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Abstract: Skin represents the largest organ in the human body, functioning as a protective
barrier against environmental factors while playing a critical role in thermoregulation. Acne
vulgaris is recognized as the most common dermatological condition affecting adolescents,
and if left untreated, it can result in lasting skin damage and associated psychosocial
challenges. This study aims to develop innovative polymeric biomaterials that could
effectively support the treatment of acne vulgaris. The synthesis of these biomaterials
involves the use of polyethylene glycol 6000, sodium alginate, and the antioxidant protein
glutathione (GHS) to create polymeric hydrogels. These hydrogels were generated via a
UV-mediated crosslinking process. To enhance the functional properties of the hydrogels,
zinc oxide microparticles (ZnO), synthesized through a wet precipitation method, were
incorporated into the formulations. Characterization of the ZnO was performed using
Fourier-Transform Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD), particle sizer
analysis, and Scanning Electron Microscopy (SEM). Additionally, the bioactivity of the
synthesized materials was evaluated through incubation in media simulating physiological
body fluids. The cytotoxic effects of the biomaterials were assessed using an indirect test
on mouse fibroblast (L929) cells, in accordance with ISO 10993-5 guidelines. The results
of our research indicate that the developed biomaterials exhibit potential as a carrier for
active substances, contributing positively to the treatment of acne vulgaris and potentially
improving overall skin health.

Keywords: active substance carrier; zinc oxide microparticles; polyethylene glycol; sodium
alginate; acne vulgaris; hydrogels

1. Introduction
Acne vulgaris is a chronic inflammatory skin disease that affects approximately 85%

of adolescents and a significant proportion of adults, causing mild skin changes and severe
scarring if not treated properly. This condition has a complex etiology involving excessive
sebum production, hyperkeratinization of hair follicles, and promoting bacterial growth,
resulting in skin inflammation [1,2]. Key bacterial contributors include Cutibacterium acnes
and Staphylococcus aureus, which, under favorable conditions, can proliferate excessively,
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disrupting the balance of the skin’s microenvironment [3]. An important factor in maintain-
ing a healthy skin barrier is its pH, which typically ranges from 4.5 to 5.5, providing an
acidic environment that limits bacterial growth and supports the skin’s natural defenses.
However, in acne-prone or diseased skin, the pH often shifts toward alkaline values, cre-
ating a more favorable environment for bacterial proliferation and disrupting the skin’s
protective barrier. This pH imbalance exacerbates the inflammatory processes driven by
enzymes and pro-inflammatory cytokines produced by these bacteria, leading to acne
lesions and long-term scarring [4,5].

Oxidative stress plays a significant role in the pathogenesis of acne. It is a process
resulting from the excessive production of free radicals, which are generated by various
factors such as UV radiation, environmental pollution, an unhealthy diet, and stress. Free
radicals interact with lipids, proteins, and DNA, causing cellular damage and disrupting
their function, which leads to intensified inflammatory states and an imbalance in the skin.
Excess reactive oxygen species (ROS) damage keratinocytes and fibroblasts, amplifying
inflammatory processes [6]. Furthermore, ROS stimulate the immune system, enhancing
its ability to defend against pathogens [7]. Consequently, elevated oxidative stress levels
intensify acne damage and accelerate skin aging [8,9]. To mitigate the effects of oxidative
stress, cosmetic applications such as antioxidant-rich creams and masks have been developed.
These products often contain ingredients like vitamin C, vitamin E, coenzyme Q10, and botani-
cal extracts (e.g., green tea or resveratrol) that neutralize free radicals, reduce inflammation,
and support skin repair. Regular use of such formulations not only helps protect the skin from
environmental damage but also promotes a balanced, healthier complexion. Understanding
these mechanisms is essential for developing effective acne treatment methods [10].

Hydrogels are three-dimensional polymeric networks that exhibit remarkable elastic-
ity and biocompatibility due to their ability to absorb large amounts of water [11]. These
properties make the ideal materials for use in skincare and regenerative medicine [12]. In
dermatology, hydrogels act as carriers for active substances, such as antioxidants, antibacte-
rial agents, and anti-inflammatory compounds. Their structure allows for the controlled
release of therapeutic components, enhancing treatment effectiveness. Hydrogel masks, a
popular application of hydrogels, gradually deliver active ingredients while intensively
moisturizing the skin [13]. According to Grand View Research, the global hydrogel mask
market is rapidly growing, expected to exceed USD 200 million by 2030 [14]. Masks such as
BioCellulose® and Dr. Jart+ are examples of innovative hydrogel technologies that improve
moisture retention and active ingredient delivery efficiency [15]. Concurrently, scientific
research focuses on developing new formulations, such as hydrogels enriched with antioxi-
dants and nanoparticles, which significantly enhance their therapeutic properties [16].

Polyethylene glycol 6000 (PEG 6000) is a hydrophilic synthetic polymer widely used in
biomaterials due to its moisturizing and stabilizing properties [17]. Produced through the poly-
merization of ethylene oxide, PEG (6000) finds applications in various cosmetic, dermatological,
and medical products [18]. In hydrogels, it serves as a crucial carrier for active substances,
enabling their controlled release to the skin [19]. Its ability to retain large amounts of water
supports intensive skin hydration, which is particularly important in acne treatment [20].

Sodium alginate (SA) is a polysaccharide derived from brown algae, such as Laminaria
and Macrocystis pyrifera, which can form a flexible gel [21]. The production process of SA
involves extraction from seaweed and neutralization with hydrochloric acid, followed
by purification and drying [22]. Its chemical structure, consisting of mannuronic and
guluronic acid residues, allows the formation of gels with varying stiffness and elasticity,
depending on the ratio of these units [23,24]. Alginates are non-cytotoxic and are used
in wound dressing construction to support tissue healing and regeneration. Additionally,
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they stabilize various formulations, ensuring consistency and structure in cosmetic and
pharmaceutical applications [25,26].

Glutathione (GSH) is a natural tripeptide that protects cells from oxidative stress [27].
It comprises three amino acids: glutamine, cysteine, and glycine, which give it unique
antioxidant properties. Naturally present in almost all cells, GSH is most concentrated
in the liver, which plays a crucial role in detoxification processes [28]. In cosmetics, GSH
is used in anti-aging and skin-brightening products because it inhibits melanin produc-
tion, reducing skin curation [29]. Incorporating GSH into hydrogel masks enhances its
stability and therapeutic effectiveness, allowing for prolonged protective and regenera-
tive effects [30]. Moreover, to its cosmetic applications, glutathione plays a pivotal role
in skin health through its association with glutathione peroxidase (GPx). GPx reduces
oxidative damage caused by reactive oxygen species (ROS), which are known to exacerbate
inflammation in acne vulgaris. Studies have shown that reduced GPx activity correlates
with increased severity of acne, as oxidative stress disrupts sebaceous gland function
and promotes inflammation. Furthermore, biogenic amines, such as dopamine and no-
radrenaline, influence sebaceous gland activity and inflammatory responses. Elevated
levels of these amines are linked to acne severity, highlighting their contribution to disease
progression. Addressing oxidative stress and biogenic amine dysregulation could improve
acne management and reduce inflammation [31].

