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Abstract: The inability to meet and ensure as many requirements as possible is fully justified by the
continuous interest in obtaining new multifunctional materials. A new cryogel system based on
poly(vinyl alcohol) (PVA) and poly(ethylene brassylate-co-squaric acid) (PEBSA) obtained by repeated
freeze–thaw processes was previously reported and used for the incorporation of an antibacterial
essential oil—namely, thymol (Thy). Furthermore, the present study aims to confer antioxidant
properties to the PVA/PEBSA_Thy system by encapsulating α-tocopherol (α-Tcp), targeting a double
therapeutic effect due to the presence of both bioactive compounds. The amphiphilic nature of the
PEBSA copolymer allowed for the encapsulation of both Thy and α-Tcp, via an in situ entrapment
method. The new PVA/PEBSA_Thy_α-Tcp systems were characterized in terms of their influence
on the composition, network morphology and release profiles, as well as their antimicrobial and
antioxidant properties. The study underlined the cumulative antioxidant efficiency of Thy and
α-Tcp, which in combination with the PEBSA copolymer have a synergistic effect (97.1%). We believe
that the convenient and simple strategy offered in this study increases applicability for these new
PVA/PEBSA_Thy_α-Tcp cryogel systems.

Keywords: poly(vinyl alcohol); copolymacrolactone; thymol; α-tocopherol; synergistic effect;
hydrogel dressings

1. Introduction

A wound is defined as the disruption of the anatomical structure and normal function
of the skin, caused by various types of trauma, burns, or surgery [1]. As the wound occurs,
the healing process begins [2]. During this process, the generation of an excess of reactive
oxygen species (ROS) also occurs as part of the defense mechanism against pathogens.
ROSs are small molecules derived from unstable oxygen that try to stabilize themselves by
capturing the electrons of some molecules in living organisms, implying the appearance
of associated complications (dysfunctions at the level of cell membranes, conformational
changes in proteins, loss of enzyme roles along with breaking DNA chains) [3,4].

Antioxidants are chemical compounds that can alleviate oxidative stress by donating
electrons to other molecules, such as ROSs, and support the wound healing process [5]. An-
tioxidants can be classified as endogenous, produced naturally in the body as, for example,
superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and exoge-
nous obtained through the diet, such as carotenoids, vitamin C, vitamin E and flavonoids,
among others [6]. Among the tocopherols, α-Tcp is the most abundant form of vitamin
E and is considered a powerful fat-soluble antioxidant that protects membrane lipids
against oxidation and contributes to the mechanical stabilization of membranes through
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Van der Waals physical interactions [7]. The administration of α-tocopherol, as well as
the other liposoluble vitamins, presents some particularly important challenges due to
its low water solubility and stability [8]. Moreover, vitamins are sensitive molecules so
they require protection from pro-oxidant factors such as oxygen, UV or high tempera-
tures. In this sense, the encapsulation of vitamins into a polymeric network could be
a promising approach to preserve their chemical integrity and effectiveness, but also
their controlled release, thus reducing the occurrence of hypervitaminosis syndrome [9].
Conventional hydrogels are commonly used by scientists to overcome the problems men-
tioned above, but the problems surrounding their implementation on a large scale increase
due to the closed and small cavity of hydrogels. Cryogels have received tremendous
attention in applications targeting the controlled release of active principles and tissue
engineering of the skin, considering their large pore size, rough surface, absorption ca-
pacity and rapid swelling [10,11]. PVA is one of the most investigated water-soluble
synthetic polymers in obtaining cryogels, with applications as drug carriers, in wound
dressings and for tissue engineering due to its biocompatibility, biodegradability and
non-toxicity [12].

