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Abstract: Acne vulgaris is one of the most common dermatological diseases and has a
complex etiology. Despite the wide range of available therapeutic options, modern and
effective solutions are still being sought, particularly in the area of topical therapy. The aim
of this study was to develop hydrogel formulations that provide stability for the antibiotics
they contain—tetracycline or chlortetracycline enriched with azeloglycine—the latter an
ingredient supporting acne-prone skin care. The physicochemical parameters, stability, and
antimicrobial activity of the obtained formulations were analyzed. HPLC analysis showed
that tetracycline exhibited greater stability than chlortetracycline, especially in mildly
acidic and neutral environments. The addition of azeloglycine improved the rheological
properties of the hydrogels, reduced tetracycline degradation under alkaline conditions,
and enhanced the penetration of active ingredients into the model sebum. All tested
formulations demonstrated antimicrobial activity against Staphylococcus aureus. In the
artificial sebum biofilm model, hydrogels containing azeloglycine more effectively reduced
staphylococcal biofilm mass. No formulations showed toxicity towards Galleria mellonella
larvae. The results indicate the potential usefulness of the developed hydrogels as modern
multifunctional formulations for topical acne treatment. Hydrogel formulations containing
tetracycline and azeloglycine may represent a promising future anti-acne preparation
exhibiting synergistic antibacterial, anti-inflammatory, and sebum-cleansing effects.

Keywords: acne; S. aureus; tetracyclines; potassium azeloyl diglycinate; AMPD; skin sebum;
hydrogel; HPLC; FTIR; Galleria mellonella larvae

1. Introduction

Acne vulgaris is one of the most common skin diseases and affects a significant
proportion of the population, especially young people, with major impacts on their quality
of life and psychological state. This disorder is characterized by a complex pathogenesis
that includes disturbances in the balance of the skin microbiota [1-3]. In the course of
this dermatosis, the pilosebaceous apparatus becomes colonized by microorganisms such
as Cutibacterium acnes, Staphylococcus aureus, Staphylococcus epidermidis, and others, which
in turn leads to overproduction of sebum, blockage of the sebaceous glands, and the
development of a controlled condition that results in characteristic skin lesions [3-6]. The
intensity of clinical symptoms is variable, and in about 60-80% of cases, acne is mild, and
topical therapy brings satisfactory results. Severe forms of the disease require systemic
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treatment, which is associated with the risk of adverse effects [7—10]. This fact underscores
the need to search for new therapeutic strategies characterized by both high efficacy and
safety while at the same time meeting the needs of patients in terms of convenience of
use. Despite progress in the development of dermatological drugs, acne vulgaris remains a
clinical challenge. The need to develop innovative treatment methods, especially those that
consider the role of the skin microbiome and the specificity of local inflammatory processes,
is an area of particular interest in modern dermatology and pharmacy.

This study focused on tetracycline antibiotics, such as tetracycline hydrochloride
and chlortetracycline hydrochloride, which are used for the oral treatment of acne
vulgaris and for the topical treatment of bacterial infections, such as purulent skin
problems [7,11-14]. In addition to the known antibacterial effects of tetracycline antibi-
otics, their anti-inflammatory activity is critical, making them particularly effective in
reducing inflammatory acne lesions [15-17]. Potassium azeloyl diglycinate, known as
azeloglycine, has been incorporated in formulations in order to develop dermatological
products with a multidirectional mechanism of action. This compound, widely used in
the care of acne-prone skin, has many biological effects, including anti-inflammatory and
antibacterial properties and the ability to lighten acne scars [18-22]. Another important
ingredient in formulations is the alcoholamine 2-amino-2-methyl-1,3-propandiol (AMPD),
which is characterized by its ability to interact with the components of model sebum and
can potentially be used in the process of cleansing the skin of sebum deposits [23,24].

In this study, a comprehensive analysis and comparison of hydrogel formulations con-
taining tetracycline or chlortetracycline, both with and without the addition of azeloglycine,
was performed. The evaluation included characterization of physicochemical properties
and microbiological activity of the tested formulations. The main objective of the work
was to verify the possibility of developing stable, innovative dermatological hydrogels
with a multidirectional profile of action, including antibacterial, anti-inflammatory, and
seboregulatory properties, with potential use in the local treatment of acne.