Zinc oxide (ZnO) micro-/nanoparticles have broad applications in biomaterials due to
their antibacterial, anti-inflammatory, and regenerative properties [32]. Its ability to inhibit
the growth of bacteria such as Staphylococcus aureus and Escherichia coli is particularly
valuable in the context of rising antibiotic resistance, as these bacteria do not develop
resistance to ZnO’s mechanisms of action [33,34]. This makes ZnO nano-/microparticles
a promising alternative in addressing the challenges of antibiotic-resistant infections.
ZnO nano-/microparticles are utilized in wound dressings, bone implants, and mate-
rials aiding skin regeneration, where they reduce inflammation, promote tissue renewal,
and provide a safe and effective solution to combat resistant pathogens [35]. Its unique
properties ensure its place as a key component in regenerative medicine [36].

The work presented here aimed to confirm the feasibility of obtaining bioactive poly-
meric masks and explore the ZnO microparticles’ synthesis conditions. The final polymeric
hydrogels, intended for use in facial masks designed to treat acne vulgaris, were created us-
ing polyethylene glycol, SA, ZnO microparticles, and GSH. We conducted physicochemical
and morphological analyses, as well as incubation studies in solutions that simulate body
fluids for the materials obtained. Moreover, we assessed the cytotoxicity of the polymeric
hydrogels enriched with GSH and ZnO microparticles using an indirect method based on
the guidelines established in ISO 10993-5 [37].

2. Results and Discussion
2.1. Particle Size Measurements of Synthesized ZnO

The measurements were conducted to assess the specific particle size distribution of
ZnO, with the findings illustrated in Figure 1. The particle diameters below which 10%
(D10), 50% (D50), and 90% (D90) of the total volume are contained, and the mean diameter
(Dmean), were determined from the correlated average particle size distribution, which is
summarized in Table 1. The Dmean of the ZnO particle size was 2.371 µm. The particle
distribution is relatively variable, demonstrated by a spread between D10 and D90, which
may lead to the formation of agglomeration in the biomaterial. Taking the above into
account, the alginate, a natural stabilizer, was used to synthesize the hydrogel to improve
the homogeneity of the dispersion [38]. Moreover, solution sonification was performed
before cross-linking the matrix to break up possible ZnO agglomerations. Notably, alginate
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can also be used for the in situ growth of micro/nano-particles. This is possible because the
alginate structure contains ion exchange sites, which are used for nucleation as well as the
subsequent growth of crystallites. This makes it possible to obtain mixtures characterized
by improved dispersibility [39].
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Table 1. Size distribution of synthesized ZnO particles.

Number Mean Particle Size [µm] D10 [µm] D50 [µm] D90 [µm]

Mean value 2.371 ± 0.307 0.594 ± 1.114 1.514 ± 0.080 4.780 ± 0.014

2.2. X-Ray Diffraction Analysis

ZnO nano-/microparticles are remarkable materials that have been synthesized in
an impressive array of forms, including nanoflowers, nanorods, nanowhiskers, nanobelts,
nanotubes, nanorings, and nanocolumns. The diverse range of synthesis techniques, such as
the sol–gel method, wet precipitation, spray pyrolysis, hydrothermal processes, microwave-
assisted techniques, and many others, further highlight their versatility. This variety
underscores the potential applications of ZnO nano-/microparticles [40]. X-ray diffraction
(XRD) analysis was carried out to determine the different phases of the synthesized ZnO
microparticles. The results of the study in the form of a diffractogram showing the ZnO
microparticles phases obtained are shown in Figure 2.The diffractogram indicated a high
proportion of crystalline phase, which was denoted by sharp reflections at 2θ = 31.71◦;
34.30◦; 36.20◦; 47.50◦; 56.56◦; 62.70◦; 66.27◦; 68.00◦; 69.00◦, corresponding to crystalline
phase: 100, 002, 101, 102, 110, 103, 200, 112, and 201, respectively. Similar Results were
observed by Castro-Mayorga et al. and Mendes et al. [41,42].
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2.3. Fourier-Transform Infrared Analysis

Fourier-Transform Infrared Analysis (FTIR) was carried out to assess the chemical
structure of the materials obtained. In our work, ZnO microparticles were produced by wet
precipitation, and their spectrum is shown in Figure 3a. Confirmation of the ZnO structure
was obtained by recording characteristic absorption bands in the fingerprint region. These
were Zn-O stretching absorption bands from 400 to 700 cm−1 [43]. Moreover, the spectrum
of ZnO microparticles is also characterized by absorption bands, which are responsible
for asymmetric and symmetric stretching vibrations of the C=O groups. Their presence
may be related to the zinc acetate synthesizing ZnO microparticles. Similar conclusions
were made in the paper published by Khan et al., where ZnO nanoparticles obtained by
the sol–gel method were characterized [40].
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Figure 3. FT-IR spectra of (a) synthesized ZnO microparticles, (b) polymeric hydrogel samples, and
(c) hydrogel counterparts containing ZnO microparticles.

In the next step, we analyzed the chemical structure of hydrogel materials prepared
from SA, PEG 6000, and PEGDA 700, with the addition of substances such as synthesized
ZnO microparticles and GSH (Figure 3b,c). Characteristic absorption bands corresponding
to the compounds used in the syntheses were observed on the spectra. All spectra displayed
a peak at 1100 cm−1 , which corresponds to the vibrations of the C–O–C bond found in
PEG 6000 [44]. In addition, all materials showed a peak of 2876 cm−1, which belongs to
the C–H group vibrations and originated from PEGDA 700 [45]. Furthermore, signals
corresponding to COO− stretching vibrations originating from SA around 1636 cm−1
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were also observed on all polymeric hydrogel spectra, including those containing ZnO
microparticles [46]. An analogous situation occurred in the case of GSH, where vibrations of
N–H groups were located in the wavenumber range of 3200–3500 cm−1 [47]. Importantly,
no absorption bands corresponding to ZnO-derived functional group vibrations were
identified in the spectra of polymeric hydrogels containing ZnO microparticles (Figure 3c).
This is due to the fact that a small amount of it was introduced, compared to the rest of the
polymeric components.

2.4. Morphology Analysis

We assessed the homogeneity and morphology of the prepared ZnO microparticles as
well as polymeric hydrogels using scanning electron microscopy (SEM). It can be observed
in Figure 4a that the obtained ZnO microparticles have a tendency to agglomerate. A
comparison of the polymer matrices without GSH and ZnO microparticles (Figure 4b,c)
and those obtained by introducing GSH (Figure 4d) shows that with the incorporation of
GSH, the surface of the materials becomes less homogeneous, with a tendency to crack.
Figure 4e shows the morphology of sample 40.1. obtained by introducing the highest
concentration of GSH and ZnO microparticles. In the microphotographs, both cracks and
lack of homogeneity were observed, which was related to the introduction of GSH, and
agglomerates of ZnO microparticles were also visible.
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(d) sample no. 40, (e) sample no. 40.1.

