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Simple Summary: Skin infections are common in veterinary medicine and are often
treated with topical preparations. Superficial bacterial folliculitis (SBF) is most commonly
caused by Staphylococcus spp., and frequent antibiotic use may contribute to the develop-
ment of resistant strains. Antimicrobial resistance (AMR) is a major threat to human and
animal health and natural compounds with antibacterial properties, such as propolis, are
being explored as alternative therapies to combat it. In this study, different types of gels
with propolis extract were developed, including hydrogels, oleogels, and bigels. These
gels help to deliver active compounds directly to the site of infection. The study investi-
gated the antibacterial activity of propolis extracts. The results showed that propolis ex-
tract demonstrated promising antibacterial activity, making it a suitable active ingredient
for the treatment of bacterial skin infections.

Abstract: Skin infections are common in veterinary practice and are often treated with
topical agents. Superficial pyoderma (superficial bacterial folliculitis) is a common cause
of skin disease in dogs and a reason for treatment, most caused by Staphylococcus spp.
strains. The frequent use of antibiotics contributes to the emergence of resistant bacterial
strains, making antimicrobial resistance (AMR) one of the most important threats to hu-
man and animal health. For this reason, active natural compounds are increasingly being
explored as alternative therapies. To contribute to the development of effective treatments
for bacterial infectious diseases, researchers are looking for new antimicrobial agents.
Topical drug action has many advantages as it avoids systemic reactions and ensures that
the active substance reaches the site of the lesion directly. This study aimed to develop
gelled dosage forms with propolis extract and to evaluate their antibacterial activity and
the release of the active substances. Hydrogels, oleogels, and bigels enriched with eutectic
propolis extract were produced. Deep eutectic solvents (DESs) were chosen as an effective
tool to extract the active compounds of propolis and to improve their penetration into the
skin. The pH values of the semi-solid pharmaceutical forms tested ranged from 3.3 to 6.4.
Using modified Franz-type diffusion cells, the release of phenolic compounds from gels,
oleogels, and bigels was assessed and quantified spectrophotometrically using the Folin—
Ciocalteu method. The highest amount of active compounds was released from the hy-
drogels, while the lowest amount was released from the castor oil-based oleogel. The
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study used clinical and reference strains of bacteria. The antimicrobial activity of the
gelled dosage forms with propolis extract was tested against six pathogenic bacterial spe-
cies (S. aureus, S. agalactiae, B. cereus, E. faecalis, E. coli, Ps. aeruginosa) and one pathogenic
fungus (C. albicans). The study’s results suggest that the propolis extract obtained by DES
has significant antibacterial activity and is a promising component in skin formulations
for the treatment of bacterial infections.

Keywords: pyoderma; topical medication; hydrogels; oleogels; bigels; propolis; DES extract

