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ARTICLE INFO ABSTRACT

Keywords: Wound healing is a complex process, especially in chronic conditions such as diabetes mellitus, often hindered by
Hydrogel ] a prolonged inflammatory stage. Modern wound dressings aim to protect wound beds and accelerate the healing
Wound dressing process. Hydrogel dressings have raised special interest due to their ability to retain moisture. This work focused
Ant%ox'ldant' on developing innovative wound dressings with antioxidant properties to improve the healing of chronic
Antimicrobial . s . . . .

Casein wounds, namely through the regulation of the oxidative environment in diabetic wounds. A base hydrogel
Chitosan composed of polyvinyl alcohol (PVA)/casein/chitosan was produced by freeze-thawing method. Astaxanthin and

ozonized oils were incorporated in the formulation in different amounts. In general, all hydrogels presented
adequate physical, chemical and biological properties to be used as dressing materials, but the ozonized oil
containing hydrogel BOz12_2 stood out as the most promising one. Its porous and hydrophilic network provided
high water retention and an adequate water vapor transmission rate, while maintaining structural integrity with
a slow degradation profile and suitable mechanical strength. The material also exhibited moderate mucoadhe-
sion, ensuring sufficient adherence without compromising wound removal. Importantly, it proved to be non-
toxic, non-irritant, and hemocompatible, while simultaneously showing strong antioxidant activity and selec-
tive antimicrobial efficacy, including inhibition of vancomycin-resistant Enterococcus faecium strains.

Polyvinyl alcohol (PVA)

neovascularization, and overproduction of reactive oxygen species
(ROS) [6,7]. Although ROS are needed to promote the wound healing,

1. Introduction

Diabetes mellitus is a chronic metabolic disorder characterized by
impaired regulation of blood glucose due to insufficient insulin pro-
duction or cellular resistance [1]. It affects over 500 million adults
worldwide and is associated with severe complications, including
impaired wound healing [2]. Chronic diabetic wounds, such as foot
ulcers, are particularly problematic due to persistent inflammation, high
risk of infection, and delayed tissue regeneration, often resulting in
amputation. These wounds present a major burden to healthcare sys-
tems and remain a clinical and technological challenge [3-5].

Managing diabetic wounds is complicated by their underlying
pathophysiology, which involves permanent inflammation, improper
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an excess of ROS sustains and deregulates inflammation, which impairs
the healing process [8]. Maintaining an adequately moist environment is
particularly critical, as desiccation impairs granulation and epithelial-
ization. Advanced wound dressings can actively support healing by not
only protecting the wound but also modulating the microenvironment to
favour regeneration, especially in cases where traditional treatments are
insufficient.

Hydrogels have emerged as promising materials for treating diabetic
wounds. These materials are three-dimensional networks of hydrophilic
polymers capable of retaining a substantial amount of water (70-90 %),
which helps to maintain a moist environment [9]. The selection of
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hydrogel polymers is crucial for addressing specific therapeutic needs.
Furthermore, hydrogels can be engineered to directly deliver thera-
peutic agents able to tackle specific problems of diabetic wounds, such
as excessive inflammation and impaired vascularization.

Polyvinyl alcohol (PVA) and chitosan (Fig. 1A and B) are well-
established polymers in wound healing applications due to their
biocompatibility, tunable mechanical properties, and inherent antimi-
crobial activity [10-15]. PVA can be physically crosslinked via freeze-
—thaw cycles, avoiding toxic chemical agents and enabling control over
porosity and elasticity. Chitosan, a cationic polysaccharide, is biode-
gradable, non-toxic, and exhibits antimicrobial action by disrupting
microbial membranes [16-18]. Additionally, it promotes wound healing
by facilitating cell migration and proliferation [19].

In contrast with PVA and chitosan, casein, a milk derived protein, has
been less explored to produce wound dressings, but it recently gained
interest due to its ability to origin bioactive peptides upon enzymatic
hydrolysis [20,21]. These peptides present antioxidant properties that
help regulate the oxidative environment in wounds, thereby reducing
cellular damage and promoting tissue repair; this is particularly
important in diabetic wounds where oxidative stress can impair healing
[22,23]. The peptides also contribute to maintaining the wound site free
from pathogens due to their antibacterial properties [24]. Furthermore,
casein has moderate antioxidant capacity by itself due to the presence of
amino acids, which may be involved in radical scavenging [25].

To further enhance the therapeutic performance of the hydrogels,
bioactive agents like ozonized oils and astaxanthin, with well-
documented antioxidant and antimicrobial properties, can be added to
the formulations. Ozonized oils exhibit strong antimicrobial activity
through the release of ozone that disrupts bacterial membranes [26-28].
They also promote oxygenation of the wound site, supporting metabolic
processes essential for tissue repair, and have demonstrated biofilm
disruption capabilities, particularly in antibiotic-resistant infections.
Astaxanthin (Fig. 1C) is a potent lipophilic carotenoid with high free
radical scavenging capacity and anti-inflammatory properties. It accel-
erates wound closure by reducing oxidative damage, promoting collagen
organization, and supporting cell proliferation [29-31].

The objective of this work was to produce PVA/chitosan/casein
hydrogels containing different amounts of ozonized oils or astaxanthin
and test their biomedical properties. We hypothesized that the integra-
tion of casein with these bioactive agents would synergistically improve
the antioxidant and antimicrobial performance of the hydrogel dressings
while maintaining adequate mechanical and biological properties for
wound application. To test this hypothesis, a comprehensive physico-
chemical and biological characterization was performed, covering
antioxidant capacity, swelling behavior, mechanical and rheological
properties, mucoadhesion, cytocompatibility, hemocompatibility, and
antibacterial activity.

2. Materials and methods
2.1. Materials

PVA (MW146000-180000) and casein sodium salt were purchased
from Sigma. Low molecular weight chitosan (deacetylation degree 76
%) was provided by Bioceramed. Triethanolamine was purchased from
PanReac AppliChem and acetic acid from Fisher Chemical. Lysozyme
(from chicken egg white, 40,000 units/mg protein) was from Sigma. To
simulate an exudate solution, a pseudo extracellular fluid (PECF) was
prepared using distilled and deionized (DD) water and 6.8 g/L NaCl
(Sigma), 2.29 g/L KCl (Sigma), 2.5 g/L NaHCO3 (PanReac AppliChem)
and 4.0 g/L NaH,PO4 (Sigma). DD water (18 MQ cm) was obtained from
a Millipore Milli-Q® system. Phosphate buffered saline (PBS, pH of 7.4
at 25 °C) was prepared using tablets purchased from Sigma that were
dissolved in DD water. Astaxanthin and dimethyl sulfoxide (DMSO)
were purchased from Sigma, as well as 2,2- diphenyl-1-(2,4,6-
trinitrophenyl) hydrazin-1-yl (DPPH) for the antioxidant tests. Three
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ozonized oils from PeroxiBiokey, containing different proportions of
sunflower (Helianthus annus) and olive oil (Olea europaea), and char-
acterized by different peroxide values' were used: one with the volume
ratio 85:15 (sunflower: olive oil) and 1200 meq Oz/kg, another equiv-
alent but partially deodorized and finally one with the ratio 50:50
(sunflower: olive oil) and 800 meq Oy/kg.

For the cytotoxicity assay, NIH/3T3 fibroblasts were purchased from
ATCC®, Dulbecco’s modified eagle’s medium (DMEM), bovine fetal
serum, penicillin-streptomycin solution, and trypsin-EDTA (ethyl-
enediaminetetraacetic) were purchased from Sigma. Brain Heart Infu-
sion (BHI) agar and Mueller-Hinton agar used for the antimicrobial tests
were purchased from Oxoid.