Along with the morphology study, EDS microanalysis was also performed. Its focus
was identifying the elements and determining their abundance in the coating. The exact
results of the microanalysis are shown in Table 2. The analysis for pure ZnO showed the
elements zinc (Zn) and oxygen (O). Moreover, the gold elements (Au) detected were due to
prior Au sputtering, which provided the material’s conductivity in analysis. Furthermore,
the most common elements in the samples were O and carbon (C), which is due to the
composition of the polymers and the application of the carbon support for the test. Sulfur
(S) and nitrogen (N) were identified in GSH-containing samples, which is related to the
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content of thiol (–SH), amine (–NH2), and amide (–CONH–) groups in the protein structure.
The successful incorporation of ZnO microparticles was also confirmed by the presence of
Zn in sample 40.1 (Figure 5).

Table 2. Elemental composition of the tested coatings and pure ZnO.

Sample Mass [%]

10 C: 57.48; O: 42.52
20 C: 58.04; O: 41.96
40 C: 46.72; O: 50.37; N: 2.01; S: 0.9

40.1 C: 46.04; O: 47.47; N: 3.23; S: 1.79; Zn:1.48
ZnO C: 69.69; O: 20.44; Zn: 8.28; Au: 1.59
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(a) carbon, (b) oxygen, (c) nitrogen, (d) sulfur, (e) zinc.

2.5. Incubation of Materials in Media Simulating Body Fluids
2.5.1. Potentiometry Analysis

The potentiometric analysis tracked pH changes, while conductivity measurements evalu-
ated ionic changes in the solutions. Those studies aimed to assess the reactivity and stability
of the samples in biological fluid analogs simulating biomedical conditions. During in vitro
incubation in liquids simulated body fluids, pH changes in the solutions were measured to
determine the effect of the selected chemical composition of the biomaterials on the pH value.
The results of the test are shown in Figure 6. What is important is that the impact of added GSH
in lowering the pH compared to samples without protein was observed. The acidic nature of the
peptide itself causes this. The most significant changes in pH value were identified with distilled
water for sample no. 40. The only abrupt change was observed after 30 min for sample no. 20,
at which point the value was highest. The changes in pH value may be due to the leaching of
the uncrosslinked polymers. In the phosphate-buffered saline (PBS), the incubation process for
all samples was stable without sudden changes. Samples containing GSH successively lowered
the pH value. Compared to the other solutions, the more minor changes in pH value are due
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to the buffering character of the PBS. An analogous situation occurred with Ringer’s fluid.
Samples containing GSH effectively reduced the pH value of the solution throughout the entire
incubation period. A rapid change was noticed for sample 20 after 30 min of incubation. It is
related to the reaction of the solution ions with the leaching of the under-crosslinked polymers,
as in the case of water. The incubation of the rest of the samples was stable, with no sudden
changes. An increase in pH values was also observed for all solutions for the non-GSH samples.
In addition, the ZnO content in samples 30.1 and 40.1 does not significantly influence the change
in pH value. The decrease in pH occurs as a result of the incorporated GSH. No significant
discrepancies in pH values were observed when comparing samples containing 0.5 g of GSH
and those containing 1 g. However, these samples effectively lower the pH value, which is
highly recommended for treating acne.
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2.5.2. Conductivity Analysis

The incubated samples were subjected to an ionic conductivity analysis. This test is
based on the changes in ion concentration between the tested solution and the biomaterials.
Figure 7 shows the exact results. This test is based on the changes in ion concentration
between the solution and the biomaterial.
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The most remarkable changes in conductivity were observed for polymeric hydrogels
containing GSH incubated in distilled water. Furthermore, the most significant increase in
conductivity values was observed for sample no. 40 compared to pure distilled water. This
effect results from the release of GSH, which partially dissociates, leading to an increased
concentration of ions in the solution. The increase in conductivity occurred stably without
abrupt changes. In the case of zinc-added samples, no increase in the conductivity values
of the distilled water was observed. A slight decrease in values was noted compared to
pure distilled water. The whole incubation process was stable without abrupt changes. The
addition of zinc caused a reduction in the dissociation process of GSH. In the case of PBS,
minimal changes in conductivity values were observed; however, they were sufficiently
small to conclude that the materials were stable in this solution. The same conclusion
was reached for Ringer’s fluid. A minimal increase was observed for samples 10–40. A
decrease in conductivity was noted for samples with ZnO added. It was stable throughout
the incubation period in both cases, coinciding with the corresponding sample of clear
Ringer’s solution.

The increase in conductivity occurred stably without abrupt changes. In the ZnO
microparticle-added samples, no increase in the conductivity values of the distilled water
was observed. The whole incubation process was stable without abrupt changes. Moreover,
ZnO microparticles caused a reduction in the dissociation process of GSH. In the case
of incubation in PBS, minimal changes in conductivity values were observed; however,
they were sufficiently small to conclude that the materials were stable in PBS. The same
conclusion was reached for Ringer’s fluid. A minimal increase was observed for samples
10–40. Moreover, a decrease in conductivity was noted for samples with ZnO added. It was
stable throughout the incubation period in both cases, coinciding with the corresponding
sample of clear Ringer’s fluid.

2.5.3. Swelling Capacity

To accurately test the swelling capacity of each sample, the polymer hydrogels were
incubated in distilled water, Ringer’s liquid, and PBS solution. The results of the swelling
test performed on the biomaterials are presented in Figure 8. The swelling capacity of all
prepared materials increased with incubation time. In both distilled water and PBS, sample
no. 30 showed the highest swelling capacity, which was 190.55 ± 7.48% and 234 ± 12.98%
after 75 min for PBS and distilled water, respectively. Furthermore, samples containing
ZnO microparticles showed a reduced swelling capacity compared to samples modified
with GSH. All GSH-containing hydrogels showed a swelling capacity above 150% in PBS,
while sample no. 20 showed the lowest capacity, at 123.63 ± 10.23%. When the hydrogels
were incubated in distilled water, samples 20, 30, and 40 showed swelling capacity above
200% after 75 min of the experiment. In turn, samples no. 10 and 30.1 showed swelling
capacity below 150%, and sample 40.1 showed the lowest swelling capacity, which was
138.27 ± 49.32%.