1. Introduction

The dog’s skin is the largest organ in the body and is constantly exposed to various
internal and external stressors. It also has an important function as an immunological bar-
rier that requires specific nutrients. Therefore, even small changes in diet or imbalances in
the immune system can significantly affect the condition of the skin and coat [1]. The most
common canine skin problems are related to nutritional deficiencies, hormonal disorders,
infections, allergens, and other external factors that can cause inflammatory reactions. Flea
infestations, bacterial infections, and allergic conditions like atopic dermatitis are among
the most frequently observed disorders. Additionally, genetic and environmental factors
significantly contribute to their onset and progression [2—4]. Superficial bacterial folliculi-
tis (SBF), or superficial pyoderma, is a bacterial infection confined to the superficial part
of the hair follicle and is a common condition diagnosed in pets. Bacteria can cause infec-
tion due to local trauma, scratches, contamination from inadequate care, seborrhea, para-
site infestations, hormonal factors, local irritants, or allergies [5]. In dogs, superficial bac-
terial folliculitis (SBF) is the most prevalent type of pyoderma and represents a primary
reason for antimicrobial use in small animal veterinary practice [6,7]. The predominant
pathogen causing superficial pyoderma is Staphylococcus pseudintermedius, a commensal
bacterium found in mucous membranes and on the skin surface [8,9]. Other strains of
Staphylococcus spp., and less frequently Gram-negative bacteria, are also typical causative
agents of pyoderma [10]. It is much more usual in dogs and cats than in humans due to
differences in the physiological and anatomical properties of the skin. Compared to hu-
mans, the stratum corneum of dogs is thinner, contains fewer intracellular lipids, and has
a higher pH [10-12]. Given the limited availability of antimicrobial agents for the treat-
ment of skin diseases in veterinary medicine, it is important to find new alternatives that
are easy to apply, non-irritating to the skin, and can be easily rinsed off without sticking
to the animal’s coat. Topical treatment is widely used for a range of diseases because it
avoids passage through the gastrointestinal tract, prevents gastrointestinal irritation, and
delivers active compounds directly to the lesion, minimizing unnecessary adverse reac-
tions. For a bioactive composition to be therapeutically effective, it must enable the drug
to penetrate the stratum corneum barrier when needed to reach its target site. The condi-
tion of the skin barrier, the selected drug delivery system, the formulation components,
accurate disease identification, and proper dosage planning all impact the effectiveness of
topically administered drugs. Some of the most widely used pharmaceutical forms in der-
matology are semi-solid preparations such as ointments, creams, and gels. Proper selec-
tion of the pharmaceutical form and excipients ensures good application to the skin and
localization at the site of action. Formulations intended for the treatment of the epidermis
routinely use bases without penetrating components. When the drug needs to reach the
deeper layers of the skin and the bloodstream, excipients or mixtures of excipients are
selected to increase membrane permeability [11]. The formulations developed must have
the right pH value, viscosity, sensory properties, and stability during storage and use. In
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this study, the production of hydrophilic gels, oleogels, and bigels with eutectic propolis
extract was chosen. Non-ethanol extracts could be an excellent alternative to propolis eth-
anol extracts, provided that the solvent chosen for their production effectively separates
the active substances from the raw material. This has been confirmed by experimental
studies by our research group using DES in the production of propolis extracts. The re-
searchers demonstrated that the use of deep eutectic solvents (DESs) for the extraction of
propolis is an innovative method that solves the problems associated with traditional sol-
vents such as ethanol. The uniqueness of DES lies in its ability to adjust polarity, allowing
efficient extraction of the bioactive compounds in propolis, by green chemistry principles.
This technology has the potential to prevent skin irritation. In our earlier research, prop-
olis extracts obtained using DES exhibited a statistically significant increase in the total
active compound content compared to extracts made with poloxamer (P407) [13]. In ad-
dition, studies have confirmed that DES, including mixtures of choline chloride and pro-
pylene glycol, are effective and viable alternatives [14]. As structural systems, biogels
(such as hydrogels, oleogels, and bigels) function as delivery vehicles for bioactive agents.
Oleogels and hydrogels are two important solid-form compositions often used in cosmetic
and medical applications. The combination of these two materials produces a so-called
bigel, which has distinctive properties that allow for more efficient delivery of both hy-
drophilic (water-soluble) and lipophilic (lipid-soluble) active substances [15]. Systems that
are viscous polymer liquids at room temperature but gel at physiological temperatures
within the living organism, forming a viscoelastic composition, are promising. Thermo-
sensitive hydrogels with the sol-gel transition at physiological body temperature are
widely used in medicine due to their ability to gel at the point of use and to ensure the
localization of drugs, thereby reducing systemic toxicity. Thermosensitive hydrogels pro-
vide high adhesion to the mucosal surfaces of natural tissues, localized delivery, and a
reduction in the dose of drug administered. Hydrogels are manufactured from synthetic
(e.g., poloxamers, poly-N-isopropylacrylamides) or natural (e.g., chitosan, cellulose) pol-
ymers. These biomaterials are often used in the treatment of acute and chronic wounds
due to their ability to promote tissue regeneration and to fill in uneven wound areas, and
further research is focusing on improving their viscosity, mechanical strength, and stabil-
ity, with a view to broader clinical applications [16]. The thermoreversible gelling agent
poloxamer was chosen for hydrogel production as a safe and efficient carrier for the effec-
tive transport of therapeutic agents to the target cells [17]. For the oleogel, vegetable oils
were chosen as the oil phase, and yellow beeswax was used as the gelling agent. Oleogels
are excellent carriers for lipophilic bioactive compounds [18]. Bigels have attractive prop-
erties such as better spreadability, enhanced drug penetration, and higher hydration of
the stratum corneum, and are a potential pharmaceutical form for the treatment and pre-
vention of skin diseases in veterinary medicine. Currently, increasing attention is being
paid to the search for sources of active compounds of natural origin to avoid antimicrobial
resistance (AMR) and adapt them to animal health problems [19]. In addition to oral ad-
ministration, many plant extracts have anti-inflammatory, antibacterial, and antifungal
properties when applied topically. These substances are effectively used in the treatment
of various dermatological problems such as canine atopic dermatitis, pruritic dermatitis,
pyoderma, otitis externa, infected wounds, and dermatophytosis. Due to these properties,
plant extracts are being evaluated as potential tools for the topical treatment of skin con-
ditions [20,21]. One such substance that has been extensively studied by scientists is the
bee product propolis. Propolis is a natural substance made up of a complex mixture of
resinous materials that bees gather from buds, flowers, and plant secretions, which they
combine with their saliva, wax, and pollen [22]. Propolis typically contains about 50%
plant resins, 30% waxes, 10% essential and aromatic oils, 5% pollen, and 5% other organic
compounds [23,24]. The effectiveness of various types of propolis is closely linked to their
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intricate chemical composition, which can differ based on factors like the season, the loca-
tion where the plant resin is gathered, and the species of bees involved. The chemical
composition of propolis is closely related to and dependent on the raw plant material col-
lected by bees in different regions of the world, which can lead to differences in its chem-
ical composition. Propolis varies in chemical composition from region to region and even
from place to place, with more than 300 substances identified to date, including phenolic
acids, flavonoids, esters, diterpenes, sesquiterpenes, lignans, aromatic aldehydes, aro-
matic alcohols, fatty acids, vitamins, and minerals [25]. In temperate climates, the main
source of beeswax is the buds of poplar trees. Research has shown that the main compo-
nents of the buds are phenolic acids and flavonoids, which are responsible for the diverse
pharmacological effects of propolis, including antibacterial, antioxidant, antifungal, anti-
tumor, analgesic, anti-inflammatory, and therapeutic effects. Different species of poplar
trees are characterized by different amounts and compositions of active compounds. Ex-
tracts of balsam poplar buds were found to contain a higher content of active compounds
compared to extracts of black poplar and propolis. p-coumaric acid is predominant in
these buds and propolis. The studies provided new data on the chemical composition and
bioactivity of Lithuanian poplar buds, as well as more information on the similarities and
differences in chemical composition and bioactivity between propolis and poplar buds.
According to the literature, Lithuanian, Polish, and Latvian propolis is classified as poplar
propolis. Propolis extracts from the Baltic region share a similar chemical composition and
consistent biological effects. Our previous research confirms that p-coumaric acid is the
dominant compound in the chemical profile of propolis extracts from this area [26,27].
Unfortunately, the application of propolis in veterinary medicine is limited. The scientific
literature provides evidence of the beneficial effects of propolis in wound healing. Propo-
lis accelerates wound healing, promotes tissue regeneration, and limits scar formation
[28,29]. Studies conducted by Ashraf M. Abu-Seida reported that the use of propolis in-
creased wound shrinkage and reduced healing time. Due to its antibacterial, antifungal,
anti-inflammatory, and antioxidant properties, propolis is a natural and promising agent
that can assist in managing infectious skin problems in animals [19]. Ethanolic extracts of
propolis are widely used in pharmacology. However, as a solvent, ethanol can have toxic
and irritating effects on the skin; therefore, searching for alternative solvents is necessary
[30-32]. This study aims to model gelled delivery systems with eutectic propolis extract
and evaluate the influence of the substrate as a carrier on the release of active compounds
and antibacterial activity.