2. Results
2.1. pH Values of Hydrogel Formulations

In order to obtain hydrogels with different pH, the acrylic acid polymer was neutral-
ized with different amounts of the weak base 2-amino-2-methyl-1,3-propanediol (AMPD).
Hydrogels identified as group 1 (1TA, 1TB, 1ChA, 1ChB) had a slightly acidic pH of
around 6.30. Hydrogels identified as group 2 (2TA, 2TB, 2ChA, 2ChB) had a higher pH of
around 7.30, while hydrogels in group 3 (3TA, 3TB, 3ChA, 3ChB) had the highest, alkaline
pH, with values close to 8.20. Table 1 shows the pH values of the preparations.

Table 1. The pH values of all hydrogels, p < 0.0001. T, tetracycline; Ch, chlortetracycline; A, presence
of azeloglycine; B, absence of azeloglycine.

Formulation pH Value £+ SD
1TA 6.41 £ 0.01
1TB 6.63 £+ 0.05

1ChA 6.62 £ 0.02
1ChB 6.72 £ 0.01
2TA 7.20 £ 0.01
2TB 745+ 0.01
2ChA 7.21 £0.01

2ChB 7.35£0.01
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Table 1. Cont.

Formulation pH Value £+ SD
3TA 8.19 £ 0.01
3TB 8.29 £ 0.01

3ChA 8.17 £ 0.02
3ChB 8.24 + 0.02

2.2. Stability Evaluation of Antibiotics Based on HPLC Chromatography

In this study, the stability of hydrogels containing tetracycline and chlortetracycline
was evaluated over a period of 28 days by HPLC analysis. Measurements were made
every 7 days. All formulations were stored under optimal stability conditions at 4 °C and
protected from light, which is consistent with our previous studies on tetracycline [25]. The
tetracycline hydrochloride preparations 1TA, 1TB, 2TA, and 2TB showed high stability of the
antibiotic throughout the analysis period, with drug concentration values oscillating around
an initial value of approximately 10.5 pg/mL. The presence or absence of azeloglycine
did not affect the stability of tetracycline. In the case of the basic hydrogels 3TA and 3TB,
a progressive degradation of the antibiotic was observed. The azeloglycine-containing
hydrogel 3TA showed greater stability, with the drug concentration value decreasing from
about 10.9 pg/mL on the first day of observation to about 8.9 ug/mL on day 28. The
3TB hydrogel showed less stability, with a final antibiotic concentration of approximately
7.4 ug/mL on day 28. The results obtained are shown in Figure 1.
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Figure 1. Tetracycline (TC) concentration in 1TA, 1TB, 2TA, 2TB, 3TA, and 3TB formulations over
28 days. The abbreviations conform to Table 1.

The stability of chlortetracycline in the developed formulations showed varied results.
Despite consistent hydrogel and sample preparation methods for HPLC analysis, only the
slightly acidic 1ChA and 1ChB gels achieved the expected initial drug concentration of
ca. 10 pg/mL. For the 2ChA and 2ChB preparations the initial concentration of chlortetra-
cycline was around 8 pug/mL, while for the alkaline gels 3ChA and 3ChB, it was around
6.6 ug/mL. Chlortetracycline has been shown to be more unstable than tetracycline. The
decrease in the initial concentration values in the samples may be related to the breakdown
of the antibiotic or its reversible epimerization. The slightly acidic gels 1ChA and 1ChB
showed relatively high stability, with a slight decrease in chlortetracycline concentration to
about 8.4 pg/mL on the last day of observation. Gels with pH close to neutral—2ChA and
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2ChB—showed lower stability, with a slow decrease in ChTC concentration from about
8 ug/mL to just below 5 pg/mL. The greatest degradation was observed in alkaline gels
3ChA and 3ChB, where the drug concentrations decreased to 1.45 ug/mL for gel 3ChA
and 0.73 ug/mL for gel 3ChB in the first week of observation and reached values close to 0
ug/mL in the following weeks. The course of changes in antibiotic concentrations in these
preparations was not affected by the presence of azeloglycine. The results of this analysis
are shown in Figure 2.
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Figure 2. Chlortetracycline (ChTC) concentration in 1ChA, 1ChB, 2ChA, 2ChB, 3ChA, and 3ChB
formulations over 28 days. The abbreviations conform to Table 1.

2.3. Assessment of Rheological Parameters

The shear-thinning properties of non-Newtonian fluids were exhibited by the formu-
lations studied, which were based on an acrylic acid polymer [26-30]. All measurements
were carried out under the same conditions, at 37 °C, with gradually increasing shear rates
ranging from 0.38 s~ ! to 3.84 s~ 1. The viscosity curves for all formulations, regardless of
the type of antibiotic used, followed a similar pattern. Azeloglycine was found to have a
considerable effect on the viscosity of the formulations tested, with its addition significantly
reducing the viscosity of the formulations.