Remarkably, the results of tests conducted in Ringer’s fluid significantly differ from those
obtained in other media. In Ringer’s fluid, all samples except samples no. 30 and 40 showed
swelling capacity above 150%, of which, for sample 10, the capacity was 183.5 ± 9.11%. To
summarize, the variations in the swelling capacity of the materials resulting from the
measurement solution used result from the chemical composition of the respective fluids.
Pure distilled water does not contain ions that can react with the material. PBS has sodium
(Na+) and chloride ions (Cl−), which maintain the isotonicity of the solution. Furthermore,
it contains phosphates, which provide the solution with a buffering nature. Besides Na+

and Cl− ions, Ringer’s fluid contains calcium (Ca2+) and potassium ions (K+), giving it the
character of a plasma, further influencing the test results.
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2.6. Indirect Cytotoxicity Test

To assess the toxicity of the prepared materials, indirect cytotoxicity tests were con-
ducted, where extracts from materials incubated in cellular media were analyzed. These
experiments followed the guidelines set by ISO 10993-5 [37]. After incubating the materials
in a culture medium, Dullbecco’s Modified Eagle’s Medium (DMEM) for 24 h, extracts
were tested. Mouse fibroblast (L929) cells were exposed to these extracts for another 24 and
72 h, and cytotoxicity was evaluated through resazurin reduction. The results indicated
that after 24 and 72 h of exposure to the prepared extracts, cell viability remained above
70% compared to the negative control, which was DMEM. For samples no. 30.1 and 40.1 on
the 1st day of the experiment, cell viability is equal to 73.88 ± 4.27% and 80.13 ± 4.84%, re-
spectively. On the 3rd day of the experiment, cell viability for sample no. 30.1 and 40.1 was
70.67 ± 1.79% and 70.56 ± 1.83%, respectively (Figure 9). Common sources of cytotoxicity
include residues from organic solvents used in synthesis, intermediate products generated
during synthesis, degradation products, and the additives used to modify the polymer [48].
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3. Discussion
The pathogenesis of acne vulgaris results from a multifaceted process in the hair and

sebum region, resulting in bacterial overgrowth and inflammation. Inadequate treatment
or complete neglect of treatment can lead to abnormal skin healing, resulting in scarring.
To prevent further development of the condition, in addition to a proper diet abstinent
from stimulants (i.e., cigarettes) [44], patients should avoid comedogenic products and
products that are oil-based [45]. A basic approach to acne treatment is well-chosen skin
care. The use of antibacterial properties of the materials used to reduce the presence of
P. acnes is indicated [46]. However, because bacteria have developed a resistance to antibi-
otics, there has been an increased interest in other active substances, including nanoparticles
and compounds of natural origin with antibacterial properties. A study of ZnO-enriched
hydrogel face masks containing GSH provides compelling evidence for their potential use
in treating acne vulgaris.

In our work, we demonstrated the possibility of obtaining ZnO microparticles by wet
precipitation technique. Analysis of the particle size showed that the structures had a size
in the range of 2.371 ± 0.307 µm (Table 1); however, SEM analysis showed a tendency for
the particles to agglomerate (Figure 4a). Similar results were shown in a paper described by
Bhardwaj et al., where the wet synthesis of ZnO nanoparticles (nZnO) was carried out using
ZnSO4 and dilute ammonia solution. SEM analysis showed that the materials obtained are
flower-like nanostructures, which tend to agglomerate to 1–2 µm structures in size [49].
Furthermore, a study of the preparation of nZnO using wet synthesis and zinc nitrate
hexahydrate (Zn(NO3)2 6H2O) and ammonium hydroxide (NH4OH) as a starting and the
addition of polyvinylpyrrolidone (PVP) as a capping agent, presented by Debanath et al.,
suggests similar conclusions. Despite obtaining nZnO with a size of 8.5 nm, confirmed
by XRD analysis, the SEM analysis showed a picture indicating the agglomeration of
individual nanoparticles [50].

A critical parameter that must be fulfilled for a biomaterial to act as an active substance
carrier is the swelling capacity. The addition of SA effectively increased the swelling
index compared to materials prepared using PEG 6000 itself. This is confirmed in a paper
published by Iza et al., in which a study of the swelling capacity of PEG 6000 as a function of
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the molar concentration of polymer to a crosslinking agent, in a distilled water environment,
and at a temperature of 25 ◦C, showed a maximum swelling index of approximately 100%
(concentration 1:1) [51]. An increase in swelling capacity after adding SA was also observed
in an article on the characterization of nanogels presented by Koehler et al. [52].

In the indirect cytotoxicity test, cell viability decreased after 96 h of incubation to
70.67 ± 1.79% and 70.56 ± 1.83% for samples 30.1 and 40.1, respectively (Figure 9). This
decrease could be caused by degradation products, synthesis intermediates, or residual
solvents. However, this decrease could also be dictated by the incomplete degradation of GSH,
which could have led to a burst release of ZnO. Similar results and conclusions were presented
in the work presented by Kwon Oh et al. The authors synthesized nanogels designed to release
doxorubicin. After 96 h, the survival of HeLa cells decreased to 60% in the sample where
glutathione (0.08 mg/mL) was added after 48 h of incubation to release doxorubicin [53].

4. Materials and Methods
4.1. Materials

The reactants necessary to obtain ZnO, i.e., sodium hydroxide (NaOH), zinc acetate
(Zn(CH3COOH)2), and the reagents needed to formulate Ringer’s fluid, i.e., NaCl, KCl, and
CaCl2 were obtained from Chempur (Piekary Śląskie, Poland). Phosphate-buffered saline
(PBS) was purchased from Oxoid tablets (Basingstoke, UK). PEG 6000, glutathione (GSH),
and poly(ethylene glycol) diacrylate (PEGDA) 700 and 2-hydroxy-2-methylpropionate were
kindly provided by Sigma-Aldrich (Darmstadt, Germany). Sodium alginate was bought
from Agnex Białystok, Białystok, Poland).

4.2. Synthesis of ZnO Microparticles

In order to synthesize zinc oxide microparticles (ZnO), firstly, a 0.3 M NaOH solu-
tion was made. Then, 6.57 g of Zn(CH3COOH)2 was dissolved in distilled water. The
Zn(CH3COOH)2 solution was transferred to a three-necked glass, and the NaOH solution
was added while stirring continuously. The mixture was heated to 90 ◦C with a reflux
and maintained under constant stirring for 30 min. The final solution was transferred and
rinsed several times with distilled water until the pH value reached neutral. Drying was
carried out at 100 ◦C for 24 h.

4.3. Preparation of Biomaterials

To obtain biomaterials, 20 (w/v %) solutions of PEG 6000 and 2 (w/v %) of SA were
prepared. With continuous stirring, GSH was added to the PEG 6000 solution appropriately.
Later, a proper amount of SA was added. All the added amounts and the proportions in which
they were distributed in the samples are shown in Table 3. After that, the PEGDA 700 was
added to the mixture. Next, the reactants were mixed, and ZnO was added in 0.1 (w/w %).
Then, the mixture was placed in an ultrasonic cleaner for 5 min to dispose of the ZnO mi-
croparticle agglomeration. In the final step, a photoinitiator (2-hydroxy-2-methylpropionate)
was added, and the mixture was transferred to a 24-well plate and exposed to UV light
for 6 min.