2. Materials and Methods
2.1. Materials

Raw Lithuanian propolis (“Biciy korys”, Vilnius, Lithuania); beeswax (“Medaus
namai”, Antazaves village, Lithuania); choline chloride (Sigma-Aldrich, St. Louis, MO,
USA); lactic acid (Sigma-Aldrich, USA); olive oil (Sigma-Aldrich, Steinheim, Germany);
castor oil (Sigma-Aldrich, Steinheim, Germany); poloxamer P407 (Fagron, St. Paul, MN,
USA); purified water; NaOH (Erba Lachema, Brno, Czech Republic); laboratory electronic
balance (Kern PBS/PBJ, Kern, Germany); analytical balance (Scaltec SBC 31, Scaltec Instru-
ments GmbH, Gottingen, Germany); water bath (Harry Gestigkeit GmbH, Diisseldorf,
Germany); pH meter 766 with electrode Knick SE 104 N (Knick Elektronische Mefigeréte
GmbH & Co., Berlin, Germany); viscometer (Vibro viscometer SV-10, A&D Company
Ltd., Tokyo, Japan); magnetic stirrer with heating surface (IKAMAG C-MAG HS7, IKA-
Werke GmbH & Co. KG, Staufen im Breisgau, Germany); spectrophotometer (Agilent
8453 UV-Vis, Agilent Technologies, Santa Clara, CA, USA).
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Preparation of Propolis DES Extract

A 30% propolis extract was prepared using DES. The eutectic solvent was created by
adding appropriate amounts of the starting materials and stirring at a specific tempera-
ture, with choline chloride, lactic acid, and purified water in a ratio of 2:1:2. Extraction
was carried out by maceration. The macerates were stored for 12 days in dark glass bottles
at 21 £ 1 °C, with intermittent stirring of the macerate contents [33]. After 12 days, all
extracts were stirred using a magnetic stirrer at 40 + 1 °C, 620 rpm, for 60 min. The extracts
were then cooled and stored for 24 h at 6 + 1 °C. The extracts were filtered through ashless
filter paper (retention 8-12 um, diameter 90 mm, ash content 0.007%).

2.2. Modeling of Semi-Solid Dosage Forms
2.2.1. Hydrogel with Propolis DES Extract

The gels were prepared at varying concentrations (13%, 15%, 18%) using poloxamer
407 (P407) as the base. The compositions of the gels are provided in Table 1. The required
amount of poloxamer 407 was accurately weighed and mixed with an appropriate volume
of purified water. The mixture was stored in a refrigerator at 4 + 1 °C for 24 h to ensure
complete dissolution of the polymer. Once dissolved, the mixture was stirred until a ho-
mogeneous semi-solid gel was formed. Subsequently, the appropriate amount of propolis
DES extract (10 g extract per 100 g gel) was incorporated into the gel bases. The pH of the
gels was adjusted to the desired range of 5.5-6.5 by adding a 10% sodium hydroxide so-
lution (v/v) and stirring the mixture until a homogeneous mass was obtained.

2.2.2. Oleogels and Bigels with Propolis DES Extract

In Phase I, the oleogel bases were prepared. Vegetable oil was poured into a porcelain
saucer, and the required amount of beeswax was weighed and melted in the vegetable oil
using a water bath. The mixture was stirred with a glass rod. After a homogeneous mass
was formed, the propolis DES extract (10 g extract per 100 g oleogel) was incorporated
into the oil phase and mixed until a consistent texture was obtained.

In Phase II, bigels were prepared with a 1:1 ratio of hydrogel to oleogel (G2:0G1;
G2:0G2). The appropriate amount of hydrogel base was mixed with an equal amount of
oleogel. Propolis DES extract (10 g extract per 100 g bigel) was added to the homogeneous
base. All experimental formulations were kept in a refrigerator at a temperature of 5 + 1
°C. The compositions of the oleogels and bigels are presented in Table 1.

2.2.3. Determination of pH and Microstructure of Semi-Solid Pharmaceutical
Preparations

The pH values of the gels, oleogels, and bigels of the semi-solid pharmaceutical prep-
arations produced were determined using a pH meter. The pH of each semi-solid experi-
mental formulation was measured three times. To examine the microstructure of the semi-
solid pharmaceutical preparations, a drop of each formulation was placed on a glass slide
and covered with a cover slip. The microstructure was evaluated using a light microscope
(Olympus BX36, Tokyo, Japan) with a video camera (Olympus DP72, Tokyo, Japan). The
image analysis software “CellSensDimension V1.16” was used.
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Table 1. Composition of hydrogels, oleogels, and bigels with propolis DES extract (content in formula g/100 g).

