicated by red arrows). *, $ p < 0.05, ** p < 0.01.
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surface appears nearly pristine, with very few detectable bacterial cells.
In PEO-5EUMA, both bacteria-rich and bacteria-free areas are observed.
Higher-magnification SEM images (Fig. 5d, representative for
S. epidermidis) reveal the presence of pores and severe morphological
alterations in the bacterial membranes of cells cultured on PEO-5EU
scaffolds (highlighted by red arrows). These observations provide
direct visual evidence supporting the hypothesis that the antibacterial
activity arises from eugenol-induced disruption of bacterial membrane
integrity, leading to irreversible membrane damage. Collectively, these
findings support the effective bioavailability of eugenol-based com-
pounds at the scaffold surface.

3.3.3. Indirect antibacterial activity

An indirect antibacterial assay was performed to assess the effect of
soluble species released into conditioned media prepared in accordance
with ISO 10,993-5 and ISO 10,993-12 on bacterial viability. Since the
colonization of the wound area typically begins with Gram-positive
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species, the antibiofilm effect of the eugenol-doped materials was
tested against Staphylococcus epidermidis as representative strain. The
results, summarized in Fig. 6, confirm the higher efficacy of PEO doped
with eugenol (PEO-5EU) compared to both the control (PEO) and the
sample containing methacrylated eugenol (PEO-5EUMA). Specifically,
PEO-5EU significantly reduces both bacterial metabolic activity (Fig. 6a,
p < 0.05) and the number of bacterial colonies (Fig. 6b, p < 0.05). In
contrast, PEO-5EUMA decreases the number of bacterial colonies but
does not significantly affect bacterial metabolic activity. This result may
be once again related to the nature and the chemical composition of the
active agent used to dope the PEO polymer, as discussed in the previous
section (i.e., the absence of the phenolic hydroxyl group in EUMA).
However, regardless of the form, the eugenol released by the samples
appears to inhibit biofilm formation (Fig. 6¢). In the control sample
(PEO), bacteria homogeneously cover the surface and begin to form a
biofilm (red arrow). In contrast, bacteria exposed to the eluate collected
from PEO-5EU and PEO-5EUMA remain as single cells and cover only a
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Fig. 6. Indirect antibacterial activity. a) Percentage of S. epidermidis (light grey bar) and E. coli(dark grey bar) metabolic activity; b) Number of viable bacteria, with
the initial infection count indicated by the red line; ¢) SEM images showing the bacteria after the contact with the eluate collected from the samples; d) Area covered

by the bacteria calculated by ImageJ. Scale bar = 10 pm. * p < 0.05.
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limited area of the surface. SEM micrographs analyzed using ImageJ
(Fig. 6d) estimate that the area covered by bacteria in the control (PEO)
is 20.3 % =+ 3.5 %, while in PEO-5EU and PEO-5EUMA, it is reduced to
2.2 % £ 0.6 % and 2.4 % =+ 0.8 %, respectively. Moreover, the biofilm
thickness analysis performed on SEM images using SmileView Map
(Jeol) revealed a significant difference in biofilm thickness between
bacteria in contact with the eluate collected from PEO (approximately
5 pm) and those exposed to the eluate from eugenol-doped PEO (both
around 1 pm, corresponding to single colonies). These findings are
supported by the research of Ribeiro et al. [81]: in their systematic re-
view, authors demonstrated that eugenol can disrupt mature biofilms,
reduce the genetic expression of virulence factors, prevent biofilm for-
mation, and inhibit the bacterial quorum sensing.

3.3.4. Cells/bacteria co-culture

To simultaneously preserve cell viability and inhibit bacterial pro-
liferation in the context of wound infections, the protective effect of
eugenol-doped PEO-based scaffolds was evaluated using a cell/bacteria
co-culture system. The results, summarized in Fig. 7, indicate that both
PEO-5EU and PEO-5EUMA preserve cell numbers while significantly
reducing bacterial load (* p < 0.05). Notably, PEO-5EUMA exhibits
superior antibacterial efficacy compared to PEO-5EU, reducing the
bacterial count to below the initial infection level. The minor discrep-
ancy relative to the antibacterial results presented above likely arises
from differences in the experimental methodologies employed in the
two assays. SEM images presented in Fig. 7c show that both PEO-5EU
and PEO-5EUMA supported cell adhesion and preserved a typical,
healthy morphology, indicating favorable biocompatibility. In sharp
contrast, no cells were detectable on the undoped PEO surface, high-
lighting the inability of the pristine material to sustain cell attachment.
Although some bacterial aggregates were observed on the membranes of
cells cultured on PEO-5EUMA, no detrimental effects on cell viability
were detected. These findings demonstrate that the eugenol-doped PEO
scaffolds not only promote cellular adhesion and proliferation but may
also help preserve cell health even under bacterial challenge. Such
behavior is likely attributable to the specific microenvironment gener-
ated by the surface characteristics of the doped materials, which could
potentiate the intrinsic antimicrobial activity of human gingival fibro-
blasts [82].