All formulations without azeloglycine showed similar viscosity value regardless of
pH. At an initial shear rate of 0.38 s~ the viscosity oscillated around 213,000 mPas for
samples 1TB and 2ChB and 221,000 mPas for samples 2TB and 1ChB. The 3TB and 3ChB
formulations had a slightly lower viscosity of around 205,000 mPas. As the shear rate
increased, the viscosity decreased, eventually reaching around 46,000 mPas for the 1TB and
2ChB gels, around 47,000 mPas for 2TB, 48,000 mPas for 1ChB, 44,000 mPas for 3TB, and
just below 42,000 mPas for 3ChB.

Mutual comparable viscosity values were also observed for gels containing azelo-
glycine, regardless of pH. However, these values were significantly lower compared to
formulations without azeloglycine. At a shear rate of 0.38 s~!, the viscosity was approxi-
mately 128,000 mPas for 1ChA, 2ChA, and 3ChA gels, approximately 122,500 mPas for 2TA
and 3TA, and 108,800 mPas for 1TA. With increasing shear rate, the viscosity decreased to
final values of about 20,400 mPas for 1ChA, about 18,600 mPas for 2ChA and 3TA, about
18,000 mPas for 2TA and 3ChA, and 15,800 mPas for 1TA. The course of the viscosity curves
is shown in Figure 3.
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Figure 3. Dynamic viscosity curves at 37 °C for formulations of tetracycline (a) and chlortetracycline
(b). The abbreviations conform to Table 1.

2.4. Evaluation of the Activity of Preparations Against Model Skin Sebum

The response of AMPD alcoholamine to model skin sebum components was ob-
served over 72 h, with changes recorded every 24 h. As shown in previous studies, the
activity of hydrogel alcoholamine towards model sebum components is dependent on
the pH of the formulation [31]. The type of antibiotic used had no effect on the rate of re-
action of the hydrogel with the sebum components—pH was the determining factor. For
the slightly acidic gels 1TA, 1TB, 1ChA, and 1ChB, no reaction was observed throughout
the study period. In the other formulations, a saponification reaction was observed,
manifested by the formation of a white layer of products at the sebum-hydrogel interface.
For all hydrogels, the highest reaction rate was recorded in the first 24 h, which may
indicate a depletion of free alcoholamine in the hydrogels over time. A second factor
influencing the efficiency of the AMPD reaction with sebum was the presence of the
additional ingredient azeloglycine. Significant differences were found between gels with
and without azeloglycine: the presence of azeloglycine increased the reactivity of the
formulation with sebum. The activity of neutral and slightly alkaline pH hydrogels
without azeloglycine, i.e., 2B, 3B, 2ChB, and 3ChB, was similar. After 24 h, the depth
of the product layer was approximately 0.55 mm for the 2TB, 2ChB, and 3ChB gels and
0.49 mm for the 3TB gel. After 72 h, the depth of the product layer increased to almost
0.8 mm for these gels. Deeper product layers were observed for 2TA, 3TA, 2ChA, and
3ChA gels. Both 2TA and 2ChA formulations showed slightly higher activity than the
more alkaline 3TA and 3ChB gels. After 24 h, the depths of the product layer were: 2TA
1.06 mm, 3TA 0.93 mm, 2ChA 1.11 mm and 3ChA 1.02 mm. After 48 h, the depth of the
product layer for the 2TA and 2ChA gels was approximately 1.64 mm, and for the 3TA
and 3ChA gels was approximately 1.36 mm. After 72 h, the depth was about 1.80 mm for
2TA and 2ChA gels and about 1.6 mm for 3TA and 3ChA gels. Changes in the depth of
the resulting product layer are shown in Figure 4. Figures 5 and 6 compare the models
analyzed: when the hydrogels were applied to the sebum layer and after 72 h, showing
the resulting layer of reaction products.
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Figure 4. Changes in layer depth of the resulting products during 72 h of observation for preparations
containing tetracycline (a) and chlortetracycline (b). The abbreviations conform to Table 1.
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Figure 5. Presentation of changes in the sebum surface under the influence of tetracycline-containing
hydrogels (TA and TB) at 0 h and 72 h after the start of the observations. The abbreviations conform

to Table 1.
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Figure 6. Presentation of changes in the sebum surface under the influence of chlortetracycline-
containing hydrogels (ChA and ChB) at 0 h and 72 h after the start of the observations. The abbrevia-
tions conform to Table 1.
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2.5. Attenuated Total Reflectance—Fourier Transform Infrared Spectroscopy Analysis