2.2. Preparation of the hydrogels

The base hydrogel (B) was prepared using the FT method combining
PVA, casein, and chitosan in a final polymer mass ratio of 60:20:20 (w/
w). This ratio was preserved across all formulations, irrespective of the
incorporated bioactive agents, and was previously optimized to balance
mechanical integrity, porosity, and peptide release (preliminary tests
not shown). A solution of 5 % (w/v) of PVA was prepared by dissolving
0.5 g of PVA in 10 mL of DD water at 90 °C in an oven overnight. So-
lutions of 2.5 % (w/v) chitosan and 16 % (w/v) casein were also pre-
pared. For the chitosan solution, 136 pL of acetic acid was dissolved in
6.66 mL of DD water (corresponding to a final concentration of ~2 % (v/
v)). The mixture, with a final pH of ~4.5, was then vigorously stirred
with 0.17 g of chitosan until complete dispersion. The casein solution
was prepared by adding 0.17 g of casein to 1.02 mL of DD water pre-
viously mixed with 43 pL of triethanolamine, under magnetic stirring.
The final pH of the solution was ~7.6. The casein solution was added to
the PVA solution and stirred until homogeneity was reached. The
resulting solution was thereafter mixed with the chitosan solution. The
final solution was poured into petri dishes, and the sequence of FT cycles
was initiated. Those consisted of 5 cycles, each with 23 h at —20 °C and
1 h at room temperature.

Six hydrogels containing active agents (astaxanthin and ozonized
oils), keeping a constant PVA/chitosan/casein ratio, were produced (see
Table 1).

For the astaxanthin dressings, solutions of astaxanthin were prepared
by dissolution in 500 pL of DMSO and subsequently added to the PVA
solution and mixed for over 1 h, prior to the homogenization step with
the casein solution. Two concentrations of astaxanthin were considered
giving rise to hydrogels BAx_ 1 and BAx 2.

Regarding ozonized oils, they were added to the casein solution and
stirred for 1 h, being the remaining procedure identical to the one
described above. To evaluate the effect of the degree of ozonation (1200
and 800 meq Oy/kg), two distinct oils were used to obtain BOz12_2 and
BOz8_2 hydrogels. Samples were prepared with different contents of the
same ozonized oil (BOz12_1 and BOz12_2). Finally, a partially deo-
dorized oil was used to prepare the sample BOzD12_2. A scheme that
resumes the preparation procedure is presented in Fig. 2.

Following the FT cycles, all hydrogels were washed by immersion in
DD water for 24 h to eliminate reagents that were not bonded to the
polymeric matrix. After that, the hydrogels were stored in the hydrated
state inside sealed containers in the refrigerator at 4 °C. Before the
characterization assays, discs with proper dimensions were cut from the
hydrogel’s plates using circular punchers (typically with diameter of 10
mm, thickness 2-3 mm and average hydrated mass of 35 mg, unless
otherwise stated).

1 The peroxide value measures the amount of peroxidic species formed
during the ozonation process and is expressed in meq O,/kg, referring to the
amount of oxygen bound in peroxide groups (O-O bonds).
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Fig. 1. Chemical structures of (A) PVA, (B) chitosan and (C) astaxanthin. The structures of casein and ozonized oils are not shown because both are com-

plex mixtures.

Table 1
Compositions of the produced hydrogels.

Code PVA Chitosan Casein Astaxanthin Ozonized oil
Name (mg) (mg) (mg) (mg) (mg)

B 500 170 170 0 0

BAx_1 500 170 170 16.8 0

BAx_2 500 170 170 33.6 0
BOz12_1 500 170 170 0 250°

BOz12 2 500 170 170 0 500"
BOzD122 500 170 170 0 500"

BOz8 2 500 170 170 0 500°

# Ozonized oil with 1200 meq Oy/kg.
b Ozonized oil with 1200 meq O,/kg partially deodorized.
¢ Ozonized oil with 800 meq O,/kg.

2.3. Characterization of the hydrogels

2.3.1. Antioxidant capacity

For the determination of antioxidant capacity, the DPPH assay was
used, due to its simplicity and peed [32]. The radical DPPH was dis-
solved in ethanol to obtain a 90 pM solution. The hydrogel discs were
immersed in 400 pL of the DPPH solution and then incubated in the
dark, at room temperature, for 30 min. After incubation, the absorbance
of the supernatant from each sample was measured at 517 nm using a
Multiskan™ GO Microplate spectrophotometer (Thermo Fisher Scien-
tific, Kandel, Germany). The antioxidant activity was calculated using
equation (1):

A B
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where A, is the absorbance of the control (400 pL DPPH solution without
sample immersion) and A; is the absorbance of the supernatant. Ex-
periments were performed in triplicate.

2.3.2. Morphology

Analysis of the hydrogel morphology was carried out using a Scan-
ning Electron Microscope Hiitachi S-2400 with an accelerated voltage of
10 kV. Hydrogel discs were immersed in liquid nitrogen for 20 s, frac-
tured in half and lyophilized for 16 h using a freeze-dryer (Alpha 1-2
LDPlus, Germany). Prior to SEM observation, all discs were sputter-
coated with a conductive layer of gold:palladium (20:80) using a
turbo-pumped sputter coater (Q150T ES Quorum, UK). Both surfaces
and cross-sections were observed.

2.3.3. Chemical structure

The chemical structure of the hydrogels was studied by Fourier-
transform infrared spectroscopy (FTIR-ATR) using a Spectrum Two™
(PerkinElmer, Waltham, MA, USA) equipped with a PerkinElmer Uni-
versal Attenuated Total Reflectance (UATR) Two Accessory. Prior to the
measurements, discs of each hydrogel were dried in a vacuum oven at
45 °C for 24 h. The spectra were then acquired in the range of 4000 - 400
em™!, with a resolution of 4 cm™!. After acquisition, the spectra were
normalized and analyzed using OriginPro 2016 software. Three mea-
surements were carried out for each formulation.

5 cycles, 23, 1h

+

Ozonated oil
5 cycles, 23h, 1h Z , )

< <

g :i/.\—f/
F

Fig. 2. Scheme of the hydrogel’s preparation procedure. Photos of the obtained materials in their final state (hydrated) are included.
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2.3.4. Wettability

The captive bubble method was used to measure the water contact
angles in the different materials. Images of the bubbles generated with
an inverted syringe under the bottom face of the hydrogel discs were
captured for 30 s after bubble deposition using a video camera (jAi CV-
A50, Spain) connected to an optical microscope (Wild M3Z, Leica,
Germany) coupled to a frame grabber (DT3155 Data Translation, Nor-
ton). The determination of the contact angles was performed using
ADSA-P software (Axisymmetric Drop Shape Analysis — Profile, Canada).
More than 7 independent measurements were conducted for each
material.

2.3.5. Equilibrium water content

To conduct the water content assay, discs of each formulation (in
triplicate) were weighed using a semi-micro analytical balance. Subse-
quently, the discs were dried in a vacuum oven at 45 °C for 24 h and then
reweighed. The equilibrium water content (EWC) was calculated using
equation (2):

WH* WD

H

EWC(%) = x 100. )

where Wy is the weight of the hydrated discs and Wjp is the weight of
the dry discs.