N® of viable cells

PEO (Control) PEO-5EU PEO-SEUMA
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3.4. Assessment of the pro-regenerative ability of the nanofibrous
scaffolds

The regenerative potential of PEO-based nanofibrous materials
incorporating eugenol, in its unmodified and methacrylated form, was
assessed employing a scratch assay on human mesenchymal stromal
cells (MSCs). MSCs have a key role in deep tissue regeneration because
of their capacity to migrate to the site of injury, secrete trophic and
immunomodulatory molecules [83]. The function of these cells facili-
tates the resolution of inflammation, angiogenesis, and the remodeling
of the extracellular matrix, processes that are essential for the repair of
the structural and functional integrity of damaged tissue.

Similar to the indirect cytocompatibility assay, the samples were
immersed in serum-free cell culture medium and incubated at 37 °C with
shaking at 120 rpm for one week. Fig. 8 presents the results obtained by
acquiring images every hour over a 24-hour period, with three repre-
sentative time points selected (0 h, 10 h, and 24 h; Fig. 8b). As shown in
Fig. 8a, after 24 h, the PEO control, PEO-5EU, and PEO-5EUMA samples
exhibited a significantly smaller scratch width (%) compared to the
POLY sample, representing cells cultured on polystyrene multiwell
plates without the addition of conditioned medium. Specifically, POLY
induced only a 35 % wound width reduction, whereas PEO, PEO-5EU,
and PEO-5EUMA induced reductions of 65 %, 67 %, and 85 %,
respectively.

The comparable healing performance of the PEO and PEO-5EU elu-
ates suggests that the incorporation of EU at this concentration does not
significantly alter the material cytocompatibility, as already discussed
above (Fig. 4). It is worth noting that residual benzophenone, used as a
photoinitiator during scaffold preparation, may contribute to enhanced
cell proliferation by promoting progression through the cell cycle [84].
Interestingly, the PEO-5EUMA scaffold showed the most pronounced
wound closure effect, achieving an 80 % reduction in scratch width
within 24 h, with approximately 50 % closure occurring between 6 and
10 h after exposure to the eluate. This enhanced cellular response could
be attributed to the higher soluble fraction of the EUMA-containing
sample (Fig. 3), which may facilitate a more sustained or controlled
release of bioactive species, thereby supporting cell migration and
proliferation.

Although the cytotoxicity of EU at high concentrations has been re-
ported, recent studies indicate that, when properly delivered, this
compound can exert beneficial effects on MSC behavior, enhancing cell

PEO-5EU

PEO (Ctl)

Fig. 7. Cells/bacteria co-culture system. a) Number of viable cells after 24 h; b) Number of viable bacteria (the initial bacterial load is indicated by the red line); c)
SEM micrographs showing cell morphology. Scale bars = 10 yum and 50 pm. p < 0.05.
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Fig. 8. 2D scratch test. a) Wound width reduction (%). Three time points (0, 10 h, 24 h) are highlighted by red circles; b) Representative images at 0, 10, and 24 h for
PEO, PEO-5EU, PEO-5EUMA, and POLY.

survival, proliferation, and even lineage differentiation [85]. This ren- MSCs, thereby enabling superficial and deep tissue regeneration.
ders it a suitable candidate for integration into smart wound dressings Following monolayer tests, the pro-regenerative potential of the
that will come in contact with either endogenous or exogenously applied eugenol-doped patches was evaluated wusing a commercial
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Fig. 9. 3D wound assay. a) PEO patch in contact with the wound on reconstructed human epidermis; b) Wound width (%) measured at 0, 24, and 48 h; c)
Representative images of the wound used for the analysis. * p < 0.05; ** p < 0.01; **** p < 0.0001.
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Reconstructed Human Epidermis (RhE) model. The RhE system repli-
cates the three-dimensional architecture, barrier properties, and differ-
entiation profile of native human skin, making it a biologically relevant
platform for advanced in vitro assessments. In this environment, kera-
tinocytes undergo stratification and maturation, forming a multilayered
epidermis with distinct basal and cornified layers analogous to those of
native tissue. The ability of RhE to maintain both structural complexity
and functional differentiation is therefore crucial for studying epidermal
responses and barrier-related phenomena at an advanced in vitro level,
prior to progression toward appropriate in vivo animal models, where
additional factors such as local and systemic inflammatory responses
can be assessed [86].