A new cryogel system based on PVA and PEBSA obtained by repeated freeze–thaw
processes was previously reported and used for the incorporation of an antibacterial es-
sential oil—namely, Thy [13]. Thy, chemically known as 2-isopropyl-5-methylphenol, is
a natural monoterpenoid phenol which is isolated from Thymus vulgaris and other plants
such as Ocimum gratissimum L., Origanum L., Satureja thymbra L. [14]. Various pharmaco-
logical properties of thymol have been investigated and reported, including antimicrobial,
antifungal, antioxidant, anti-inflammatory, analgesic, and healing activities [15–18]. PEBSA,
a copolymacrolactone system was synthetized from ethylene brassylate (EB) and squaric
acid (SA) by the ring-opening copolymerization procedure described before [19,20]. The
supramolecular structure and high functionality of PEBSA copolymer, as well as its bio-
compatibility and good thermal stability, have led to it being recommended as a matrix for
the incorporation of hydrophobic bioactive compounds [21,22].

In order to achieve a system with dual effect and activity, specifically antioxidant
and antimicrobial, the alfa-tocopherol-thymol bioactive formulation was encapsulated in
the new PVA/PEBSA polymer network. The PEBSA copolymer, due to its amphiphilic
character, allowed for the encapsulation of hydrophobic bioactive substances such us Thy
and α-Tcp, via an entrapment in situ method. Moreover, the hydrophobic affinity of the
compounds involved in the system led to a good dispersion of the bioactive molecular
agents in the PEBSA polymer network [20]. The newly prepared bioactive complexes were
characterized in terms of the influence of the composition on the network morphology and
release profiles, as well as the dual bioactive behavior due to the presence of Thy and α-Tcp.
To support previous studies, PVA/PEBSA_Thy_α-Tcp systems were prepared using PEBSA
with three different ratios between EB and SA comonomers, namely, 25/75, 50/50 and
75/25. To our knowledge, there have been no reported studies focusing on the synergistic
effect between the antimicrobial properties of Thy and the antioxidant properties of α-Tcp
associated with biomedical applications. Overall, this study offers a convenient strategy to
achieve a PVA/PEBSA cryogel system with dual therapeutic effect due to the presence of
both bioactive compounds. We intend to use the PVA/PEBSA_Thy_α-Tcp cryogel system
for antimicrobial and wound healing applications, and in this regard, we carry out the
necessary studies.

2. Results and Discussion

The present study aims to obtain cryogels based on PVA/PEBSA incorporating Thy
and α-Tcp, targeting dual activity generated by the presence of the two bioactive com-
pounds. Our group envisioned this approach to enhance the efficacy of these new an-
timicrobial cryogels to be used as wound dressings. The encapsulation of the bioactive
compounds into the PEBSA polymeric matrix was realized by an inclusion complexation
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performed in 1,4-dioxane by entrapping of Thy, of α-Tcp, into the amphiphilic PEBSA
network (Figure 1).

Gels 2023, 9, 174 3 of 13 
 

 

microbial cryogels to be used as wound dressings. The encapsulation of the bioactive 
compounds into the PEBSA polymeric matrix was realized by an inclusion complexation 
performed in 1,4-dioxane by entrapping of Thy, of α-Tcp, into the amphiphilic PEBSA 
network (Figure 1). 

 
Figure 1. Illustration of PEBSA_Thy_α-Tcp bioactive complex formation. 

2.1. Morphological Analysis 
The internal morphology of the PVA/PEBSA polymer matrix and 

PVA/PEBSA_Thy_α-Tcp systems were evaluated by SEM. As can be seen in Figure 2A, 
the SEM micrographs of cryogels based on PVA and PEBSA copolymacrolactone illus-
trate their three-dimensional network with interconnected honeycomb-like pores and 
numerous meshes, which can ensure the incorporation of bioactive molecular com-
pounds. The morphology of the PVA/PEBSA_Thy_α-Tcp systems highlights a relatively 
uniform distribution of the bioactive substances on the surface of the polymer network. 
The homogeneous distribution of Thy and α-Tcp in the PEBSA polymer network is due 
to the amphiphilic character of the copolymer and also to the hydrophobic affinity of the 
compounds involved in the system. Some differences in their morphology result from the 
cryogel preparation condition namely, the ratio between EB and SA comonomers in the 
copolymacrolactone system as well as the amount of bioactive compound. 

Figure 1. Illustration of PEBSA_Thy_α-Tcp bioactive complex formation.