Table 3. Composition of the biomaterials.

Name of the Sample Abbreviation PEG 6000
[mL]

SA
[mL]

PEGDA 700
[mL]

GSH
[g]

ZnO
[w/w%]

Photoinitiator
[µL]

PEG 10

5

-

1.3

- -

28

PEG/SA 20

2

- -
PEG/SA/0.5GSH 30 0.5 -

PEG/SA/0.5GSH/ZnO 30.1 0.5 0.1
PEG/SA/1GSH 40 1.0 -

PEG/SA/1GSH/ZnO 40.1 1.0 0.1
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4.4. Methods
4.4.1. Particular Size

Particle size analysis of the resulting ZnO powder was carried out using an Anton
Paar PSA 1190 particle size analyzer (Anton Paar, Graz, Austria). Measurements were
made in the presence of ultrasound and were repeated three times.

4.4.2. X-Ray Diffraction (XRD)

For the crystallographic analysis of ZnO, an XRD measurement was performed us-
ing a Malvern Panalytical Aeris X-ray diffractometer with a PIXcel1D-Medipix3 detector
(Malvern Panalytical, Worcestershire, UK). The measurement was performed with a step of
0.0027◦ in the 2θ range of 15–80◦.

4.4.3. Fourier-Transform Infrared Spectroscopy (FTIR)

A Nicolet iS5 FTIR (Thermo Scientific, Loughborough, UK) spectrophotometer
equipped with an iD7 was used. Due to the monolithic diamond crystal, there is a high
optical contact between the sample and the diamond, resulting in a clear spectrum. The
FT-IR spectra were recorded in the 400 to 4000 cm−1 range.

4.4.4. Scanning Electron Microscope (SEM)

A morphological analysis was conducted on the coatings obtained before the incuba-
tion period. A TM3000 tabletop scanning electron microscope (SEM) (Hitachi, Tokyo, Japan)
equipped with a Quantax 400 V EDS system was used for the analysis. EDS microanalysis
was also performed to examine the surface morphology of the coatings and identify any
deposits on the sample surfaces. Before SEM analysis, the dried sample surfaces were
coated with a thin layer of gold. However, the presence of gold, besides ZnO, was excluded
from the study during EDS measurements. EDS microanalysis was performed to determine
the elemental composition and generate surface maps of the samples.

4.4.5. Incubation of Materials in Media Simulating Body Fluids

The prepared samples were incubated in vitro in phosphate-buffered saline (PBS),
Ringer’s fluid, and distilled water, whose compositions are shown in Table 4, at room
temperature for 1 h. Each sample was tested three times. Measurements were taken for
15, 30, 60, and 75 min.

Table 4. Composition of simulated biological fluids.

Component [g/L] PBS Ringer’s Fluid

NaCl 8.000 8.600
KCl 0.200 0.300

CaCl2 - 0.423
Na2HPO4 1.150 -
KH2PO4 0.200 -

Potentiometry

For potentiometric analysis, biomaterial samples were incubated in PBS, Ringer’s
fluid, and distilled water under controlled conditions at room temperature for 1 h. pH
measurements were taken at specified intervals (15, 30, 60, and 75 min) using a pH meter
equipped with the electrode.

Conductivity

Conductivity measurements were performed to assess changes in ion concentrations
in the incubation solutions. The biomaterial samples were placed in sterile containers filled



Int. J. Mol. Sci. 2025, 26, 1395 15 of 19

with 30 mL of PBS, Ringer’s fluid, or distilled water and incubated at room temperature for
1 h. Measurements were taken using a conductivity meter for 15, 30, 60, and 75 min.

Swelling Capacity

Biomaterial samples were placed in sterile containers containing 30 mL of PBS,
Ringer’s fluid, or distilled water to assess swelling capacity. The incubation was con-
ducted at room temperature for 1 h. After the specified time, the samples were removed,
lightly drained on filter paper to remove excess liquid, and weighed. The swelling capacity
was calculated using the formula:

Swelling Capacity =
m1 − m0

m0
× 100%,

where m1 is the mass of the sample after incubation; m0 is the dry mass of the sample.

4.4.6. Cell Culture Conditions for Mouse Fibroblast (L929)

The L929 cell line was maintained in Dulbecco’s Modified Eagle Medium (DMEM)
with a glucose concentration of 4500 mg/L. The culture medium was supplemented with
10% (v/v) fetal bovine serum (FBS), 2.5 mM L-glutamine, 10 µg/mL penicillin, 100 µg/mL
streptomycin, and 0.625 µg mL−1 amphotericin B. Cultures were incubated at 37 ◦C in a
humidified atmosphere containing 5% CO2. Experimental procedures were initiated when
the cells reached a minimum confluence of 85%.

For cell passage, the culture medium was carefully discarded, and the adherent cells
were rinsed with Dulbecco’s phosphate-buffered saline (DPBS). Subsequently, the cells were
incubated sequentially with 0.25% trypsin solution for 5 min. After incubation, the cells
were resuspended in a fresh culture medium and subjected to centrifugation at 1000 rpm for
5 min. The resultant cell pellet was then resuspended in an appropriate volume of culture
medium. Cell viability and count were determined using an automatic hemocytometer
after staining with trypan blue dye, differentiating viable cells from non-viable cells.

4.4.7. Indirect Cytotoxicity Test

The experiments were conducted in accordance with the ISO 10993-5:2009 stan-
dard [37]. Extracts were prepared by incubating patches of DMEM for 24 h. Specifically,
100 mg of the relevant biomaterial was incubated in 1 mL of DMEM at 37 ◦C within a 5%
CO2 atmosphere for 24 h, aligned with ISO 10993-12 guidelines [54]. Concurrently, L929
cells were seeded into 96-well plates at a density of 2 × 104 cells per well. These plates
received 200 µL of medium and were incubated for 24 h under the same conditions of
37 ◦C and 5% CO2. After the initial incubation, the DMEM was aspirated, and an equivalent
volume of the prepared extracts (200 µL) was introduced to each well. The plates were then
re-incubated for an additional 24 and 72 h under identical conditions. Wells containing
DMEM served as negative controls throughout the experimental procedure.

The extracts and DMEM were removed from the wells, and 200 µL of a 100 µM
resazurin solution was added. The plates were incubated in the dark for 4 h at 37 ◦C with
5% CO2. After incubation, 150 µL of each solution was transferred to a new 96-well plate.
The absorbance was then measured at wavelength of 570 and 630 nm using a FLX800
plate reader (BIO-TEK Instruments, Winooski, VT, USA). The results were expressed as a
percentage of cell viability relative to the negative control.

4.5. Statistical Analysis

The results are shown as mean values along with their standard errors (SE). We used
an analysis of variance (ANOVA) to compare the two populations in groups. Significant
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differences were identified at the following probability levels: * p < 0.05, ** p < 0.01, and
*** p < 0.001, using Origin Pro 2019 Software.