2.3.6. Water vapor transmission rate

The water vapor transmission rate (WVTR) of the hydrogels was
analyzed following ASTM standard E96-95 [33]. Hydrogel discs were
clamped between the chambers of a Franz cell previously filled with DD
water. The entire system was weighed and subsequently placed in a
humidity chamber at 32 °C and 50 % humidity for 24 h. After that
period, the system was weighed and the WVTR calculated by equation
(3):
WVIR (gm2.24n") :w x 24, 3)
where W; and Wy are the initial and final weights, respectively. A is the
area of hydrogel in contact with both water and air, and t is the duration
of the experiment. The assays were done in triplicate.

2.3.7. Degradation

Hydrogel discs were dried in a vacuum oven at 45 °C for 24 h,
weighed (Wp) and incubated in 1 mL of degradation solution, at 34 °C
with agitation (180 rpm). In the enzymatic degradation studies, PECF
with 1 mg/mL of lysozyme was used, while hydrolytic degradation was
carried out in PBS. After 24 and 48 h, the discs were removed from the
solutions, washed by immersion in DD water (50 mL per disc of 10 mL
diameter) during 24, with renewal by fresh water after 12 h, to remove
soluble salts, and dried again following the initial procedure. The final
weights of the discs were recorded (Waz4/48). The test was performed in
triplicate and the resultant weight loss was calculated through equation
4:

Wo — Way 48
— B«
()

Weight loss (%) = 100. “@

2.3.8. Tensile behavior

Tensile tests were performed using a TA. XT Express Texture
Analyzer (Stable Micro Systems, UK) equipped with a 50 N load cell. The
tests were carried out at room temperature using hydrated hydrogel
samples with a dumbbell shape (10 mm gauge and 2.5 mm width). Each
sample was subjected to a strain rate of 0.5 mm/s till rupture. The
elasticity modulus and failure strain of the hydrogels were determined
from the stress strain curves. The tests were done in quadruplicate for
each hydrogel formulation.
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2.3.9. Rheological behavior

Rheological measurements were performed using a Modular
Compact Rheometer (MCR-92, Anton Paar, Austria) at 37 °C with a
parallel measuring plate (PP25). The hydrogel discs (25 mm in diam-
eter) were placed between the plates and compressed by 2 % of their
thickness while being surrounded by DD water. To determine the linear
viscoelastic region, amplitude sweeps were performed in a range of
shear strain from 0.01 % to 100 % at a constant angular frequency of 10
rad/s. After that, oscillatory frequency sweep tests were conducted upon
the hydrogels in a range from 0.1 rad/s to 100 rad/s at a constant
amplitude strain (0.1 %) obtained from the previous amplitude sweeps.
During these tests, both the loss (G") and storage (G') moduli were ob-
tained. The loss tangent was calculated through equation (5):

G
tan § = o (5)
2.3.10. Mucoadhesion

Mucoadhesion testing was conducted using a TA. XT Express Texture
Analyzer (Stable Micro Systems, UK). Hydrogel discs were glued to the
superior moving probe and brought into contact with a sample of large
intestine porcine mucosa securely held in a cylindrical holder fixed in
the bottom of the equipment. The moving probe with the glued hydrogel
established contact with the mucosa for 10 s and was then withdrawn at
a constant velocity of 0.05 mm/s. The maximum detachment force
required for separating the hydrogel from the pig mucosa was registered
and the work of adhesion was calculated from the area under the curve
force vs distance. At least three measurements were performed per
formulation.

2.3.11. Biological activity

2.3.11.1. Irritability. Hen’s Egg Test — Chorioallantoic Membrane (HET-
CAM) was performed following the recommended protocol [34] to
evaluate potential irritating effect of hydrogels. Fertilized chicken eggs
were incubated at 37 °C and 60 % humidity for 8 days in an incubator
(YZ-56S, China). On the ninth day, the upper shell of the eggs was cut
with a rotary saw (Dremel 3000 from Breda, Netherlands), and the
exposed inner membrane was hydrated with 0.9 % (w/v) NaCl solution.
Thirty minutes after the solution was decanted, and the inner membrane
removed to expose the CAM. The hydrogel discs were placed directly on
top of the CAM. The appearance of CAM was monitored for 5 min, to
observe eventual signs of hemorrhage, lysis or coagulation. Negative
and positive controls were prepared with 0.9 % (w/v) NaCl and 0.1 M
NaOH, respectively. The irritation score was calculated according to
Ref. [35]. Three tests were performed for each formulation.

2.3.11.2. Hemocompatibility. The hemocompatibility of the hydrogels
was evaluated using the ASTM F756-17 standard [36]. Blood samples
were collected from healthy volunteers, with informed consent
(approval by the Ethical Committee of Egas Moniz, Ref. no1047/2022),
at the Health Service of Instituto Superior Técnico. Hydrogel discs were
immersed in 5 mL of PBS in a 15 mL falcon. After adding 200 pL of blood,
the falcons were closed and incubated for 1 h at 37 °C. Finally, the discs
were removed from the solutions, which were centrifuged for 10 min at
3000 rpm. Positive and negative controls were prepared following the
same procedure but adding the blood only to DD water and PBS,
respectively. The absorbance of the supernatant was measured in a
UV/Vis spectrophotometer (Thermo Fisher Multiskan GO, USA) at 540
nm, and the hemolysis ratio (HR) calculated through equation (6):
As - Anc

HR (%) =1 _A % 100, (6)
pc nc

where Ay is the absorbance of the supernatant in which the sample was
immersed, and Ap. and Ay are the absorbances of the negative and
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positive controls, respectively.

2.3.11.3. Cytotoxicity. The cytotoxicity of the hydrogels was evaluated
following the standard protocol described in Ref. [37]. Before the assays,
the hydrogel discs were sterilized inside a laminar flow cabinet (Bio Air
Instruments, model AURA 2000 MAC 4 NF), by immersing the samples
in 70 % (v/v) ethanol for 1 min and then in sterile DD water.

NIH/3T3 fibroblasts (Sigma) were seeded in 12-well plates
(approximately 1 x 10° cells/well) in DMEM (Dulbecco’s Modified
Eagle Medium) that has been supplemented with 10 % (v/v) fetal bovine
serum and 1 % (v/v) penicillin-streptomycin solution. The plates were
then incubated at 37 °C in a humidified atmosphere with 5 % CO», for
24 h. After this period, the culture medium was replaced by fresh me-
dium, and the discs were placed in the Transwell® inserts. Additional
200 pL of medium were added to the hydrogels, which were then
incubated for further 24 h. Four replicates for each hydrogel type were
considered. In addition to the experimental groups, a negative control
(DMEM) and a positive control with 10 % DMSO in culture medium
were also included. To perform the MTT assay, the inserts with the discs
and the medium were removed and the wells were washed with PBS.
Next, the MTT solution (0.5 mg/mL MTT in serum-free DMEM) was
added to the wells and incubated for 3 h. To dissolve the formazan
crystals, isopropanol solvent (0.1 % V/V IGEPAL in isopropanol with 4
mM HCI) was added. Finally, the absorbance was measured using a
microplate reader (Infinite 200Pro, Tecan) at 565 nm, and the cell
viability was calculated using equation (7), where Ag and A, are the
normalized values of the absorbance of the samples and negative con-
trols, respectively.

Cell viability (%) = % x 100. %)

nc

2.3.11.4. Antibacterial properties. The antibacterial activity was
assessed by the Kirby-Bauer disc diffusion assay (or agar diffusion
assay). In total, 20 bacterial strains with different resistance to antibi-
otics were used: 5 vancomycin-susceptible Enterococcus faecium, 5
vancomycin-resistant Enterococcus faecium (VRE), 5 Escherichia coli, and
5 extended-spectrum beta-lactamases (ESBL) Escherichia coli.