Composition G1 G2 G3 0G1 0G2 BG1 BG2
Propolis DES 10 10 10 10 10
P407 13 15 18
Purified water ad 100 ad 100 ad 100
Castor oil ad 100
Olive oil ad 100
Beeswax 0.5 1
0.1 M NaOH Qs pH5.5-65 Qs pH5.5-6.5 Qs pH 5.5-6.5

Appierance 200 um

In the process of the production of bigels BG1 and BG2, the ratio between hydrogel and oleogel was 1:1 (G2:0G1; G2:0G2).
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2.2.4. In Vitro Release Study

The release of phenolic compounds from gels, oleogels, and bigels was evaluated us-
ing modified Franz-type diffusion cells. Prior to the experiment, the semi-permeable
membrane was soaked in purified water for 12 h. The donor phase contained 1.0 g of the
semi-solid preparation, while the acceptor phase consisted of a 30% (v/v) ethanol solution.
The test was conducted at 37.0 £ 0.5 °C. To assess the release of phenolic compounds from
the gels, samples of the acceptor solution were collected at 6 h. The spectrophotometric Folin—
Ciocalteu method was employed according to the publication by Bobinaité et al., with some
modifications [34]. One milliliter of the propolis extract was diluted in 2 mL of 70% (v/v) etha-
nol. Then, 0.2 mL of the diluted extract was mixed with 5 mL of 10% Folin-Ciocalteu’s reagent
and 4 mL of 7.5% (v/v) Na2CO:s solution. The test samples were stored in the dark at room
temperature for 60 min. Absorbance was measured at 765 nm. The results are expressed as
milligrams of gallic acid equivalent per gram of dry weight (mg GAE/g).

2.2.5.LOD and LOQ

The Limit of Detection (LOD) refers to the smallest quantity of an analyte that can be
detected in a sample, while the Limit of Quantitation (LOQ) represents the lowest amount
of an analyte that can be accurately quantified with suitable precision and accuracy. Both
values are determined using the standard deviation (SD) of the response and the slope,
according to the following equations:

LOD =3.3 xSD/S

LOQ=10xSD/S

SD —residual standard deviation

S = slope, which according to the graph is 0.1771

LOD =0.58 mg/mL

LOQ=1.77 mg/mL

This means that the lowest detectable concentration is around 0.58 mg/mL, while re-
liable quantification is possible from 1.77 mg/mL.

2.2.6. Determination of Antimicrobial Activity

The evaluation of in vitro antimicrobial activity was carried out based on previous
studies [35]. The bacteriological properties of the experimental formulations were evalu-
ated in vitro by the disk diffusion agar method using Mueller-Hinton agar (Biolife
Mueller Hinton Agar II, Milan, Italy), Colombian blood agar (CBA, EO Labs, Bonny-
bridge, Scotland, UK), and Sabour dextrose agar (Liofilchem, Roseto degli Abruzzi, Italy).
Mueller-Hinton and Sabour dextrose agars were prepared to Clinical and Laboratory
Standards Institute (CLSI) approved standards and dispensed into 10 cm diameter Petri
dishes of ~35 mL each. To cultivate Streptococcus agalactiae, Colombian blood agar in Petri
dishes was purchased from the manufacturer (CBA, EO Labs, Bonnybridge, Scotland,
UK). Clinical (S. aureus, B. cereus, E. feacalis, E. coli, Ps. aeruginosa, S. agalactiae) and refer-
ence (S. aureus (ATCC 25923), B. cereus (ATCC 11778), E. feacalis (ATCC 29212), E. coli
(ATCC 25922), Ps. aeruginosa (ATCC27853), S. agalactiae (ATCC 13813)) strains were used.
Suspensions of 0.5 McFarland density were prepared from the clinical isolates and refer-
ence strains. Clinical and reference bacterial strains were obtained from the Lithuanian
University of Health Sciences, the Academy of Veterinary Medicine, and the Institute of
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Microbiology and Virology, from small animals with acute superficial or deep pyoderma,
wound infections, and abscesses. A total of 50 pL each of clinical and reference strains of
S. aureus, B. cereus, E. faecalis, E. coli, and Ps. aeruginosa were spread on Miiller-Hinton
agar, and S. agalactiae on blood agar. Additionally, 50 uL each of the clinical and reference
C. albicans strain suspensions were spread on Sabour dextrose agar. Subsequently, wells
(7 mm in diameter) were made in a Petri dish into which 0.1 mL of the test substance was
poured. The plates containing the bacteria were kept for 24 h 37 + 0.5 °C in a thermostat.
The plates containing the fungus were stored for 24 h in a thermostatic flask 35 + 0.5 °C in
a thermostat. The in vitro antibacterial and antifungal properties of the semi-solid dosage
forms were evaluated after incubation for 24 h in a thermostat. The diameter in millime-
ters of the sterile zones formed around the wells was calculated. The measurements were
made in triplicate. The tests were carried out on G1-G2, OG1, OG2, BG1, and BG2 semi-
solid formulations.