2.1. Morphological Analysis

The internal morphology of the PVA/PEBSA polymer matrix and PVA/PEBSA_Thy_α-
Tcp systems were evaluated by SEM. As can be seen in Figure 2A, the SEM micrographs of
cryogels based on PVA and PEBSA copolymacrolactone illustrate their three-dimensional
network with interconnected honeycomb-like pores and numerous meshes, which can
ensure the incorporation of bioactive molecular compounds. The morphology of the
PVA/PEBSA_Thy_α-Tcp systems highlights a relatively uniform distribution of the bioac-
tive substances on the surface of the polymer network. The homogeneous distribution of
Thy and α-Tcp in the PEBSA polymer network is due to the amphiphilic character of the
copolymer and also to the hydrophobic affinity of the compounds involved in the system.
Some differences in their morphology result from the cryogel preparation condition namely,
the ratio between EB and SA comonomers in the copolymacrolactone system as well as the
amount of bioactive compound.

Therefore, in the case of the PVA_PEBSA_Thy_α-Tcp sample (Figure 2B–D), with the
increase in the EB/SA ratio in the sample, the pore size increases. This is associated with
an increase in the number of carbonyl functional groups in SA, which further results in
a higher number of hydrogen bonds between the mixing partners. Thus, the structure and
pore size of PVA/PEBSA cryogels can be modified by adjusting the ratio between EB and
SA comonomers from PEBSA composition. The morphological characterization of the new
variants of cryogels is consistent with that recently reported in the literature [13].
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Figure 2. Comparative SEM images of the cryogels: (A) PVA_PEBSA50/50, (B) PVA_PEBSA25/75_Thy_α-
Tcp, (C) PVA_PEBSA50/50_Thy_α-Tcp, (D) PVA_PEBSA75/25_Thy_α-Tcp, (E) PVA_PEBSA50/50_
2xThy_α-Tcp, and (F) PVA_PEBSA50/50_Thy_2xα-Tcp.

2.2. Release Studies

The burst release of drugs from therapeutic formulations is not desirable, especially in
the treatment of wound infections [23]. Therefore, incorporating these active principles into
an effective delivery system, such as a hydrogel, and releasing them in a controlled manner
reduces potential side effects. In the reported literature, there are studies that focused on
the controlled release of Thy and α-Tcp from a hydrogel polymer matrix—examples are
shown in Table 1:

Table 1. A summary of controlled release studies of bioactive compounds from hydrogels.

Scaffold Material

Bioactive
Compounds

Cumulative Bioactive
Compound Release in

Different Release Media
Reference

Thy α-Tcp

Chitosan hydrogels 3 -

~ 70% of Thy release in artificial
saliva and ~ 45% of Thy release

in phosphate-buffered saline
(PBS) after 4 h; 100% of Thy

release in almost 48 h

[24]

Sodium alginate/chitosan
hydrogels - 3

37.9 ± 5.18% of α-Tcp release in
simulated body fluid after 24 h;

a sustained release of
77.2 ± 11.51% over 14 days

[25]

Sodium alginate/poly(2-
ethyl-2-oxazoline)
chitosan-coated

semi-interpenetrating
hydrogels

3 - 78.1 ± 1.7% of Thy release in
PBS after 25 days [26]

Hydroxypropyl-β-
cyclodextrin

hydrogels
3 - 73.4–98.9% of Thy release in

PBS, 7.4 after 6 h [27]



Gels 2023, 9, 174 5 of 12

Table 1. Cont.

Scaffold Material

Bioactive
Compounds

Cumulative Bioactive
Compound Release in

Different Release Media
Reference

Thy α-Tcp

Sodium caseinate/gelatin
nanocomposite hydrogel 3 -

71% of thyme essential oil in
PBS, 7.4 supplemented with

20% ethanolafter 72 h
[28]

PVA/pyrrolidone hydrogel 3 - 70% of Thy release in ethanol
solution after 5 days [29]

Pluronic®

F-127/nanocellulose
hydrogel

- 3 100% of α-Tcp release in 8 days [30]

Starting from the premise that pH 5.4 is representative of healthy skin which can range
between 5.4 and 8 when the deep layers of the skin are exposed following injuries [31],
in this study, the cumulative release of the bioactive compounds was investigated at two
different pHs: 5.4 and 7.4 (Figure 3).
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are expressed as mean ± standard error of the mean.