5. Conclusions
From our study, it can be concluded that GSH-modified hydrogel face masks contain-

ing ZnO microparticles may find application in treating skin disorders, including those
caused by acne vulgaris. XRD, FT-IR, and EDS analyses confirmed the validity of the zinc
synthesis. Otherwise, EDS and FT-IR analyses identified the elements in the biomaterials.
In vitro incubation studies confirmed interactions of the polymeric hydrogels with body
fluids, including changes in pH and conductivity, suggesting active ion exchange. The
observed pH changes toward acidic values were related to the presence of GSH, while
ZnO showed no significant effect on this parameter. The obtained biomaterials have high
swelling capacity (>100%), which was depending on the medium, with the highest ab-
sorption for sample no. 30, for distilled water and PBS, indicating the effectiveness of
the coating modification. A cytotoxicity test carried out in accordance with ISO 10993-5
showed that the materials obtained were not cytotoxic.

The next research steps should focus on performing in-depth analysis to demonstrate
the biomedical potential of the synthesized materials. Such tests include, but are not limited
to, indirect proliferation tests, determination of the amount of collagen secreted, confirma-
tion of anti-inflammatory potential. Furthermore, it is worth considering experiments to
determine the oxidative stress in contact with the prepared biomaterials. From a materials
point of view, future work should focus on obtaining materials in a way that reduces the
tendency to agglomerate ZnO microparticles.
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Abbreviations

10 Sample containing PEG 6000, PEGDA 700, and photoinitiator
20 Sample containing PEG 6000, PEGDA 700, SA, and photoinitiator
30 Sample containing PEG 6000, PEGDA 700, SA, 0.5 [g] GSH and photoinitiator
30.1 Sample containing PEG 6000, PEGDA 700, SA, 0.5 [g] GSH, ZnO, and photoinitiator
40 Sample containing PEG 6000, PEGDA 700, SA, 1 [g] GSH, and photoinitiator
40.1 Sample containing PEG 6000, PEGDA 700, SA, 1 [g] GSH, ZnO, and photoinitiator
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D10 Particle size distribution of 10% of the total volume
D50 Particle size distribution of 50% of the total volume
D90 Particle size distribution of 90% of the total volume
Dmean mean diameter of the particle’s size
DMEM Dullbecco’s Modified Eagle’s Medium
EDS Energy Dispersive Spectroscopy
FT-IR Fourier-Transform Infrared Spectroscopy
GSH Glutathione
GPx Glutathione peroxidase
L929 Mouse fibroblast cell line
PBS Phosphate-buffered saline
PEG 6000 Polyethylene glycol
PEGDA Poly(ethylene glycol) diacrylate
Photoinitiator 2-hydroxy-2-methylpropionate
ROS Reactive oxygen species
SA Sodium alginate
SEM Scanning Electron Microscopy
XRD X-ray Diffraction
ZnO Zinc oxide

References
1. Cushing, C.A.; Im, H.Y.; Adams, R.B.; Ward, N.; Albohn, D.N.; Steiner, T.G.; Kveraga, K. Neurodynamics and Connectivity during

Facial Fear Perception: The Role of Threat Exposure and Signal Congruity. Sci. Rep. 2018, 8, 2776. [CrossRef] [PubMed]
2. Wei, Y.; Wang, S.; Wang, D.; Liu, C. Expression and Clinical Significance of Serum Amyloid A and Interleukin-6 in Patients with

Acute Exacerbation of Chronic Obstructive Pulmonary Disease. Exp. Ther. Med. 2019, 19, 2089–2094. [CrossRef] [PubMed]
3. Cruzeiro, E.Z.; Gisin, N. Bell Inequalities with One Bit of Communication. Entropy 2019, 21, 171. [CrossRef]
4. Dai, X.; Ding, M.; Zhang, W.; Xuan, Z.; Liang, J.; Yang, D.; Zhang, Q.; Su, B.; Zhu, H.; Jia, X. Anti-Inflammatory Effects of Different

Elution Fractions of Er-Miao-San on Acute Inflammation Induced by Carrageenan in Rat Paw Tissue. Med. Sci. Monit. 2019, 25,
7958–7965. [CrossRef] [PubMed]

5. Wanek, J.; Gaisberger, M.; Beyreis, M.; Mayr, C.; Helm, K.; Primavesi, F.; Jäger, T.; Di Fazio, P.; Jakab, M.; Wagner, A.; et al.
Pharmacological Inhibition of Class IIA HDACs by LMK-235 in Pancreatic Neuroendocrine Tumor Cells. Int. J. Mol. Sci. 2018, 19,
3128. [CrossRef] [PubMed]

6. Wong, A.; Zhang, B.; Jiang, M.; Gong, E.; Zhang, Y.; Lee, S.W. Oxidative Stress in Acne Vulgaris. Clin. Dermatol. Ther. 2016, 3,
763–767. [CrossRef] [PubMed]

7. Habza-Kowalska, E.; Gawlik-Dziki, U.; Dziki, D. Mechanism of Action and Interactions between Thyroid Peroxidase and
Lipoxygenase Inhibitors Derived from Plant Sources. Biomolecules 2019, 9, 663. [CrossRef] [PubMed]

8. Abdalmassih, M.; Bucher, O.; Rathod, S.; Dubey, A.; Kim, J.O.; Ahmed, N.; Leylek, A.; Chowdhury, A.; Bashir, B. Clinical
Outcomes After Stereotactic Body Radiation Therapy for Early Stage Non-Small Cell Lung Cancer: A Single Institutional Study.
Cureus 2020, 12, e11886. [CrossRef]

9. Loría-Cervera, E.N.; Sosa-Bibiano, E.I.; Van Wynsberghe, N.R.; Torres-Castro, J.R.; Andrade-Narváez, F.J. Preliminary Epidemio-
logical Findings of Leishmania Infection in the Municipality of Tinum, Yucatan State, Mexico. Parasite Epidemiol. Control. 2019, 4,
e00088. [CrossRef] [PubMed]

10. Zhang, Z.; Sun, C.; Li, C.; Jiao, X.; Griffin, B.B.; Dongol, S.; Wu, H.; Zhang, C.; Cao, W.; Dong, R.; et al. Upregulated MELK
Leads to Doxorubicin Chemoresistance and M2 Macrophage Polarization via the MiR-34a/JAK2/STAT3 Pathway in Uterine
Leiomyosarcoma. Front. Oncol. 2020, 10, 453. [CrossRef]

11. Jeong, H.S.; O’sullivan, D.M.; Lee, S.-C.; Lee, S.Y. Evaluation of Protective Equipment for the Forearm, Shin, Hand and Foot in
Taekwondo. J. Sports Sci. Med. 2019, 18, 376–383. [PubMed]

12. Onaca, N.; Takita, M.; Levy, M.F.; Naziruddin, B. Anti-Inflammatory Approach With Early Double Cytokine Blockade (IL-1β and
TNF-α) Is Safe and Facilitates Engraftment in Islet Allotransplantation. Transplant. Direct 2020, 6, e530. [CrossRef] [PubMed]