To compare the susceptibility of the tested bacterial strains to DES extract and amox-
icillin with clavulanic acid, susceptibility to the antibiotic was determined using the
Kirby-Bauer disk diffusion method (EUCAST, 2024). Amoxicillin/clavulanic acid (AMGC;
30 pg) was used. The susceptibility of S. aureus to the amoxicillin/clavulanic acid com-
pound was evaluated by susceptibility to cefoxitin. The results were evaluated according
to the EUCAST (European Committee on Antimicrobial Susceptibility Testing) 2024
Guidelines for Enterobacterales and Staphylococcus spp. Bacillaceae susceptibility was deter-
mined based on the susceptibility/resistance criteria for Staphylococcus spp. as there are no
established clinical cut-off values using the disk method. The susceptibility of Ps. aeru-
ginosa and C. albicans to amoxicillin with clavulanic acid was not investigated because
these strains are inherently resistant.

2.2.7. Statistical Analysis

The results are expressed as the mean and standard deviation of three measurements.
Differences were considered statistically significant at p <0.05. For independent measure-
ments, the nonparametric Kruskal-Wallis test was used. Statistical analysis and data vis-
ualization were performed using GraphPad Prism, version 10.0 (GraphPad Software, San
Diego, CA, USA), IBM SPSS Statistics 27 (SPSS Inc., Chicago, IL, USA), and SigmaPlot 13.0
(Systat Software, San Jose, CA, USA) software tools.

3. Results
3.1. Production of Hydrogels, Oleogels, and Bigels with Propolis DES Extract

The total phenolic compounds in the propolis extract produced were found to be 115
mg/g GAE. The lactic acid in the DES used for the production of the extract gives the
extract a pH value of pH < 4. Therefore, the sodium hydroxide solution was used as a pH-
adjusting agent in the modeling of the gel formulations. Three hydrogels with different
compositions were produced using varying concentrations of poloxomer P407: 13%, 15%,
and 18%. The hydrogels, consisting of poloxomer and propolis extract, had a semi-solid
consistency, a light brownish color, and a pleasant aroma. In the next step of the study,
the oleogel was prepared. A propolis DES extract was added to the oil base containing
beeswax. The prepared oleogels were also semi-solid, with a light brownish to yellowish
color and a pleasant aroma. In the third stage of the study, the bigels were prepared. The
bigels were created in a 1:1 ratio of hydrogel to oleogel. They displayed a semi-solid tex-
ture, ranging in color from yellowish to whitish, with a pleasant fragrance. The composi-
tions of the formulations produced are presented in Table 1.
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3.2. Physicochemical Properties of Semi-Solid Pharmaceutical Preparations

To evaluate the stability of the experimental formulations, it is essential to determine
their physicochemical properties. In this study, the pH of the semi-solid pharmaceutical
preparations was measured, and their microstructure was analyzed. The results of our
microstructural study show that the surface relief of the gel samples (G2 and G3) was
almost uniform, and the addition of the propolis extract did not affect the compatibility of
the components. The internal structure was homogeneous with no signs of phase separa-
tion. However, the structure of gel G1 showed droplets of dispersion, which are likely to
contain the propolis extract. These results suggest that the consistency of the gel with
propolis extract depends on the amount of poloxamer P407 used for gelation. In the matrix
of the oleogels (OG1, OG2), the propolis extract is distributed in the aqueous phase, form-
ing a water-in-oil structure. In the photographs of the bigel compositions (BG1, BG2), the
fusion of the oleogel and the gels is observed, and droplets are visible in the structure. The
oleogel phase is distributed in the homogeneous gel medium, forming oil droplets. The
addition of sodium hydroxide led to the formation of gels in the pH range of 6.0-6.4. The
oleogels had a strongly acidic pH value (3.3-3.6). The pH value of the bigel compositions
(5.1-5.4) was statistically significantly (p < 0.05) lower than that of the gels but higher than
that of the oleogels.

3.3. In Vitro Release from Semi-Solid Formulations

An in vitro release test of the formulations was performed. This test evaluates the
impact of selected gelling agents on the release of active ingredients from the formulated
gels. The results of the test are presented in Figure 1.

100

80—

Release, %

G1 G2 G3 0G1 0G2 BG1 BG2

Figure 1. Percentage of total phenolic compound release versus square root of time. Percentage of
total phenolic compounds released from G1-G3 gels, OG1-OG2 oleogels, and BG1-BG2 bigels (n =
3, mean + SD).

The data showed that the highest levels of active compounds were released from gels
G1 and G2. Statistically significantly lower amounts of active compounds were released
from gel G3 compared to formulations G1 and G2 (p < 0.05). After 6 h of testing, similar
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amounts of phenolic compounds were released from formulations G3 and BG2. Statisti-
cally significantly lower amounts of phenolic compounds diffused into the acceptor me-
dium from bigel BG1 compared to formulations G1-G3 and BG2 (p < 0.05). Among all the
formulations tested, oleogel OGI, based on castor oil, showed the lowest release of active
compounds.

3.4. Determination of Antimicrobial Activity

The antimicrobial activity evaluation tests showed that oleogels OG1 and OG2 did
not inhibit the growth of the bacteria tested.

The antifungal activity tests with the C. albicans strain showed that the test gels (G1-
G3) exhibited antifungal activity only against the reference C. albicans strain (Figure 2).
The control DES propolis extract had a statistically significantly larger inhibitory zone
compared to the test gels and the chlorhexidine solution (p > 0.05). The other tested for-
mulations did not inhibit the growth of the C. albicans strain.

40~

20—

Inhibition zone, mm

o= =r—TT"TT
Nl oD Nl o8 & N b e N elh e &
¢ & PP TP QOQS%\‘-‘&
- ¢
S
Il C.albicans (Wild strain) Il C.albicans (Reference strain)

Figure 2. Antifungal activity of propolis gels against C. albicans.