All strains were grown in BHI for 24 h at 37 °C. Subsequently, a
turbidity equivalent to 0.5 McFarland (1.5 x 108 bacteria/mL) was
prepared for each bacterium. The inoculum was then seeded onto
Mueller-Hinton agar plates. Hydrogel discs of 4 mm diameter, sterilized
according to the procedure mentioned in the previous section, were
placed on the inoculated agar and incubated for 18-24 h at 37 °C.
Positive controls (standard antibiotic discs) and negative controls (blank
hydrogel discs) were included for comparison. Finally, the diameter of
the halos (if present) was measured using a caliper. Three replicates
were done for each system. It shall be noted that, due to the low aqueous
solubility of some active agents (e.g., astaxanthin and ozonized oils), the
disc diffusion assay may underestimate the antimicrobial activity of the
formulations.

2.4. Statistical analysis

Statistical analysis was performed using GraphPad Prism software
(version 9.0). Data are presented as mean =+ standard deviation. The
Shapiro-Wilk test was used to assess the normality of the results. For
datasets following normal distribution, one-way ANOVA was carried out
for multiple comparisons, and Student t-test was used to compare two
groups. When data did not follow a normal distribution, the Mann-
Whitney test was employed to compare two independent groups. A
significance threshold was set at 0.05. Statistical differences are marked
with asterisks, where * indicates p < 0.05, ** indicates p < 0.005, and
*** jndicates p < 0.0005.
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3. Results and discussion
3.1. Antioxidant capacity

The DPPH assay was performed to determine the antioxidant activity
of the prepared hydrogels. The results (Fig. 3) show that all hydrogels
present antioxidant activity, including the base hydrogel (B). This could
be associated with the reported antioxidant activity of the main com-
ponents of the hydrogel matrix (namely casein and chitosan). Casein
contains specific amino acid residues, such as tyrosine, tryptophan,
cysteine, and histidine, which can donate electrons or hydrogen atoms,
neutralizing free radicals [25]. The antioxidant properties of chitosan
depend on factors like molecular weight and degree of deacetylation.
Anraku et al. [38] reported that chitosan with low molecular weight and
a high degree of deacetylation exhibits enhanced antioxidant activity.
This activity is attributed to chitosan’s ability to scavenge free radicals
(such as hydroxyl and superoxide radicals) through the reactive hy-
droxyl and amino groups present in its molecular structure.

The incorporation of the active agents improved the antioxidant
response of the hydrogel. Regarding astaxanthin, BAx_1 increased the
antioxidant activity of the hydrogel by 53 % compared with hydrogel B (p =
0.0238). Doubling the amount of astaxanthin (BAx_2) led to an additional
15 % increase (p = 0.0428), indicating a saturation effect. Due to their
hydrophobic nature, astaxanthin molecules tend to aggregate, particu-
larly at high concentrations. These aggregates can cause steric hin-
drance, limiting the accessibility of active sites and thereby reducing
their effectiveness in scavenging free radicals [39,40]. Additionally,
astaxanthin can interact with the components of the hydrogel (chitosan
and casein), which may decrease the availability of active sites and
consequently its antioxidant activity.

In the case of ozonized oils, the hydrogel BOz12_1 (1200 meq Oy/kg)
increased antioxidant activity by 49 % (p = 0.0262), while doubling the
amount of the same oil (BOz12_2) further enhanced activity by 71 %.
These results confirm the dose-dependent effect of both bioactive
agents, although saturation occurred earlier for astaxanthin than for
ozonized oil. Similar results were reported by Cho et al. [41], who found,
through DPPH assays, that ozonized sunflower oil has a potent
dose-dependent radical scavenging activity. The antioxidant activity of
ozonized vegetable oils results from the presence of powerful natural
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Fig. 3. Antioxidant capacity of hydrogels. The error bars represent the +mean
standard deviations (n = 3).
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antioxidants, like polyphenols and tocopherols (quite abundant in olive
oil [42]and sunflower oil [43], respectively), but may also be due to the
formation of ozonides (secondary antioxidants) when ozone reacts with
unsaturated fatty acids present in the oils [44]. The results obtained in
the present work suggest that further increasing the concentration of the
oil could improve even more the antioxidant activity. This was
attempted, but higher amounts of oil resulted in phase separation,
originating hydrogels comprising a solid matrix with a visible oil film on
the surface.

The presence of certain volatile compounds (e.g. aldehydes, ketones,
and free fatty acids) in the ozonized oils may confer them an undesirable
smell. A deodorization process, involving steam distillation at high
temperature under vacuum, is often used to eliminate these compounds
and turn the oil more appealing. The high temperatures associated with
the process can degrade sensitive components, including the antioxi-
dants (e.g., polyphenols and tocopherols) [45]. Therefore, the hydrogel
prepared with deodorized ozonized oil (BOzD12_2) was compared to the
equivalent one containing the non-deodorized oil (BOz12_2). The results
showed that the odour removal process led to a slight reduction of the
DPPH inhibition power from 29.7 % to 26.3 %, nevertheless it was not
statistically significant (p = 0.0684).

Finally, a third oil, with a higher content of olive oil (volumetric ratio
sunflower oil:olive oil 50:50) and a lower peroxide value (800 meq O3/
kg) was used to produce the hydrogel BOz8 2 and the results were
compared to those obtained for BOz12 2, which contains the same
amount of ozonized oil but with the ratio 85:15 and a peroxide value
1200 meq Oo/kg. A slightly higher DPPH inhibition percentage was
observed for BOz8_2 (31.4 %), but the difference to BOz12_2 was not
statistically significant (p = 0.3880). It is known that the antioxidant
activity increases when peroxide values decrease [46] still the differ-
ences in oil composition can mask this effect. In fact, the ozonation of
vegetable oils is a complex process that depends on various factors,
including the processing conditions and the type of oil. Ozone is a strong
oxidizing agent that may react with polyphenols and tocopherols of
vegetable oils, reducing their concentration and antioxidant effective-
ness. Besides, it may interact with the double bonds of unsaturated fatty
acids, leading to the formation of new compounds (peroxides, alde-
hydes, and carboxylic acids) [47] that may also affect the antioxidant
capacity of the oils.

Based on the obtained results, four hydrogels were chosen for a more
detailed characterization, and compared to hydrogel B: BAx_1 and
BAx_2 to evaluate the effect of the concentration of this carotenoid on
other properties, and BOz8_ 2 and BOz12_2, since they exhibited the
highest antioxidant activities.

3.2. Morphology

SEM images of the surface and cross-section of the selected hydrogels
are depicted in Fig. 4 and show that all hydrogels have a porous struc-
ture, which is typical for PVA hydrogels produced by FT [48]. During the
freezing step, ice crystals form and repel PVA chains leading to a
PVA-rich phase that enhances the formation of polymeric crystallites.
Upon thawing, the ice melts leading to the formation of pores, while
crystallites keep their integrity. Increasing the number of FT cycles
promotes the establishment of hydrogen bonds between the polymer
chains and increases the crystallinity degree, contributing to a stable and
robust network architecture. This results in the formation of an insoluble
hydrogel with a semicrystalline structure, displaying localized regions of
crystallites dispersed in an amorphous polymer matrix [49].

For hydrogel B, interconnected pores are especially evident in the
image of the cross-section. The addition of astaxanthin led to changes in
the morphology of the hydrogel: BAx_1 presents a more irregular and
porous surface and a cross-section with a fibrous-like porous structure.
Doubling the quantity of astaxanthin (BAx_2) led to a more compact
structure, where pores remain visible and more uniformly distributed.
The hydrogels containing ozonized oils are slightly different: the
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structure of BOz8_2 resembles that of hydrogel B both in surface and
cross-section; BOz12_2 presents smaller features and a lower bulk
porosity.