In this study, detailed Fourier transform infrared (FTIR) analysis was carried out
to characterize the ingredients contained in the hydrogels and the prepared hydrogel
formulations. The study included spectroscopic analysis of the components, i.e., Carbopol
polymer, AMPD alcoholamine, antibiotics, and azeloglycine, for detailed characterization.
The FTIR spectra of the prepared hydrogels in different formulations were then measured.
This allowed the determination of changes in absorption spectra resulting from interactions
between hydrogel components, such as neutralization of Carbopol by AMPD and spatial
lattice formation.

Figure 7 shows the ATR-FTIR spectra of the commercial components. In the FTIR
spectrum of Carbopol 980 NF, an acrylic acid polymer, the peaks present confirmed the
presence of functional groups characteristic of this polymer. The intense band at 1697 cm !
may be related to symmetric C=O stretching vibrations of carbonyl groups, confirming
the presence of carboxyl groups. Lower-intensity bands at 1450 cm~! and 1405 cm ™! may
correspond to scissor vibrations of C-H bonds in CH, methyl groups in the aliphatic chain
of the polymer [32-34]. The peak at 1405 cm~! may also indicate O-H bending vibrations
in carboxyl groups [35]. At 1228 cm ™!, there is an intense band that may be related to the
stretching vibrations of the C—O bonds of the acrylates, while at 1160 cm~! there is an
intense band that may be related to the C—-O-C stretching vibrations that may be present
in the structure of the cross-linked polymer [32,35]. The band at 791 cm ™! may indicate
bending vibrations of C=CH bonds, which in the case of Carbopol may indicate residual
double bonds in the polymer structure [35,36].

In the case of the AMPD alcoholamine spectrum at 3243 cm™ ! the intense band
may indicate O-H stretching in the hydroxyl groups or N-H stretching in the amine
groups [37,38]. The band at 2904 cm ! may refer to C-H stretching vibrations in aliphatic
groups, while the band at 2838 cm ! may refer to asymmetric C-H stretching vibrations,
but mainly related to the methyl group. At 1615 cm™!, the rather intense band may be
related to the vibration of the N-H scissors in the amine groups -NH; [37]. The intense
band at 1038 cm ! may indicate the presence of C-N stretching vibrations characteristic of
aliphatic amines [38].

The spectra of tetracycline and chlortetracycline show many similarities. Chlortetracy-
cline retains most of the characteristics of the tetracycline spectrum; however, the chlorine
atom present on the 7th C atom of the D ring causes some changes in the FTIR spectrum.
Bands at 3350 cm ™!, 3291 cm~? for TC and 3326 cm 1, 3298 cm ™! for ChTC are present,
which may be related to the stretching vibrations of the -OH and -CONH bonds of the
hydroxyl and amide groups of ChTC [39-41]. Bands at 1664 cm~! (TC, ChTC) indicate
C=0 stretching and NH, deformation vibrations of the amide group I [40-42]. The bands
at 1612 cm™! (TC) and 1617 cm ™! (ChTC) and 1580 cm~! (TC) and 1576 cm~! (ChTC) can
be attributed to C=0 stretching vibrations in the A and C rings, respectively [40,42—44].
Bands at 1520 cm~! (TC) and 1518 cm~! (ChTC) may indicate stretching vibrations of
C-NH, amide II [40,44,45]. The intense band at 1448 cm~! (TC) and 1443 cm ™! (ChTC)
may indicate C—C stretching vibrations [42—45]. The presence of a chlorine atom in the
chlortetracycline molecule results in the presence of a band at 769 cm ™! that is unique to
this antibiotic and is characteristic of C—Cl stretching vibrations [46].

The spectrum of azeloglycine is characterized by a broad band in the range
3366-3292 cm ™!, which can be attributed to stretching vibrations of the O-H groups from
the presence of water (associated with the solution form) or from azelaic acid, as well as
N-H vibrations from the amino groups of glycine. The band at 1623 cm ! may correspond
to C=0 stretching vibrations of the carbonyl groups of azelaic acid or N-H deformation
vibrations of the -NH, amino groups of glycine. The band at 1579 cm~! may originate
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from N-H deformation vibrations in the amino groups or asymmetric COO~ vibrations.
The band at 1390 cm~! may correspond to symmetric COO™~ vibrations or deformation
vibrations of methyl groups of -CH; [46-48].