The experimental formulations of the gels (G1-G3) and bigels (BG1-BG2) demon-
strated similar antimicrobial activity against reference and clinical strains of Ps. aeruginosa
and E. coli bacteria (Figure 3). The DES propolis extract showed a statistically stronger
antibacterial inhibitory effect than the tested gels, bigels, and the positive control. A sta-
tistically significant difference was also observed (p > 0.05). The control group with a 0.02%
chlorhexidine solution exhibited similar antibacterial inhibitory effects as the tested gels
and bigels.
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Figure 3. Antibacterial activity of propolis gels and bigels.

The gels and bigels showed antibacterial activity against Gram-positive bacterial
strains (Figure 4). The strongest antibacterial inhibitory effect of gels and bigels was ob-
served against the reference S. aureus compared to other Gram-positive bacteria tested. A
significant difference was found (p > 0.05). The gel and bead formulations tested showed
similar inhibition zones against clinical and reference S. agalactiae strains. Bigel BG2
showed a statistically significantly stronger effect on the clinical B. cereus than the refer-
ence one (p > 0.05). All gels and bigel BG1 showed similar antibacterial activity against
clinical and reference bacterial strains. The BG1-BG2 bigels demonstrated a statistically
significantly stronger antibacterial inhibitory effect against the reference strain of E. faecalis
compared to the clinical strain (p > 0.05). Both bigels and gels exhibited a stronger effect
on the reference E. faecalis strain than on the clinical strain. A statistically significant dif-
ference was observed between these zones (p > 0.05). The DES propolis extract
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demonstrated a statistically significantly stronger antibacterial inhibitory effect compared
to the tested gels, bigels, and the positive control. However, no statistically significant
difference was observed (p > 0.05). The control group with the 0.02% chlorhexidine solu-
tion exhibited a similar antibacterial inhibitory effect as the studied gels and bigels.
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Figure 4. Antibacterial activity of propolis gels and bigels.

As amoxicillin with clavulanic acid is commonly used to treat skin diseases, AMC
disks were chosen as a negative control. The study also included an assessment of the
susceptibility of the tested bacterial strains to a combination of amoxicillin and clavulanic
acid (AMC), except Ps. aeruginosa, which is inherently resistant to beta-lactam antibiotics
and was not susceptible to AMC. In this study, S. aureus, B. cereus, S. agalactiae, E. faecalis,
and E. coli were found to be susceptible to AMC. As C. albicans is a eukaryote, it has not
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been tested for susceptibility to any antibiotic. The selected eutectic diluent served as a
positive control and demonstrated antibacterial and antifungal activity against both the
clinical and reference isolates. The DES triplicate exhibited statistically significantly
stronger activity against clinical strains of S. agalactiae, E. faecalis, E. coli, Ps. aeruginosa, and
C. albicans compared to AMC. A statistically significant difference was observed (p > 0.05).
AMC had a statistically significantly stronger effect on S. aureus and B. cereus clinical
strains. A statistically significant difference was observed (p > 0.05). DES had a statistically
significantly stronger effect on the reference strains of E. feacalis, E. coli, Ps. aeruginosa, and
C. albicans compared to AMC, but AMC had a statistically significantly stronger impact
on the reference strains of S. aureus, S. agalactiae, and B. cereus. A statistically significant
difference was observed between the zones (p > 0.05). The results indicated that the solvent
components of the DES played a significant role in the antibacterial activity of the propolis
extracts against the tested bacterial and fungal isolates, as shown in Figure 5.
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Figure 5. Antibacterial activity to combination of amoxicillin and clavulanic acid (AMC) and DES extract.