The initial burst release of Thy_α-Tcp complex from PVA_PEBSA25/75_Thy_α-Tcp
cryogel, 68.71% at pH 5.4 and 64% at pH 7.4, was observed in the first 30 min, while
only 39.71% (pH 5.4) and 39.23% (pH 7.4) of bioactive compounds was released from
PVA_PEBSA75/25_Thy_α-Tcp cryogel at the same time. The release of a smaller amount of
the bioactive substance during the burst release step in the case of the PVA_PEBSA75/25_Thy_α-
Tcp system correlates with a stronger hydrophobic character of PVA_PEBSA75/25 matrix
due to the higher ratio of EB. Therefore, the SA carbonyl groups ensure the coupling of
bioactive compounds in the polymer matrix, while the hydrophobic alkyl chains of EB
constitute the shell of the complex. Consequently, increasing the amount of EB comonomer
to 75% in the chemical structure of the copolymer will determine the immobilization of the
bioactive compounds in the network and their controlled release in a pulsating regime.

In order to study the influence of Thy_α-Tcp complex loading in the polymer matrix
on the release capacity of the new bioactive compounds, the system with the equimolec-
ular ratio between monomers was selected to vary the amount of bioactive compound
(PEBSA50/50_2xThy_α-Tcp and PEBSA50/50_Thy_2xα-Tcp). The PVA_PEBSA50/50_2xThy_α-
Tcp and PVA_PEBSA50/50_Thy_2xα-Tcp systems present a “burst” release of Thy and α-Tcp
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attributed to the diffusion of a double amount of bioactive compounds. According to
Figure 3, the minimum and maximum release rates of Thy and α-Tcp from the studied
systems over 24 h were 94.83% (pH 7.4) for the PVA_PEBSA25/75_Thy_α-Tcp sample and
69.22% (pH 5.4) in the case of the PVA_PEBSA75/25_Thy_α-Tcp sample. Since the largest
number of granulocytes appear after 12–24 h at the injury site, the cells responsible for
the immune response against microbial agents, the risk of infection is higher in the first
minutes and hours after wounding. Consequently, the first 24 h after the appearance of the
injury is the most important time interval to intervene with a material with antimicrobial
properties to prevent infection. Therefore, the rate of drug release from hydrogel dressings
is a significant factor in preventing infection [32].

2.3. Antimicrobial Activity

The antimicrobial activity screening of the newly synthesized bioactive compounds
against S. aureus (Gram-positive bacterial strain), C. albicans (fungal strain), and E. coli
(Gram-negative bacterial strain) was determined by disk diffusion assay. All the tested sam-
ples presented antimicrobial activity against the selected reference strains (as presented in
Table 2 and Figures 4–6), results that correlate very well with recently reported antimicrobial
assays [13].

Table 2. Antimicrobial activity (mm) of the tested samples against the reference strains.