3.3. Chemical structure

The chemical composition of the hydrogels was analyzed using
infrared spectroscopy, and the normalized spectra are displayed in
Fig. 5. Additionally, Fig. S1 in Supplementary Information shows the
spectra of the components used in the production of the hydrogels.

A broad band (highlighted in grey in the figure) was detected in all
hydrogels with the center peak near 3285 cm ™}, typically corresponding
to O-H stretching. This band is commonly found in PVA due to the
hydroxyl group of the alcohol in its structure and the presence of some
residual water, which remained after the drying process. The band
around 2940-2907 cm™! (highlighted in yellow), which is present in all
spectra, is related to the stretching vibration of C-H present in PVA,
chitosan and the oils. These peaks are more pronounced in spectra of the
hydrogels containing oils, which is consistent with the high intensity of
the same peaks in the pure components (oil 1200 and oil 800) shown in
Fig. S1. The PVA spectrum presents also two characteristic peaks at
~1140 cm™! (C-O stretching) and ~1080 cm™! (C=0 stretching)
(Fig. S1), related to the crystalline and amorphous phases, respectively
[50]. Both peaks were detected in the spectra of all hydrogels (high-
lighted in orange), and the decrease in the transmittance ratio
1140/1080 observed for B, BAx_1, and BAx_2 suggests a lower crystal-
linity degree compared with that of BOz12 2 and BOz8_2 [50]. How-
ever, the presence of chitosan with a typical peak around 1150 cm™?
(Fig. S1), which derives from asymmetric stretching of the C-O-C bridge
in Ref. [51], may interfere with those results. The same peak appears in
the spectra of ozonized oils [52] In the same spectral region, peaks at
1066 and 1028 cm ™! are typically seen in the spectrum of chitosan,
which are assigned to C-O stretching [51]. These peaks may be detected
in the spectrum of hydrogel B (highlighted in orange), but they overlap
with different peaks in the spectra of the other hydrogels.

The molecular structures of caseins include several amine groups.
The main characteristic peaks seen in their spectrum are 1516 cm ™!
deriving from the stretching vibration of C-N and bending of N-H, and
1664 cm™! assigned to carbonyl groups (Fig. S1) [53]. These peaks
(highlighted in blue) were clearly detected in the spectra of all
hydrogels.

At 3009 cm™), a low intensity peak (highlighted in green) corre-
spondent to C-H stretching vibration of the cis-double bond (=C-H) was
observed in the spectra of BOz8_2 and BOz12_2. This peak is charac-
teristic of ozonized oils (Fig. S1) [52]. In the region 2940 cm ™! to 2907
em ™! (stretching vibration of C-H in PVA), the spectra of hydrogels
BOz8_2 and BOz12_2 show stronger peaks (2960 - 2850 cm’l) due to
vibration of the aliphatic groups (CH3 and CH2 respectively) existent in
ozonized oils [54]. Another characteristic peak of the oils may be seen in
the spectra of BOz8_and BOz12_2 at 1740 em™! (highlighted in purple),
deriving from the carbonyl groups [55]. It became more intense in
BOz12_2 than BOz8_2, reflecting the increase of the carbonyl content in
the oil with higher degree of ozonation.

The spectrum of astaxanthin presents several peaks between 1651
em ! and 960 em ™! (Fig. S1), which are superimposed to the peaks of
other components of the hydrogels. However, it is possible to observe on
the spectra of hydrogels containing astaxanthin, BAx_1 and BAx 2, a
slight enhancement of the peak at 1550 cm™, corresponding to
stretching vibration of C=C in astaxanthin [44].

Overall, the hydrogel network formation shall be primarily driven by
non-covalent interactions, including hydrogen bonding, electrostatic
interactions, hydrophobic interactions, and van der Waals forces. PVA
has a high number of hydroxyl groups that can form strong hydrogen
bonds with amino and hydroxyl groups of chitosan and casein; elec-
trostatic interactions are expected to establish between the positively
charged amino groups of chitosan and negatively charged groups of
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Surface Cross-section

Fig. 4. SEM images of the hydrogels surface and cross-section.
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Fig. 5. FTIR-ATR spectra (4000-400 cm™') of hydrogels with highlights of
specific bands.

casein (e.g., carboxylates or phosphates); hydrophobic interactions shall
occur between non-polar amino acid residues in casein stabilizing the
hydrogel structure. During freeze-thawing cycles, PVA undergoes
physical crosslinking through the formation of crystalline domains,
which also enhances the mechanical integrity of the hydrogel. The in-
crease in viscosity inherent to this process reduces the mobility of casein
molecules in the formulation, hindering the dynamic assembly behavior
required for micellization. Micelle formation is also impaired by the
interactions between casein and PVA or chitosan, which compete with
casein-casein associations. Finally, the use of casein sodium salt, a sol-
uble de-micellated form of casein, to prepare the hydrogel shall
contribute to prevent micelle formation, as it is unable to self-assemble
in the absence of calcium and phosphate ions [56].

When astaxanthin or ozonized oils are incorporated into the hydro-
gel, they shall also interact with the polymer network primarily through
non-covalent interactions, such as hydrogen bonding (between hydroxyl
and carbonyl groups), hydrophobic interactions (with non-polar regions
of casein and chitosan), and, in the case of astaxanthin, possible n—x
stacking. Ozonized oils may also form weak electrostatic interactions if
carboxylic acid groups are present and ionized. These interactions help
retain the bioactive compounds within the hydrogel and contribute to its
structural stability and antioxidant functionality.
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Fig. 6. Water contact angle of the hydrogels. The error bars represent the
+mean standard deviations.
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3.4. Wettability

Fig. 6 shows that all hydrogels are hydrophilic, presenting values of
water contact angles between 44° and 55°. The incorporation of astax-
anthin slightly increased the average value of the contact angle, while
ozonized oil with 800 meq O2/kg led to a decrease and ozonized oil with
1200 meq Oy/kg had practically no effect on the wettability. Yet, none of
the variations were statistically significant. The hydrophilic nature of
the produced materials results from the presence of hydroxyl groups
(-OH) in PVA, casein, and chitosan, amine groups (-NH; and = NH) in
chitosan and casein, and phosphate groups (-PO4) in casein. Hydrophilic
materials are ideal for exudative wounds due to their ability to absorb
water and promote faster healing [57]. However, these materials pre-
sent challenges, particularly during dressing removal. When a clot forms
between the dressing and the wound tissue, removing the dressing re-
quires extreme care to minimize the chances of its disrupting [58].

3.5. Equilibrium water content

The produced hydrogels presented a significantly high value of EWC
(Fig. 7), which is critical to maintain a moist wound environment,
support debridement and minimize pain, thus benefiting wound healing.
The water retention of the hydrogels is associated with their hydrophilic
character and their porosity. Although both astaxanthin and the ozon-
ized oils are hydrophobic, their incorporation in the hydrogels led to an
increase in the EWC, which was slightly more accentuated in the case of
astaxanthin: maximum of 5.4 % increase for Bax_2 relative to hydrogel
B. The observed increase may be related to different pore morphologies,
as depicted in Fig. 4. It must be stressed that the lyophilization process
undergone by the hydrogels before SEM analysis may affect the porous
structure in different ways, depending on their composition. Thus, direct
correlations between the SEM images and the EWC values may not be
obvious.