13. Bhatt, D.L.; Fox, K.; Harrington, R.A.; Leiter, L.A.; Mehta, S.R.; Simon, T.; Andersson, M.; Himmelmann, A.; Ridderstråle, W.;
Held, C.; et al. Rationale, Design and Baseline Characteristics of the Effect of Ticagrelor on Health Outcomes in Diabetes Mellitus
Patients Intervention Study. Clin. Cardiol. 2019, 42, 498–505. [CrossRef] [PubMed]

14. Puiggalí-Jou, A.; Cazorla, E.; Ruano, G.; Babeli, I.; Ginebra, M.-P.; García-Torres, J.; Alemán, C. Electroresponsive Alginate-Based
Hydrogel for Controlled Release of Hydrophobic Drugs. ACS Biomater. Sci. Eng. 2020, 6, 6228–6240. [CrossRef]

https://doi.org/10.1038/s41598-018-20509-8
https://www.ncbi.nlm.nih.gov/pubmed/29426826
https://doi.org/10.3892/etm.2019.8366
https://www.ncbi.nlm.nih.gov/pubmed/32104270
https://doi.org/10.3390/e21020171
https://doi.org/10.12659/MSM.916977
https://www.ncbi.nlm.nih.gov/pubmed/31645050
https://doi.org/10.3390/ijms19103128
https://www.ncbi.nlm.nih.gov/pubmed/30321986
https://doi.org/10.24966/CDT-8771/100020
https://www.ncbi.nlm.nih.gov/pubmed/39104783
https://doi.org/10.3390/biom9110663
https://www.ncbi.nlm.nih.gov/pubmed/31671724
https://doi.org/10.7759/cureus.11886
https://doi.org/10.1016/j.parepi.2019.e00088
https://www.ncbi.nlm.nih.gov/pubmed/30705976
https://doi.org/10.3389/fonc.2020.00453
https://www.ncbi.nlm.nih.gov/pubmed/31191109
https://doi.org/10.1097/TXD.0000000000000977
https://www.ncbi.nlm.nih.gov/pubmed/32195321
https://doi.org/10.1002/clc.23164
https://www.ncbi.nlm.nih.gov/pubmed/30788847
https://doi.org/10.1021/acsbiomaterials.0c01400


Int. J. Mol. Sci. 2025, 26, 1395 18 of 19

15. Brühmann, B.A.; Reese, C.; Kaier, K.; Ott, M.; Maurer, C.; Kunert, S.; Saurer, B.R.; Farin, E. A Complex Health Services Intervention
to Improve Medical Care in Long-Term Care Homes: Study Protocol of the Controlled Coordinated Medical Care (CoCare) Study.
BMC Health Serv. Res. 2019, 19, 332. [CrossRef] [PubMed]

16. Gelaw, Y.; Woldu, B.; Melku, M. Proportion of Acute Transfusion Reaction and Associated Factors among Adult Transfused
Patients at Felege Hiwot Compressive Referral Hospital, Bahir Dar, Northwest Ethiopia: A Cross-Sectional Study. J. Blood Med.
2020, 11, 227–236. [CrossRef]

17. Gaballa, S.A.; Naguib, Y.W.; Mady, F.M.; Khaled, K.A. Polyethylene Glycol: Properties, Applications, and Challenges. J. Adv.
Biomed. Pharm. Sci. 2024, 7, 26–36. [CrossRef]

18. Saku, K.; Tobinaga, S.; Oryoji, A.; Fukuda, T.; Zaima, Y.; Saisho, H.; Shojima, T.; Takagi, K.; Takaseya, T.; Tanaka, H. Florida Sleeve
Technique for a Right Sinus of Valsalva Aneurysm: A Case Report. Surg. Case Rep. 2019, 5, 125. [CrossRef]

19. Luo, Y.; Wei, Y.; Sun, S.; Wang, J.; Wang, W.; Han, D.; Shao, H.; Jia, H.; Fu, Y. Selenium Modulates the Level of Auxin to Alleviate
the Toxicity of Cadmium in Tobacco. Int. J. Mol. Sci. 2019, 20, 3772. [CrossRef]

20. Igumbor, J.O.; Bosire, E.N.; Basera, T.J.; Uwizeye, D.; Fayehun, O.; Wao, H.; Ajuwon, A.; Otukpa, E.; Karimi, F.; Conco, D.; et al.
CARTA Fellows’ Scientific Contribution to the African Public and Population Health Research Agenda (2011 to 2018). BMC Public
Health 2020, 20, 1030. [CrossRef]

21. Gram, A.M.; Wright, J.A.; Pickering, R.J.; Lam, N.L.; Booty, L.M.; Webster, S.J.; Bryant, C.E. Salmonella Flagellin Activates
NAIP/NLRC4 and Canonical NLRP3 Inflammasomes in Human Macrophages. J. Immunol. 2021, 206, 631–640. [CrossRef] [PubMed]

22. Barbu, A.; Neamt,u, M.B.; Zăhan, M.; Mires, an, V. Trends in Alginate-Based Films and Membranes for Wound Healing. Rom.
Biotechnol. Lett. 2020, 25, 1683–1689.

23. Lee, H.J.; Woo, J.H.; Cho, S.; Oh, H.W.; Joo, H.; Baik, H.J. Risk Factors for Perioperative Respiratory Adverse Events in Children
with Recent Upper Respiratory Tract Infection: A Single-Center-Based Retrospective Study. Ther. Clin. Risk Manag. 2020, 16,
1227–1234. [CrossRef]

24. Wen, J. Formulation and Characterization of Glutathione-Loaded Bioadhesive Hydrogel for Ocular Delivery. Acad. J. Polym. Sci.
2019, 2, 555590. [CrossRef]

25. Lin, Z.; Li, M.; Wang, Y.S.; Tell, L.A.; Baynes, R.E.; Davis, J.L.; Vickroy, T.W.; Riviere, J.E. Physiological Parameter Values for
Physiologically Based Pharmacokinetic Models in Food-Producing Animals. Part I: Cattle and Swine. J. Vet. Pharmacol. Ther. 2020,
43, 385–420. [CrossRef]

26. Hetherington, M.J.; Kousha, O.; Ali, A.A.M.; Kitema, F.; Blaikie, A. Comment on: Reshaping Ophthalmology Training after
COVID-19 Pandemic. Eye 2021, 35, 2316–2318. [CrossRef] [PubMed]

27. Pagano, M.C.; Miransari, M.; Corrêa, E.J.A.; Duarte, N.F.; Yelikbayev, B.K. Genomic Research Favoring Higher Soybean Production.
Curr. Genom. 2020, 21, 481–490. [CrossRef] [PubMed]