Sample
Inhibition Zone (mm) *

S. aureus E. coli C. albicans

PVA_PEBSA25/75_Thy_α-Tcp 22.30 ± 0.14 21.90 ± 0.99 38.55 ± 1.48

PVA_PEBSA50/50_Thy_α-Tcp 21.10 ± 0.00 19.15 ± 1.06 32.25 ± 3.18

PVA_PEBSA75/25_Thy_α-Tcp 25.90 ± 0.70 25.45 ± 3.46 34.65 ± 0.91

PVA_PEBSA50/50_2xThy_α-Tcp 27.05 ± 0.63 28.40 ± 0.14 37.80 ± 0.28

PVA_PEBSA50/50_Thy_2xα-Tcp 21.80 ± 3.25 19.20 ± 0.00 28.25 ± 0.77
* Data are represented as mean ± standard deviation from triplicate experiments.
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The samples proved to be very effective especially against fungal strain represented by
C. albicans (up to 38 mm of inhibition zone). Moreover, no significant differences were no-
ticed in terms of antimicrobial activity among systems with different ratios between EB/SA
comonomers. A smaller zone of inhibition was noticed in case of PVA_PEBSA50/50_Thy_2xα-
Tcp system against E. coli (19 mm), while the PVA_PEBSA50/50_2xThy_α-Tcp system was
more effective against all the tested microbial strains (>27 mm of inhibition zone)—Table 2,
the efficiency related to the presence of Thy in a higher ratio. Compared to previous
results [13], the addition of α-Tcp to the PVA72000_PEBSA_Thy system did not substantially
affect the antimicrobial character of the samples.

2.4. Antioxidant Efficiency

The interest of researchers in identifying new combinations of biomaterials that exhibit
antimicrobial, antioxidant, anti-inflammatory, and healing activities for the treatment of
wounds as well as their associated complications is increasing. α-Tcp, the most abun-
dant form of vitamin E, is well known for its strong endogenous antioxidant activity by
protecting membrane lipids against oxidation and mechanically stabilizing membranes, im-
proving wound healing and skin regeneration [25]. Supplementing the PVA/PEBSA_Thy
system with this antioxidant molecule targets a dual therapy and effect with these two
bioactive compounds. The DPPH radical scavenging activity of the synthesized bioactive
compounds is illustrated in Figure 7.Gels 2023, 9, 174 8 of 13 
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According to the data obtained in this study, all samples showed antioxidant activity.
The most evident activity is observed in the case of the PVA_PEBSA25/75_Thy_α-Tcp
system (97.1%) containing the PEBSA25/75 variant. The carbonyl groups in SA have the
ability to accept hydrogen; therefore, increasing the content of SA in the matrix determines
a better free radical scavenging activity. At the same time, the cumulative antioxidant
efficiency of Thy and α-Tcp in combination with the PEBSA copolymer has a remarkable
synergistic effect, between 93.2% and 97.1% (Figure 7). In summary, the mixture of the two
bioactive compounds and PEBSA produces new cryogels with potential applications as
wound dressings whose therapeutic effects are superior to the effects produced by each
individual component.

3. Conclusions

The encapsulation of hydrophobic molecular compounds into a polymer matrix has
emerged as a method to modulate the low solubility in water and a promising approach to
preserve their chemical integrity, efficacy, but also their controlled release in a pulsating or
continuous regime. Three-dimensional scaffolds based on cryogels are strong candidates
and of particular interest for this purpose [33]. In this study, our group used this strat-
egy to develop new cryogels with antimicrobial and antioxidant activity based on PVA,
PEBSA, Thy, and α-Tcp obtained by a repeated freeze–thaw process. On the one hand,
Thy shows antimicrobial properties on a wide spectrum of bacteria (e.g., S. aureus, Bacillus
licheniformis, E. coli, P. vulgaris, C. albicans, etc.) [16] and on the other hand, the encapsu-
lation of α-Tcp confers antioxidant properties to the PVA/PEBSA_Thy system, targeting
a double therapeutic effect due to the presence of both bioactive molecular agents. The new
bioactive compounds prepared by encapsulation of Thy and α-Tcp into the PVA/PEBSA
system were investigated from the point of view of the influence of the composition on the
network morphology, release profiles, antimicrobial and antioxidant dual activity. SEM
micrographs of the PVA/PEBSA polymer matrix illustrated their three-dimensional struc-
ture with interconnected pores and numerous meshes, which can ensure the incorporation
of small molecular compounds. The morphology of PVA/PEBSA_Thy_α-Tcp systems
highlights a relatively uniform distribution of the bioactive substances on the surface of
the polymer network. The homogeneous distribution of Thy and α-Tcp into the PEBSA
polymer network is due to the amphiphilic character of the copolymer and also to the
hydrophobic affinity of the compounds involved in the system. Thy_α-Tcp release profiles
from polymeric cryogels confirm the ability of PVA/PEBSA system to encapsulate these
bioactive compounds. The lower release rate of Thy and α-Tcp during the burst release
step in the case of the PVA_PEBSA75/25_Thy_α-Tcp system (39.71% at pH 5.4 and 39.23%
at pH 7.4) correlates with a stronger hydrophobic character of the PVA_PEBSA75/25 matrix
(due to a higher ratio of EB), determining the immobilization of the bioactive compounds
in the network and their controlled release. The new PVA/PEBSA_Thy_α-Tcp systems
proved antimicrobial activity against S. aureus (Gram-positive bacterial strain), C. albicans
(fungal strain), and E. coli (Gram-negative bacterial strain). The study also underlined
the cumulative antioxidant efficiency of Thy and α-Tcp, which in combination with the
PEBSA copolymer have a synergistic effect (97.1%). However, this high potential of the
investigated systems needs to be extensively evaluated by additional studies, in vitro and
in vivo, with focus on possible cytotoxicity concerns, as well as their applicability in the
management of skin wounds. The design of multifunctional hydrogel dressings with good
adaptability to wounds and with painless on-demand removal property to avoid bacterial
colonization remains a major problem to be solved [34,35].