Moreover, the addition of drug molecules prior to FT may interfere
with the formation of physical crosslinks affecting the production of
more crystalline zones, potentially altering the overall hydrogel
network, which could change the swelling behavior of the materials.
This has been seen previously for PVA based hydrogels with addition of
chitosan [59] and drug molecules [60,61] On the other hand, the
presence of drug molecules can also lead to a promotion in crystalline
sites or increase in physical links [62].
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Fig. 7. EWC (%) of the hydrogels. The error bars represent the tmean stan-
dard deviations.



M. Gongalves et al.
3.6. Water vapor transmission rate

The WVTR of a dressing applied on the wound influences its level of
moisture, consequently it affects the wound healing process. Whereas
dressings with high WVTR may lead to dehydration of the wound, low
WVTR dressings could be responsible for maceration of the skin due to
accumulation of wound fluid. Therefore, different wounds require
different conditions of moisture. Accordingly, an ideal dressing should
have a transmission rate at least higher than the WVTR of normal skin
[63] (on average 204 + 12 g m~2.24 h™! [64]).

Hydrogels are materials known for their high values of WVTR. Fig. 8
displays the WVTR values for the tested hydrogels, ranging from 3877 +
858 g m2.24 h™! to 10145 + 1059 g m~2.24 h™1. The hydrogels con-
taining astaxanthin have the highest WVTR values.

As previously mentioned, excessively high WVTR may lead to
dehydration of the wound surface. A suitable range of permeability to
moisture vapor in commercial wound dressings lies between 76 g
m~2.24h~ ! and 9360 g m2.24 h’l, according to the clinical needs [65].
Wu et al. [66] studied the water vapor loss characteristics of some
hy(lirogel dressings and found their WVTR to be above 9000 g m™2.24
h™.

The results indicate that all hydrogels, except BAx_ 2, presented
adequate WVTR values. However, in clinical practice, the high WVTR of
some hydrogels can be managed by using a self-adhesive fabric cover,
like Mefix®, as suggested by Queen et al. [67]. Thus, hydrogel BAx_2
would require additional covering to effectively control its WVTR.

3.7. Degradation

A controlled degradation of the hydrogels in two different environ-
ments was performed. Fig. 9A shows the results of the enzymatic
degradation for the hydrogels ranging from 8.6 % to 18.9 % during the
first 24 h, and from 6.6 % to 21.2 % for 48 h.

The first conclusion is that extending the experiment from 24 h to 48
h did not significantly increase the degradation rate of the hydrogels,
suggesting that most of the degradation occurred within the initial hours
of exposure to the fluid. The hydrogels containing astaxanthin showed
higher degradation in PECF + lyz compared to hydrogel B which could
be due to the preferential binding of astaxanthin to lysozyme mainly
through hydrophobic interactions [68]. In contrast, the hydrogels con-
taining ozonized oils, BOz8 2 and BOz12_2, showed significantly lower
degradation in PECF + lyz than hydrogel B at both 24 h and 48 h. Ac-
cording to the literature, ozone inhibits the enzymatic activity of lyso-
zyme [69], which could have contributed to the reduced degradation
that remained under 10 % in both samples for the two time periods. The
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Fig. 8. WVTR results of the hydrogels. The error bars represent the +mean
standard deviations (n = 3).
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slight tendency for higher degradation at 24 h than at 48 h (1-3 %
variation) might be explained by a swelling event surpassing the low
degradation, therefore culminating in an increase in hydrogel mass even
after spending an extra 24 h immersed in the degradation solution. This
effect has also been reported by Ekasurya et al. [70].

Regarding the hydrolytic degradation conducted in PBS (Fig. 9B), the
weight loss of these hydrogels ranged from 0.1 % to 8.6 % during the
first 24 h, and from 1.9 % to 13.1 % for 48 h. In this case, the longer the
hydrogel remained immersed in the degradation solution, the greater
the weight loss observed. The hydrogels containing astaxanthin suffered
the highest average degradation, while the hydrogels with incorporated
ozonized oils presented minor weight losses. Hydrogel BOz8_2 exhibited
a peculiar behavior with vestigial weight loss in the first 24 h. While it
might seem that the hydrogel did not degrade after one day in PBS, a
more likely explanation is that swelling offset any degradation,
balancing the overall weight change.

Comparison of the weight losses obtained from both tests shows that
enzymatic solution promoted higher degradation for all hydrogels.
Hydrogel B exhibited moderate degradation. BAx_1 and BAx_2 hydro-
gels experienced the highest levels of degradation, while BOz8_2 and
BOz12_2, showed the least weight loss. This suggests that astaxanthin
may promote higher degradation rates, while ozonized oils seem to play
a protective role in hydrogel degradation, including in the presence of
enzymatic agents. The different influence of astaxanthin and ozonized
oils on the material’s resistance to degradation may be attributed to the
observed changes in the hydrogel structure (Fig. 4): while astaxanthin
increased the porosity of the hydrogels, ozonized oils had only a slight
effect.

3.8. Tensile behavior

The mechanical properties of the hydrogels were initially evaluated
using tensile tests. Representative curves for each hydrogel formulation
are presented in Fig. 10A, which show that, as expected, all hydrogels
exhibited an elastomer-like behavior. The values of Young’s modulus for
each hydrogel are depicted in Fig. 10B.

Hydrogels B and BOz8_2 are the stiffest hydrogels, indicating better
structural support, which may be beneficial for wounds located in body
areas subjected to the patient movement. In the case of BAx 2, the
modulus of elasticity decreased more than 50 % (27.5 + 3.0 kPa)
compared to hydrogel B (p = 0.0001). The mechanical properties of this
hydrogel are likely to be due to interactions between astaxanthin and the
hydrogel matrix, which affect the crosslinking structure, elasticity, and
stretchability of the material. The differences between the mechanical
properties of BAx_ 2 and BAx_1 reflect the different amounts of astax-
anthin present in the hydrogel.

In comparison with astaxanthin, the incorporation of ozonized oils
had a small effect on the mechanical properties of the hydrogels. The
modulus of elasticity of hydrogel BOz8_2 is similar to that of hydrogel B
(p = 0.7034), while hydrogel BOz12 2 exhibited a Young’s modulus
value ~20 % lower than hydrogel B (p = 0.0179), revealing some
detrimental effects on the mechanical properties.

The values of the Young’s modulus of our hydrogels (27.5-59.1 kPa)
lie near the lower limit of the range reported by Minsart et al. [71] for
commercial wound dressings (50 kPa), and within the range of values
described by Massarelli et al. [11] for PVA/chitosan wound dressings.
Similarly, Drury et al. [72] and Peng et al. [73] registered Young’s
moduli of alginate hydrogels and PVA/chitosan hydrogels in the same
range. It is important to stress that dressings with high Young’s modulus
may limit body movement causing trauma, while low Young’s modulus
dressings are difficult to keep on the wound surface.

The ultimate tensile stress is presented in Fig. 10C. Hydrogel B
exhibited the highest tensile strength (66.2 + 3.6 kPa), while the
incorporation of astaxanthin, particularly at higher concentrations
(BAx_2), led to a significant reduction in strength (28.2 & 9.4 kPa, p =
0.0002). This observation is consistent with the previously discussed
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Fig. 10. (A) Tensile stress-strain curves, (B) Young’s modulus, (C) ultimate tensile strength, (D) elongation-at-break and (E) toughness of the hydrogels.

decrease in stiffness for BAx_2 and suggests that astaxanthin interferes
with the polymeric network, weakening intermolecular interactions and
limiting stress transfer across the hydrogel matrix. In contrast, hydrogels
containing ozonized oils (BOz8_2 and BOz12_2) retained mechanical
strength values similar to or slightly lower than the control hydrogel B,
indicating a less pronounced effect of these bioactive agents on tensile
resistance.