For the tests, a wound was created using a scalpel, cutting through
both the stratum corneum and basal layers. The patches were then
applied and rinsed with a few microliters of culture medium (Fig. 9a)
and maintained in an incubator for 48 h, with wound closure monitored
at 24 and 48 h. The results are presented in Fig. 9.

Both eugenol-containing formulations exhibited significantly accel-
erated wound healing, achieving closure approximately twice as fast as
undoped PEO. The difference in the “wound” width in the models in
contact with PEO, PEO-5EU, and PEO-5EUMA is visible in Fig. 9b.

After 24 h (Fig. 9c), PEO-5EU and PEO-5EUMA induced wound
closure of about 60 %, compared to 20 % with undoped PEOQ (****
p < 0.0001). After 48 h, the same trend was maintained, with both
eugenol-doped PEO samples promoting approximately 80 % wound
closure, versus 60 % for undoped PEO (**p < 0.01 vs. PEO-5EU; *
p < 0.05 vs. PEO-5EUMA).

The differences observed between the 2D and 3D wound models (i.e.,
the more pronounced healing effect of PEO-5EUMA in the 2D assay
versus the similar performance of PEO-5EU and PEO-5EUMA in the 3D
model) can be attributed to the distinct analytical approaches. In the 2D
assay, wound healing behavior is assessed based on the bioactivity of the
sample eluate, reflecting the release of soluble compounds into the
medium. In contrast, the 3D assay involves direct contact between the
scaffold and the skin scratch, offering a more physiologically relevant
setup that accounts for both material-cell interactions and degradation
behavior. Consequently, the 3D model provides a more accurate repre-
sentation of the overall wound healing potential of the developed scaf-
folds. These results are consistent with previous studies [87], which also
reported enhanced wound healing in eugenol-functionalized nano-
fibrous systems. Such agreement further supports the beneficial role of
eugenol in promoting tissue regeneration when properly incorporated
into polymeric matrices.

4. Conclusions

In this study, poly(ethylene oxide) (PEO)-based electrospun mem-
branes were functionalized with eugenol (EU) and eugenol methacrylate
(EUMA) as bioactive agents for advanced wound-healing applications.
Different active-agent concentrations were systematically investigated,
while photo-crosslinking was employed to enhance stability and
broaden biomedical applicability.

The resulting scaffolds consisted of uniform, defect-free fibers
(316-340 nm in diameter) with an insoluble fraction above 81 % and an
elastic modulus of 21-28 MPa, confirming robust mechanical properties.
All scaffolds were flexible, hydrophilic, and permeable, meeting key
requirements for wound dressing applications. Among the tested for-
mulations, those containing the highest concentrations of active agents
(PEO-5EU and PEO-5EUMA) exhibited the most promising performance
and were therefore selected for biological evaluation.

Biological assessments demonstrated that both EU- and EUMA-
functionalized scaffolds were cytocompatible and non-toxic, as
confirmed by direct and indirect assays. The materials showed pro-
nounced antibacterial activity against Gram-positive bacteria, with
reduced efficacy against Gram-negative strains. Notably, PEO-5EU
exhibited stronger antibacterial and anti-colonization effects, while
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both eugenol-doped scaffolds significantly reduced biofilm formation. In
cell-bacteria co-culture assays, both membranes preserved cell viability
under bacterial challenge, with PEO-5EUMA showing slightly greater
cytoprotective effects.

The pro-regenerative potential of the scaffolds was demonstrated in
both 2D and 3D wound-healing models. In the 2D monolayer assay,
PEO-5EUMA promoted an 85 % reduction in wound width within 24 h.
In the 3D reconstructed human epidermis model, both eugenol-doped
scaffolds accelerated wound closure by approximately twofold relative
to PEO, achieving ~60 % reduction after 24 h and ~80 % after 48 h.
These results provide a highly encouraging preliminary indication of the
regenerative potential of the developed materials and support further
investigation in appropriate in vivo models.

Overall, this work introduces a novel and versatile strategy for the
design of multifunctional wound dressings by integrating essential oil-
derived compounds into photo-crosslinked electrospun PEO scaffolds.
The direct comparison between eugenol and its methacrylated deriva-
tive elucidates how chemical modification and network architecture
govern the balance between antimicrobial efficacy and regenerative
performance. Collectively, these findings highlight the potential of
eugenol-functionalized PEO nanofibrous membranes as a versatile and
scalable platform for next-generation multifunctional wound dressings
capable of simultaneously supporting infection control and tissue repair.
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