4. Materials and Methods
4.1. Materials

Ethylene brassylate (EB, 1,4-dioxacycloheptadecane-5,17-dione, C15H26O4, Mw =
270.36 g/mol, purity of 95.0%), squaric acid (SA, 3,4-dihydroxy-3-cyclobutene-1,2-dione,
H2C4O4, Mw = 114.06 g/mol, purity > 99.0%), (+)-α-Tocopherol (α-Tcp), 2,2-diphenyl-
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1-picrylhydrazyl (DPPH), and 1,4-dioxane (purity ≥ 99.0%) were all purchased from
Sigma-Aldrich (Darmstadt, Germany), poly(vinyl alcohol) (PVA, Mw = 72,000 g/mol, 98%
hydrolyzed) was acquired from Merck (Hohenbrunn, Germany), thymol (Thy, 2-isopropyl-
5-methylphenol, C10H14O) was obtained from Alfa Aesar (Kandel, Germany), anhydrous
1-hexanol was purchased from Across-Organics (Geel, Belgium), monosodium phosphate
(NaH2PO4 × 2H2O). Disodium phosphate (Na2H2PO4 × 7H2O) was procured from Chem-
ical Company (Iasi, Romania) and ethanol (absolute, ≥99.8%) from Honeywell (Seelze,
Germany). All chemicals were used as received without further purification.

4.2. Preparation of Cryogels by In Situ Entrapment of Thymol and α-Tocopherol

The cryogels were individually obtained by mixing proper ratios of PVA and PEBSA_Thy_α-
Tcp complex solutions (Table 3), which were poured into molds and then subjected to
three consecutive freeze–thaw cycles, respectively, freezing for 18 h at −20 ◦C followed by
thawing for 8 h at 25 ◦C (ambient temperature) [13].

Table 3. Samples name and bioactive compound preparation.

Sample PVA/PEBSA Ratio

Composition for a Volume of 5 mL Sample

PVA
(g)

PEBSA
(g)

Thymol
(g)

α-Tocopherol
(g)

PVA_PEBSA25/75_Thy_α-Tcp

2/1 0.132 0.066

0.066 0.066

PVA_PEBSA50/50_Thy_α-Tcp 0.066 0.066

PVA_PEBSA75/25_Thy_α-Tcp 0.066 0.066

PVA_PEBSA50/50_2xThy_α-Tcp 0.132 0.066

PVA_PEBSA50/50_Thy_2xα-Tcp 0.066 0.132

Briefly, PEBSA was synthesized as previously described [19] by a polycondensation
procedure of EB macrolactone after ring-opening with SA. The new bioactive compound
was obtained by the initial preparation of the PEBSA_Thy_α-Tcp complex produced by
mixing PEBSA (0.066 g/mL in 1,4-dioxane) with different amounts of Thy and α-Tcp to
obtain the desired PEBSA/Thy/α-Tcp mass ratio (either 1/1/1, 1/2/1, or 1/1/2 w/w/w).
Then, the obtained complex was mixed with the PVA solution (4% w/v) in a volumetric
ratio of 2/1. The synthesized samples were frozen with liquid nitrogen and lyophilized for
24 h at −55 ◦C (Alpha 1-2LD Plus, Martin Christ, Germany) for further characterization.