The elongation-at-break (Fig. 10 D) highlights another important
aspect of the hydrogel’s mechanical behavior. Interestingly, hydrogel
BAx_1 showed the highest value (230.9 + 11.1 %), significantly higher
than hydrogel B (p = 0.0056). This suggests that a lower concentration
of astaxanthin may slightly alter the hydrogel network, for instance by
modulating polymer—polymer interactions and allowing greater chain
mobility, which results in an increased strain at break. By contrast,
BAx_2 displayed elongation values similar to the control hydrogel B (p =
0.316), but significantly lower than BAx_1 (p = 0.0094). This indicates
that the effect observed at lower astaxanthin concentration does not
persist at higher levels, where the balance between polymer—polymer
and polymer-astaxanthin interactions may counteract the increase in
the strain capacity. Hydrogels with ozonized oils (BOz8_2 and BOz12 2)
presented elongation values comparable to hydrogel B, suggesting that
these bioactive agents do not alter the strain capacity of the hydrogel
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matrix.

The toughness values of the hydrogels are shown in Fig. 10E. The
incorporation of astaxanthin induced a concentration-dependent trend:
BAx_1 presented a slight increase compared to the control, although this
difference was not statistically significant (p = 0.104), suggesting that
low concentrations of astaxanthin may promote minor reinforcement or
plasticization effects without substantially altering the structural
integrity of the network. In contrast, BAx_ 2 showed a significant
reduction (p = 0.0025), evidencing that higher astaxanthin content
compromises the hydrogel’s capacity to dissipate energy, likely due to
perturbations in polymer—polymer interactions and reduced synergy in
the crosslinked structure. For hydrogels with ozonized oils, the effect on
toughness was more limited. BOz8 2 maintained values similar to
hydrogel B (p = 0.639), while BOz12_2 exhibited only a slight but sig-
nificant reduction (p = 0.029). The toughness values reported (16-51 kJ
m~>) are within the range of hydrogels designed for wound dressing
applications, as observed in previous works [74,75].

3.9. Rheological behavior

The evaluation of the viscoelasticity of the hydrogels was carried out
through rheological testing. The changes in the storage (G") and loss (G")
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moduli, respectively associated with elastic and viscous behavior, versus
the angular frequency are shown in Fig. 11.

All hydrogels presented a predominant elastic response for all fre-
quencies since G’ () > G” (»), a characteristic of viscoelastic materials.
The storage modulus (G') remained nearly constant throughout the
frequency range for all hydrogels. Conversely, the loss modulus (G")
demonstrated a wavy pattern for some hydrogels, namely in the case of
BAx 2.

The incorporation of astaxanthin in the hydrogel matrix led to a
decrease in both moduli comparing to hydrogel B. This, together with
the observed variations of the moduli with frequency suggests the
presence of heterogeneities in the hydrogel structure that are respon-
sible for detrimental rheological properties of astaxanthin-containing
hydrogels.

Concerning the hydrogels with ozonized oils, BOz12_2 presented
values for both moduli similar to those of hydrogel B, while BOz8_2
exhibited G’ and G” values lower than hydrogel B. This means that the
degree of ozonation of the oil affected the viscoelastic behavior of the
hydrogel: a lower degree led to a more deformable material with lower
damping response.

The loss tangent (tan 8) defined as the ratio between the loss and the
storage moduli allowed the determination of the phase angle (8), which
gives a relative measure of the viscous and elastic characteristics of the
material. For instance,  of 90° indicates a purely viscous material, while
for a pure elastic material  would be equal to 0° [76]. Table 2 shows the
results obtained for the phase angle of the hydrogels tested, which
ranged from (3.0 + 1.2) ° to (5.1 + 2.2) °.

This range of values means that all hydrogels displayed properties
close to elastic-like materials. Addition of active agents in the formula-
tions of the hydrogels slightly enhanced their elasticity since hydrogel B
presented the highest phase angle ().

Comparison with other studies reveals that the viscoelastic behavior
of our hydrogels, characterized by G’ (450-1900 Pa) and G’ (4-150 Pa),
is comparable to other PVA hydrogels proposed for wound dressings.
Soto-Bustamante et al. [77] produced PVA/chitosan hydrogels varying
both the composition and the FT time and obtained storage and loss
moduli values of the same order of magnitude of those found in the of
the present work. For example, the composition PVA/chitosan 70/30 led
to G’ (500-900 Pa) and G*’ (40-100 Pa), depending on the number of FT
cycles. Rainho et al. [78] reported the storage moduli obtained in the
range of 102-10° Pa and the loss moduli ranging between 1 and 10° Pa
for PVA/casein hydrogels. Overall, the values obtained for G' and G”
regarding the hydrogels developed in this work fall within the optimal
range for wound dressing materials, especially for hydrogel-based or soft
elastomeric dressings. In fact, they suggest that the materials shall be
soft enough to be gentle and conformable to skin/tissue, but simulta-
neously structurally sound enough to maintain integrity. Besides, they
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Fig. 11. Storage (G') (circle symbols) and loss (G”) (triangle symbols) moduli of
the hydrogels obtained by rheological measurements. The error bars represent
the +mean standard deviations (n = 3).
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Table 2

Phase angles (8) obtained by the loss factor (tan
8). The error bars represent the +mean stan-
dard deviations (n = 3).

Hydrogel 5(°)

B 51+22
BAx_1 3.0+1.2
BAx 2 47 £ 2.4
BOz8_2 42+0.7
BOz12_2 3.7+1.0

shall present a balanced viscoelasticity suitable for moisture retention
and wound protection.

3.10. Mucoadhesion

The mucoadhesion tests were performed to predict the adhesiveness
of the hydrogels to the wound bed. Fig. 12 A and B show the maximum
force of detachment and the work of adhesion, respectively.

Hydrogel B was the least adhesive with maximum force of detach-
ment of 85.1 mN and work of adhesion of 68.7 mN mm. These values
suggested that hydrogel B should be suitable for some applications
where low adhesion is preferred. BAx_1 was the hydrogel with both
strongest force and highest work of adhesion (188.9 mN and 904.8 mN
mm, respectively), which indicates that this hydrogel exhibits the
greatest ability to adhere to a skin-like surface and shows a high resis-
tance to detachment. The hydrogel BOz12 2 presented the second
highest values for the maximum force (187.2 mN) and work of adhesion
(618.1 mN mm). Despite the difficulty to directly correlate the
mucoadhesive properties with the type and amount of active agents, the
results show that the presence of these agents enhance the adhesiveness
of the hydrogels, which may be related to the structural characteristics
of the hydrogels and eventual interactions between the agent molecules
and the mucosal surface.

Optimization of the adherence of the dressing to the wound is a
complex issue. Good adherence not only promotes tissue bonding but
also conforms to the topography of the wound bed, which can help
reduce pain [79]. In contrast, other authors call attention to the fact that
adhesion of the dressing to the wound surface should be minimized to
prevent trauma of the vulnerable skin during the removal process [80].
Thus, the ideal adhesive should be selected taking into consideration
several factors, such as the type of wound, patient characteristics, and
environment [81].

3.11. Biological activity

Fig. 13A displays the CAMs after being in contact with the hydrogel
discs for 5 min. Throughout the test, no signs of coagulation, hemor-
rhage, or vascular lysis were observed in any of the CAMs. Therefore, all
hydrogels obtained an irritation score of 0.0 % and may be classified as
non-irritating materials.