28. Zanolli, M.B.; Streit, D.S.; MacIel, D.T.; Muraguchi, E.M.O.; Martins, M.A.; Fátima Lopes Calvo Tibério, I. Differences in Clerkship
Development between Public and Private Brazilian Medical Schools: An Overview. BMC Med. Educ. 2020, 20, 316. [CrossRef]

29. Kenu, E.; Frimpong, J.A.; Koram, K.A. Responding to the Covid-19 Pandemic in Ghana. Ghana Med. J. 2020, 54, 72–73. [CrossRef]
30. Copp, J.E.; Giordano, P.C.; Longmore, M.A.; Manning, W.D. Dating Violence and Physical Health: A Longitudinal Lens on the

Significance of Relationship Dynamics and Anti-Social Lifestyle Characteristics. Crim. Behav. Ment. Health 2016, 26, 251–262.
[CrossRef] [PubMed]

31. Bungau, A.F.; Tit, D.M.; Stoicescu, M.; Moleriu, L.C.; Muresan, M.; Radu, A.; Brisc, M.C.; Ghitea, T.C. Exploring a New
Pathophysiological Association in Acne Vulgaris and Metabolic Syndrome: The Role of Biogenic Amines and Glutathione
Peroxidase. Medicina 2024, 60, 513. [CrossRef] [PubMed]

32. Górska, A.; Mendyk, A. Hydrogels as Effective Wound Dressings in Support of Wounds Treatment. Farm. Pol. 2023, 79, 217–225.
[CrossRef] [PubMed]

33. Rácz, A.; Allan, B.; Dwyer, T.; Thambithurai, D.; Crespel, A.; Killen, S.S. Identification of Individual Zebrafish (Danio rerio):
A Refined Protocol for VIE Tagging Whilst Considering Animal Welfare and the Principles of the 3Rs. Animals 2021, 11, 616.
[CrossRef] [PubMed]

34. Ludorf, K.L.; Salemi, J.L.; Kirby, R.S.; Tanner, J.P.; Agopian, A.J. Perspectives on Challenges and Opportunities for Birth Defects
Surveillance Programs During and After the COVID-19 Era. Birth Defects Res. 2020, 112, 1039–1042. [CrossRef]

35. Dedeo, C.L.; Cingolani, G.; Teschke, C.M. Portal Protein: The Orchestrator of Capsid Assembly for the dsDNA Tailed Bacterio-
phages and Herpesviruses. Annu. Rev. Virol. 2019, 6, 141–160. [CrossRef] [PubMed]

36. Jin, S.-E.; Jin, H.-E. Antimicrobial Activity of Zinc Oxide Nano/Microparticles and Their Combinations against Pathogenic
Microorganisms for Biomedical Applications: From Physicochemical Characteristics to Pharmacological Aspects. Nanomaterials
2021, 11, 263. [CrossRef] [PubMed]

37. ISO 10993-5:2009; Biological Evaluation of Medical Devices—Part 5: Tests for In Vitro Cytotoxicity. International Organization for
Standardization: Geneva, Switzerland, 2009.

https://doi.org/10.1186/s12913-019-4156-4
https://www.ncbi.nlm.nih.gov/pubmed/31126277
https://doi.org/10.2147/JBM.S250653
https://doi.org/10.21608/jabps.2023.241685.1205
https://doi.org/10.1186/s40792-019-0682-x
https://doi.org/10.3390/ijms20153772
https://doi.org/10.1186/s12889-020-09147-w
https://doi.org/10.4049/jimmunol.2000382
https://www.ncbi.nlm.nih.gov/pubmed/33380493
https://doi.org/10.2147/TCRM.S282494
https://doi.org/10.19080/AJOP.2019.02.555590
https://doi.org/10.1111/jvp.12861
https://doi.org/10.1038/s41433-020-01139-9
https://www.ncbi.nlm.nih.gov/pubmed/32811996
https://doi.org/10.2174/1389202921999200824125710
https://www.ncbi.nlm.nih.gov/pubmed/33214764
https://doi.org/10.1186/s12909-020-02193-3
https://doi.org/10.4314/gmj.v54i2.1
https://doi.org/10.1002/cbm.2016
https://www.ncbi.nlm.nih.gov/pubmed/27709746
https://doi.org/10.3390/medicina60030513
https://www.ncbi.nlm.nih.gov/pubmed/38541239
https://doi.org/10.32383/farmpol/172007
https://www.ncbi.nlm.nih.gov/pubmed/19122692
https://doi.org/10.3390/ani11030616
https://www.ncbi.nlm.nih.gov/pubmed/33652779
https://doi.org/10.1002/bdr2.1710
https://doi.org/10.1146/annurev-virology-092818-015819
https://www.ncbi.nlm.nih.gov/pubmed/31337287
https://doi.org/10.3390/nano11020263
https://www.ncbi.nlm.nih.gov/pubmed/33498491


Int. J. Mol. Sci. 2025, 26, 1395 19 of 19

38. Wang, Y.; Lu, Y. Sodium Alginate-Based Functional Materials toward Sustainable Applications: Water Treatment and Energy
Storage. Ind. Eng. Chem. Res. 2023, 62, 11279–11304. [CrossRef]

39. Wu, J.; Zeng, R.J. In Situ Preparation of Stabilized Iron Sulfide Nanoparticle-Impregnated Alginate Composite for Selenite
Remediation. Environ. Sci. Technol. 2018, 52, 6487–6496. [CrossRef] [PubMed]

40. Khan, M.F.; Ansari, A.H.; Hameedullah, M.; Ahmad, E.; Husain, F.M.; Zia, Q.; Baig, U.; Zaheer, M.R.; Alam, M.M.; Khan, A.M.;
et al. Sol-Gel Synthesis of Thorn-like ZnO Nanoparticles Endorsing Mechanical Stirring Effect and Their Antimicrobial Activities:
Potential Role as Nano-Antibiotics. Sci. Rep. 2016, 6, 27689. [CrossRef] [PubMed]

41. Castro-Mayorga, J.L.; Fabra, M.J.; Pourrahimi, A.M.; Olsson, R.T.; Lagaron, J.M. The Impact of Zinc Oxide Particle Morphology as
an Antimicrobial and When Incorporated in Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) Films for Food Packaging and Food
Contact Surfaces Applications. Food Bioprod. Process. 2017, 101, 32–44. [CrossRef]

42. Mendes, C.R.; Dilarri, G.; Forsan, C.F.; Sapata, V.d.M.R.; Lopes, P.R.M.; de Moraes, P.B.; Montagnolli, R.N.; Ferreira, H.; Bidoia,
E.D. Antibacterial Action and Target Mechanisms of Zinc Oxide Nanoparticles against Bacterial Pathogens. Sci. Rep. 2022, 12,
2658. [CrossRef]

43. Kayani, Z.N.; Iqbal, M.; Riaz, S.; Zia, R.; Naseem, S. Fabrication and Properties of Zinc Oxide Thin Film Prepared by Sol-Gel Dip
Coating Method. Mater. Sci. 2015, 33, 515–520. [CrossRef]
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