4. Discussion

The emergence and spread of antimicrobial resistance (AMR) present a significant
threat to global health systems, making AMR action plans crucial for addressing its com-
ponents, including the screening of new compounds to discover novel antimicrobials [36].
The resurgence of natural products has been fueled by advances in many different re-
search areas. All of this is leading to the curbing of AMR [37]. To tackle this problem, the
focus in recent years has shifted towards studying natural substances that offer newer
therapeutic options. From an economic perspective, these are more affordable than con-
ventional therapies and are beneficial in treating subclinical or chronic diseases where
conventional antimicrobial treatments may not be effective [38,39]. The treatment of ca-
nine dermatological diseases requires a comprehensive approach, requiring a combina-
tion of several forms of intervention, such as avoidance of various allergens, immunother-
apy, and antimicrobial and anti-inflammatory therapy [40,41]. In addition, studies show
that the use of natural substances is relevant in the treatment of canine dermatological
diseases. New approaches, including the incorporation of phenolic compounds and
herbal extracts, suggest that these substances may help to reduce clinical dermatological
signs while ensuring a high quality of life for the animals [42—44]. The use of natural sub-
stances in veterinary medicine has been the focus of numerous studies aimed at improv-
ing animal health and treatment. Several researchers have explored the antimicrobial ac-
tivity of natural products against canine isolates from the Staphylococcus and Enterobacte-
riaceae families. These studies have examined various natural sources, such as herbal
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extracts, honey products, and bacteriophages [45,46]. Studies in Spain have shown that as
many as 70% of patients with dermatological diseases were treated with herbal prepara-
tions, highlighting the practical potential of herbal sources [47]. Recent evidence suggests
that plant-derived compounds such as oregano essential oil (OEO), olive, and castor oils
may have significant antibacterial, antioxidant, and anti-inflammatory effects, paving the
way for their use in animal therapy [48-51]. In recent years, an increasing number of in
vivo and in vitro studies have been conducted on the effects of plant extracts, which en-
courages the consideration of the type of extract and the extraction method used [20,52].
In today’s context, where more sustainable and effective therapeutic solutions are being
sought, the study of natural substances opens new avenues toward the integration of in-
novative deep eutectic solvent (DES) technologies into the formulation of natural com-
pounds. DES allows for improvement in the bioactivity and penetration of active sub-
stances into the skin while ensuring their safety and compatibility with epithelial tissue
regeneration. This technology is considered promising not only for the treatment of skin
diseases but also for the modeling of jellified systems with the extraction of propolis active
compounds using DES, which do not adversely affect wound healing, to achieve a more
effective penetration of active substances into the skin. Numerous studies have shown
that phenolic compounds in oils have anti-inflammatory, neuron-protective, anti-aging,
and cell repair properties [53-55]. Oils used as components in oleogels and bigels serve as
the oil phase, which is capable of forming stable gel structures. The components of DES
can be chosen not only to adjust the physicochemical properties of the selected solvents
but also to enhance the biological activity of DES extracts [56]. In light of the results of our
previous studies [13], it is concluded that the DES propolis extract produced is suitable
for incorporation into semi-solid experimental pharmaceutical dosage forms because of
its biological properties. Also to model the base with the semi-solid dosage forms, the
polymer poloxomer P407 was chosen. Poloxomer ((poly(ethylene oxide-poly(propylene
oxide-poly(ethylene oxide) copolymer)) is a polymer frequently used in the production of
hydrogels, which has low toxicity and indifference and is suitable for semi-solid formula-
tions due to its thickening, stabilizing properties [57,58]. These properties can enhance the
product’s consistency, extend the drug release time, and improve its effectiveness in top-
ical applications. While gels are commonly used in pharmaceutical formulations, they
may not always be suitable depending on the skin condition. Gels may fail to provide
effective transdermal delivery of the active ingredient and may not offer sufficient skin
hydration or nourishment [59,60]. Therefore, in the next phase of the study, oleogels with
DES propolis extract were produced. Such systems are widely used in skin formulations
[61]. In a later stage of the study, bigels were produced by combining hydrogel and oleogel
systems [62]. Bigels consist of both hydrophobic (oleogels) and hydrophilic (hydrogels)
components and are a good candidate for delivering both hydrophobic and hydrophilic
bioactive materials individually or simultaneously. New scientific discoveries on the use
of propolis in veterinary medicine as a natural therapeutic ingredient are highlighted. Ac-
cording to recent studies, propolis added to experimental gels can effectively fight skin
infections caused by coagulase-positive Staphylococcus spp. in dogs. This is supported by
the antimicrobial and anti-inflammatory properties of propolis. This aspect is significant
because the potential of propolis as a natural therapeutic agent can be extended to modern
innovative products used in veterinary practice. This demonstrates not only the efficacy
of propolis but also the technological feasibility of developing functional and long-lasting
therapeutic solutions [63]. The results of our microstructural evaluation of the experi-
mental formulations show that the propolis extract additive is distributed in the bases of
gels (G1-G3) and oleogels (OG1, OG2). In the study of the experimental compositions of
the beads, as can be seen from the photographs of BG1 and BG2, when the different phases
interact, a homogeneous structure is formed. The oleogel phase, evenly distributed in the
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gel medium, forms small oil droplets that become microscopically visible. This means that
the propolis extract is also involved in this integration, ensuring a uniform distribution of
the active ingredients in the bigel. Toro-Vazquez and other researchers have developed a
water—oleogel emulsion based on candelilla wax and MSM, bearing in mind that not only
the oleogelator but also candelilla wax can help stabilize water droplets [64]. The structure
of the bigel is essential for the efficient transport of active ingredients, especially when
aiming for a slow and controlled release from the bigel matrix. Such interactions and ho-
mogeneity of the structure may lead to improved penetration of active ingredients
through the skin, as described in the study by Ziliaus et al. on the in vitro release of
propofol phenolic acids from pause-solid formulations in the human skin in Lithuania
[65]. The formation and stability of the beryllium structure are highly dependent on the
molecular interactions of the constituents and the solubility of the phases, which is im-
portant for pharmaceutical and cosmetic formulations [66]. Our analysis of the results
showed that the G1 and G2 gel formulations released the highest amounts of active com-
pounds, with 13% and 15% of poloxomer P407, indicating that these gel formulations are
the most effective in ensuring high release of active substances, which could lead to a