4.3. Characterization
4.3.1. Morphological Analysis

The morphology in the cross-sections of the freeze-dried samples was observed by
scanning electron microscopy (SEM Quanta 200, FEI Company, Hillsboro, OR, USA). The
instrument operated with secondary electrons at 20 kV in low-vacuum mode, without any
coating. Before analysis, the samples were fixed on aluminum stubs with double-adhesive
carbon tape.

4.3.2. Release Studies

To study the in vitro release behavior of the bioactive compounds, each sample was
weighed (20 mg) and incubated in 10 mL of PBS, 0.01 M, at a constant temperature of 37 ◦C
for 24 h. The release profiles of the bioactive substances were measured under different
conditions using buffer solutions of pH 5.4 and 7.4 to simulate the pH of normal healthy
skin and, respectively, the pH of injured skin. At predetermined time intervals, 2 mL of
each sample was extracted and analyzed at 283 nm using a UV-VIS spectrophotometer
(Jenway 6305, Stone, Staffordshire, United Kingdom). The cumulative release of Thy and
α-Tcp was calculated based on the calibration curves determined at the same wavelengths.
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4.3.3. Antimicrobial Activity

The antimicrobial activity of the PVA/PEBSA_Thy_α-Tcp systems was determined
using a disk diffusion assay [36,37] against three different reference strains: Gram-positive
bacterial strain, Staphylococcus aureus ATCC25923 (S. aureus); Gram-negative bacterial strain,
Escherichia coli ATCC25922 (E. coli); and fungal strain, Candida albicans ATCC10231 (C.
albicans). All microorganisms were stored at −80 ◦C in 20% glycerol. The bacterial strains
were refreshed on trypticase soy agar (TSA) at 37 ◦C and the yeast strain was refreshed on
Sabouraud dextrose agar (SDA) at 37 ◦C. Microbial suspensions were prepared with these
cultures in sterile solution to obtain turbidity optically comparable to that of 0.5 McFarland
standards. Volumes of 0.1 mL from each inoculum were spread onto TSA/SDA plates, and
then the sterilized samples of 10 mm and 25 mg each were added.

To evaluate the antimicrobial properties, the growth inhibition was measured under
standard conditions after 24 h of incubation at 37 ◦C. All tests were carried out in triplicate
for each sample. After incubation, the samples were analyzed with SCAN1200®, version
8.6.10.0 (Interscience, Saint Nom la Brétèche - FRANCE).

4.3.4. Antioxidant Efficiency

The free radical scavenging activity of the bioactive compounds was evaluated by the
2,2-diphenyl-1-picrylhydrazyl (DPPH) assay according to the methodology described by
Brand-Williams et al. [38]. Briefly, 3 mL of ethanol and 20 mg of the sample were added
to 0.3 mL of DPPH stock solution 0.5 mM in absolute ethanol. The control solution was
prepared by mixing ethanol (3 mL) and DPPH stock solution (0.3 mL). The reaction mixture
was incubated in a dark place at room temperature for 30 min. The changes in color, from
intense violet to light yellow, were recorded spectrophotometrically at 517 nm (Jenway 6305
UV–VIS Spectrophotometer, Stone, Staffordshire, UK). The percentage of DPPH radical
scavenging activity was calculated by the following equation:

% DPPH radical scavenging activity =
AC − AS

AC
× 100

where Ac is the absorbance of the control DPPH solution and AS is the absorbance of the
DPPH solution containing samples; the values reported for each sample represents the
mean of three independent measurements.

4.3.5. Statistical Analysis

All experimental data were performed in triplicate and the results were expressed
as mean ± standard error of the mean. Statistical analysis was performed with XLSTAT
Ecology version 2019.4.1 software [39].
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