The hemocompatibility results, given in Fig. 13B, show how the
hydrogels interact with red blood cells. The hemolysis ratio varied from
0.2 % to 1.2 %, indicating minimal impact on the cells. According to
ASTM F756-00 [36], materials can be classified based on their hemolysis
ratio: above 5 % are deemed hemolytic, between 2 % and 5 % are
considered slightly hemolytic, and below 2 % are categorized as
non-hemolytic. Thus, all hydrogels are highly compatible with red blood
cells since they led to hemolysis ratios below 2 %.

Fig. 13C presents the cytotoxicity results. The hydrogels may be
considered non-toxic since cell viability was not significantly different
from the negative control, demonstrating values above those defined by
the ISO 10993-5 standard [37]. The quantity of astaxanthin in the
hydrogel formulation had a clear positive impact on the viability of the
fibroblasts, as BAx_2 led to an increase of 25.3 % comparatively to BAx_1
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Fig. 13. (A) CAM images after 5 min in contact with hydrogel discs. Negative and positive controls are also shown. (B) Hemolysis ratio (%); (C) Cell viability of
fibroblasts after exposure to extracts of hydrogels for 24 h. The error bars represent + standard deviations.

(p = 0.0004). On the other hand, the type of ozonized oil had a small
influence since the difference between BOz8 2 and BOz122 (p =
0.2662) is only 8.5 %.

The capacity of the hydrogel formulations to inhibiting bacterial
growth was tested against several strains of Gram-positive and Gram-
negative bacteria, Enterococcus faecium and Escherichia coli respec-
tively. Overall, the discs did not prevent the growth of vancomycin
susceptible E. faecium, E. coli and ESBL strains. However, the growth of
three strains of VRE (VRE1, VRE2 and VRE4) was inhibited by some
hydrogels. Table 3 shows the dimensions of the inhibition halos for the
different hydrogels and strains.

All hydrogels presented some antibacterial capacity, even hydrogel B
without active agents in its formulation. The result of the latter hydrogel
could be related to the presence of casein and chitosan in its composi-
tion, which, as previously mentioned, are known for their antimicrobial
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Table 3
Dimensions of inhibition halos (mm) in antimicrobial susceptibility tests per-
formed with the hydrogels against different VRE strains.

Bacteria strain Diameter of inhibition halo (mm)

B BAx_1 BAx_2 BOz8.2 BOz12.2
VRE1 6 7 7 6 6
VRE2 - 6 - - 8
VRE4 - - - - 8

properties. The inherent positive charge of chitosan and casein at low pH
enables the attachment of the negatively charged bacterial membranes.
Several authors have reported the antimicrobial activity of these com-
pounds, namely Flores-Nieves et al. [82], who found that electrospun
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casein fibers had inhibitory effect against E. coli bacteria, and Aziz et al.
[83], who produced a chitosan/dextran-based hydrogel effective against
the same bacteria.

The growth of both ESBL and non-ESBL-producing strains of E. coli
was not inhibited by the presence of the hydrogels. This lack of inhibi-
tion could be associated with the composition of the cell walls of the
Gram-negative bacteria. These bacteria have a cell envelope, which
comprises an outer membrane, the thinner peptidoglycan cell wall, and
finally an inner membrane. The outer membrane consists of a lipid
bilayer composed of glycolipids with lipid tails of hydrophobic nature
[84]. Gram-negative bacteria can change the hydrophobic properties or
mutations in this outer membrane, consequently increasing their resis-
tance to antibiotics [85].

Among the Gram-positive strains, only some VRE were inhibited,
while the non-VRE grew as much as the E. coli. VRE1 was the unique
strain that was inhibited by all hydrogels. The blockage to growth of this
strain was independent of the type of active agent present in the
hydrogel. BOz12_2 stood up as the hydrogel with the highest antimi-
crobial activity, inhibiting the growth of three bacterial strains. These
results agree with the findings of Song et al. [86], who studied the
antibacterial effects of ozonized oil and ozonized water against S. aureus
and methicillin resistant S. aureus (MRSA) for topical applications in skin
infections. They reported that the ozonized oil had powerful antibacte-
rial properties, particularly against Gram-positive microorganisms.

The ability of BOz12 2 to inhibit multiple strains of multidrug-
resistant Enterococcus is particularly relevant in the context of diabetic
foot ulcers, where these pathogens are often implicated and therapeutic
options are increasingly limited. In contrast, the absence of inhibition
against E. coli strains, both ESBL and non-ESBL, likely reflects the barrier
function of the Gram-negative outer membrane, which limits the
penetration of both hydrophilic and lipophilic agents. This structural
feature, combined with potential efflux mechanisms, can reduce the
efficacy of topically applied antimicrobial formulations.

It is also important to consider the limitations of the disc diffusion
method employed in this study. The method relies on radial diffusion of
antimicrobial agents through an agar matrix, which may underestimate
the bioactivity of hydrophobic compounds such as astaxanthin and
ozonized oils. Their low water solubility and restricted diffusion radius
can result in small or absent inhibition zones, even when bactericidal
effects are present at the site of contact. In the future, other methods
based on direct contact in suspension will be used to better assess the
antimicrobial activity.

4. Conclusions

The main objective of this work was to develop hydrogels with
enhanced properties to accelerate the healing of chronic wounds. The
focus was on PVA/casein/chitosan-based hydrogels, integrating two
active agents — astaxanthin and ozonized oils. Astaxanthin was selected
due to its antioxidant properties, while the choice of ozonized oils was
based on their reported antimicrobial, anti-inflammatory, and wound
debridement properties. The hydrogels were produced using the FT
method that induces the formation of a porous structure. This porosity is
advantageous for wound dressings, impacting water absorption, me-
chanical properties, and potentially enhancing drug delivery.

The hydrogels were initially evaluated for their antioxidant capacity,
given the critical role of oxidative balance in wound healing. Incorpo-
ration of astaxanthin and ozonized oils significantly enhanced their free-
radical-scavenging activity, a key requirement for managing diabetic
wounds. Four hydrogels were selected for further characterization,
namely BAx_1 and BAx_2 with varying concentrations of astaxanthin;
and BOz12_2 and BOz8_2 with differences in ozonation degree and oil
composition. Water content of the hydrogels increased with the addition
of the active agents; meanwhile swelling capacity decreased. All
hydrogels, except BAx_2, presented adequate WVTR values. The
degradation studies showed that hydrogels experienced higher
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enzymatic degradation than hydrolytic, and it was more significative for
blank and astaxanthin loaded hydrogels. Both ozonized oils and astax-
anthin led to the weakening of the mechanical properties of the
hydrogels and increased their mucoadhesiveness.

In terms of the biological activity, none of the hydrogels were cyto-
toxic nor irritant, and all presented good compatibility with blood. The
hydrogels, including B without active agents, exhibited some antibac-
terial capacity attributed to casein and chitosan. Notably, BOz12_2
demonstrated the highest antimicrobial activity, inhibiting the growth
of three bacterial strains, particularly the VRE. The study also highlights
the need for complementary antimicrobial assays to more accurately
assess the efficacy of hydrophobic actives in hydrogel matrices.

Overall, it is possible to conclude that the studied formulations
enabled the production of hydrogels with promising properties for
wound dressing applications. The hydrogel BOz12_2 was the material
that gathered the best therapeutic properties, namely high antioxidant
activity and wide antibacterial effects.

Future research should focus on applications where a targeted de-
livery of drugs is required to maximize the therapeutic benefits of the
dressings and improve patient outcomes. Furthermore, clinical trials are
necessary to validate the efficacy and safety of these innovative wound
care solutions in a real-world setting.
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