C 980 NF
A 1697 1450 1405 \
iz
chTC 3300 6237 \15?5\ 1350
3236 \3253 188 —

TC Y
1817 15|?51\ /
1518 1443 763

iy
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A /

3243 2904 2838 1615
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1

Wavenumbers cm™

Figure 7. Fourier transform infrared spectroscopy with attenuated total reflectance (ATR-FTIR): spectra
of individual components: Carbopol 980 NF (C 980 NF), azeloglycine (A), chlortetracycline hydrochloride
(ChTC), tetracycline hydrochloride (TC) and 2-amino-2-methyl-1,3-propandiol (AMPD).

In the case of hydrogels, all formulations that had previously undergone
lyophilization were analyzed in detail by FTIR. The samples were analyzed twice:
on the first day and 33 days after lyophilization. The spectra obtained are shown in
Figures 8 and 9. Due to the high similarity of the spectra in all the preparations studied,
the figures show representative spectra for the preparations in the group labeled 1.
In all hydrogel spectra, it was observed that the bands characteristic of the active
ingredients, such as tetracycline, chlortetracycline, and azeloglycine, were obscured by
the hydrogel-specific bands.

Upon hydration and neutralization of Carbopol, the FTIR spectrum undergoes some
changes. Hydration and neutralization affect the conformation of the polymer, which
can lead to subtle changes in the FTIR spectrum, such as changes in the intensity and
position of bands associated with carbon skeletons and functional groups. A broad band
appears at 3200-3600 cm !, indicating the presence of water in the gel, associated with
O-H stretching vibrations [49]. It is very characteristic that this band in all A hydrogels
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containing azeloglycine is less intense than the band in the spectra of B preparations
lacking this component. These differences are highlighted in Figures 8 and 9 with a red
box. In all azeloglycine-containing preparations, this band is smaller and a small peak at
about 3250 cm ™! is visible, which may be due to N-H stretching vibrations in the amine
groups derived from AMPD [37,38]. In azeloglycine-free gels, this peak is covered by
a more intense band in the 3200-3600 cm ™! range. The less intense band, originating
from water, may indicate a possible effect of azeloglycine in reducing the water content
of the polymer network. The bands at about 2917 cm™~! and about 2850 cm ! may be
related to stretching vibrations of C—H groups in methyl (-CHj3) or methylene (-CHy)
chains [49]. The presence of these bands may be related to AMPD alcoholamine or
organic residues in the polymer structure. These bands were more noticeable in group A
hydrogels containing azeloglycine. Upon neutralization, the carboxyl groups transform
into ionized forms of COO~. This resulted in a shift in bands from 1697 cm~! to lower
values for all analyzed hydrogels, visible as a small band at about 1628 cm~!, an intense
band at about 1550-1520 cm ™!, and the appearance of a new band near 1400 cm™!,
corresponding to symmetric COO~ stretching vibrations. The band seen at 1038 cm !
may indicate the presence of C-N stretching vibrations, confirming the presence of
AMPD in the polymer network [38,49]. There were no differences in the FTIR spectra of
the hydrogels analyzed the day after freeze-drying or after 33 days, which may indicate
the high stability of the polymer network and the lack of significant changes in its
structure over time.

1TA 33 day

|

1TA 1day

———— ]

1ChA 33 day|

1ChA 1 day

0A 33 day

0A 1 day

—_—]

3250 2917 2850
\\
14000 1038

3500 3400 2500 2400 1500 1400 500 400

Wavenumbers em™1

Figure 8. Attenuated total reflectance-infrared spectroscopy (ATR-FTIR): spectra of formulations
containing azeloglycine 1 day and 33 days after lyophilization. Formulation 0A is devoid of antibiotic,
1TA contains tetracycline, and 1ChA contains chlortetracycline.
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Figure 9. Attenuated total reflectance-infrared spectroscopy (ATR-FTIR): spectra of formulations
without azeloglycine 1 day and 33 days after lyophilization. Formulation 0B is devoid of antibiotic,
1TB contains tetracycline, and 1ChB contains chlortetracycline.