faster wound healing process. In contrast, the G3 formulation showed a statistically sig-
nificantly lower release of active compounds, which may be related to the amount of
poloxomer P407 used (18%) for gelation, which results in a different gel structure. A lower
release of phenolic compounds was observed in the case of the BG1 bigel and oleogels,
especially in the OGI formulation using castor oil. These results suggest that oleogels,
especially those made with castor oil, may be suitable for the sustained release of active
substances, which is important for the development of slow-acting semi-solid systems and
for the contribution to slow healing processes. On the other hand, our studies show that
the incorporation of propolis in oleogels can improve the penetration of the drug into the
skin due to the water/oil structure and that the distribution of propolis in the aqueous
phase in the oleogels can form a suitable matrix for the transport of the active ingredient.
Other researchers have shown that the phenolic compounds in propolis can interact with
gelling agents that help to stabilize the active compounds in the oleogel matrix. The struc-
ture of the oleogel, especially the water-in-oil emulsion type, facilitates better penetration
of the bioactive compounds through the skin. The hydrophobic structure of the oleogel
helps to increase the solubility of the phenolic compounds of propolis in the lipid layers
of the skin, thus improving the transdermal delivery of the active compounds [67]. The
study results indicated that the release of active compounds from semi-solid formulations
is influenced not only by the drug concentration in the formulation but also by the prop-
erties of the carrier and the solubility of the active compounds within the chosen carrier.
These findings confirmed the antimicrobial activity of propolis and offered additional in-
sights into the biological properties of propolis extracts and their potential role in combat-
ing antimicrobial resistance (AMR) [68,69]. Based on the antimicrobial activity tests car-
ried out with the C. albicans strain, it was found that the test gels (G1-G3) showed antimi-
crobial activity only against the reference C. albicans with zone diameters of (15.33 + 0.58-
16.33 £ 1.53 mm). The other formulations tested did not inhibit the growth of C. albicans.
This result suggests that although propolis may be effective in antimicrobial therapy, the
choice of formulations and their components is important to ensure the optimal effect
against specific micro-organisms. In an in vitro antimicrobial evaluation study with ex-
perimental semi-solid formulations, we observed that the oleogels (OG1, OG2) did not
inhibit the growth of isolates of the families Staphylococcaceae, Streptococcaceae, Bacillaceae,
Enterococcaceae, Enterobacteriaceae, Pseudomonadaceae, and Saccharomycetaceae. This can be
explained by the slowest release of active compounds in the in vitro release study. The
antibacterial efficacy may also have been influenced by the composition and structure of
the oleogels, where the efficacy of the propolis is dependent on the presence of a carrier
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in the oleogel, which may interfere with the release of propolis compounds. Another pos-
sibility for the lack of antibacterial efficacy of the oleogels against the bacterial isolates
tested is that the propolis compounds do not dissolve or diffuse out of the oleogel in the
same way and therefore do not reach the necessary concentration to have an antibacterial
effect. The oleogel may act as a barrier limiting the release of the active components of
propolis. Further results showed that the gels (G1, G2, G3) showed antibacterial efficacy
against S. aureus, S. agalactiae, B. cereus, E. feacalis, E. coli, and Ps. aeruginosa. The diameters
of the zones of inhibition in the clinical strains were (13.33 + 1.53-22.67 + 1.15 mm), refer-
ence (13.33 + 1.53-34.33 + 0.58 mm). Meanwhile, bigels also inhibited the growth of the
tested isolates. The diameters of the zones of antibacterial efficacy against S. aureus, S.
agalactiae, B. cereus, E. feacalis, E. coli, and Ps. aeruginosa in the preclinical strains were (10.00
+1-21.00 = 1.73 mm), reference (16.00 + 1-34.00 + 2 mm). The antibacterial activity of the
semi-solid experimental compositions in these studies may be attributed to the more rapid
release and diffusion of the propolis into the agar, and therefore the antibacterial activity
may have been due to the release of the active ingredients [70]. According to researchers,
the efficacy of some antimicrobial agents may be correlated with time rather than with
high peak concentrations [71]. Gels and bigels provide a better release of active substances
such as propolis extracts compared to oleogels. Water-based gels facilitate the release of
water-soluble substances and contact with bacterial cells, resulting in a stronger antibac-
terial effect. Water-based gels and bigels have better penetration of bacterial cell mem-
branes because water is a good solvent for many antibacterial compounds. This increases
the likelihood that the active ingredients in the gel will interact directly with the bacterial
membranes, damaging them and causing their death. Gels often allow the active compo-
nents to be evenly distributed throughout the formulation, which ensures that the active
ingredients are continuously exposed over time, resulting in a more potent antibacterial
effect [72-75]. The DES propolis extract demonstrates significant antibacterial activity,
with the solvent components of DES contributing substantially to the antibacterial effects
against the tested bacterial strains. This makes DES an excellent component for inclusion
in skin preparation formulations aimed at treating bacterial infections. The novelty of this
study lies in a deeper assessment of the importance of carrier selection, as it was found
that a well-selected carrier not only ensures the efficient release of the active compounds
of propolis but also enhances its antibacterial activity. Studies show that poloxomer-based
gels are particularly promising as carriers, as they guarantee a targeted release of propolis
active compounds at the site of infection. These results underline the potential of bigels as
an innovative form of treatment, combining an antibacterial effect with the added benefit
of skin regeneration.

5. Conclusions

The integration of propolis extract into various skin preparation forms, such as gels
and bigels, opens up new opportunities for developing advanced dermatological prod-
ucts for the treatment of bacterial infections. The study demonstrates not only the antibac-
terial efficacy of these formulations but also their additional benefits for skin health, which
could represent a significant breakthrough in both veterinary and medical practices. The
chosen DES had antibacterial properties in itself, which could have a positive effect on the
antimicrobial activity of the extracts. The choice of the carrier plays an essential role in the
antibacterial effectiveness of the propolis extract and the release kinetics of its active com-
pounds. Gels made with a poloxamer base are a suitable form for incorporating propolis
into skin preparations. Gels and bigels effectively release the active compounds of prop-
olis, ensuring targeted antibacterial activity. Although oleogels did not exhibit antibacte-
rial activity on their own, when integrated as a component in bigels, they enhance the
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lipid phase of the formulation, providing additional benefits for the skin, including sof-
tening the stratum corneum and nourishing the epidermis.
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