2.6. Microbiological Activity of the Formulations

In the first step of biological assessments, we evaluated the antibacterial activity of the
hydrogels using a modified disk diffusion method against S. aureus ATCC 6538. As seen in
Figures 10 and 11, all tested hydrogels exhibited zones of growth inhibition. Notably, the
inclusion of azeloglycine did not result in statistically significant differences in antimicrobial
activity compared to formulations without this compound, indicating that azeloglycine
may not enhance the antibacterial properties in this model.
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Figure 10. Assessment of staphylococcal growth inhibition zone after exposure to hydrogels using
modified disk diffusion method.
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Figure 11. Exemplary visualization of staphylococcal growth inhibition on 90 mm petri dish after
exposure to one of the 2TB hydrogel formulations.

Next, we assessed the anti-biofilm efficacy of the hydrogels in a model simulating
artificial sebum, which mimics the skin environment. The results, presented in Figure 12
and visualized in Figure 13, revealed statistically significant differences between formu-
lations 1ChA and 1ChB, as well as between 2ChA and 2ChB. These findings suggest that
specific compositional changes in the hydrogels impact their ability to reduce established
S. aureus biofilms.

1004
80+

60

[% biofilm reduction]

20+

1CHA
2CHA
3CHA -
1CHB -
2CHB+
3CHB
1TAS
2TA
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3TB-

Figure 12. Assessment of staphylococcal biofilm reduction in the artificial sebum.

C+ 2CHA 1CHB

Figure 13. Visualization of biofilm reduction in the model using artificial sebum.

Finally, the local cytotoxicity of the hydrogels was evaluated using the Galleria mel-
lonella larva model. As shown in Figure 14, the ChA and TA hydrogels did not exhibit any



Int. J. Mol. Sci. 2025, 26, 5239

12 of 25

toxic effects over the 5-day observation period. The larvae remained viable, with no signs of
melanization or loss of motility, indicating a favorable safety profile for these formulations

in vivo.
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E . -
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]
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0 T ¥ —
od 1d 2d 3d 4d 5d

days

Figure 14. Assessment of hydrogels’ local cytotoxicity towards G. mellonella larvae.

3. Discussion

Acne vulgaris is a common dermatosis among adolescents, with a prevalence of more
than 80%. The vast majority of patients experience mild lesions that can be effectively
treated with ointments, creams, hydrogels, and other topical preparations [1,50,51]. Topical
therapy is safer and avoids many of the side effects associated with oral medications [7].
Topical acne treatments include antibiotics and retinoids, as well as keratolytic, comedolytic,
discoloration, and scar-lightening agents such as benzoyl peroxide, salicylic acid, and aze-
laic acid and its derivative, potassium azeloyl diglycinate (azeloglycine) [8-10]. Hydrogel
formulations are increasingly being chosen for topical therapy in the treatment of skin
diseases, including acne, due to their unique properties, which are superior to traditional
ointments. They are characterized by better penetration of active ingredients deep into
the skin, which increases the effectiveness of therapy. In addition, they provide adequate
moisture without leaving an oily film, which is important for patients with acne-prone skin.
Their light texture promotes better absorption and application comfort. Hydrogels also
minimize the risk of irritation and allergic reactions [52-54].

Two antibiotics from the tetracycline group—tetracycline and chlortetracycline—which
are not standard preparations used in the topical treatment of acne, were selected for
the present study of gels with potential anti-acne activity. Tetracyclines are a group of
antibiotics with a broad spectrum of antibacterial and anti-inflammatory activity, making
them valuable therapeutic agents in dermatology. Their therapeutic versatility is due to
their ability to treat both bacterial infections and inflammatory dermatological diseases.
They are mainly used in oral therapy. The mechanism of antimicrobial action of tetracyclines
is based on binding to the 30S subunit of the bacterial ribosome, which leads to inhibition
of protein translation and prevents synthesis of proteins necessary for bacterial growth. As
a result, tetracyclines effectively inhibit bacterial growth and proliferation [11,12,55]. In
addition to their antibacterial activity, tetracyclines also exhibit anti-inflammatory activity
independently of their bacteriostatic activity. The anti-inflammatory mechanism involves
inhibiting the activity of matrix metalloproteinases (MMPs) and reducing the production
of proinflammatory cytokines, which helps to reduce tissue inflammation [7,15-17,56].
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Tetracycline and its derivatives are commonly used to treat acne by the oral route, while
chlortetracycline is mainly used in the topical treatment of purulent skin infections and
in ophthalmology, where it is used in an eye ointment [7,11-14,57-62]. Both antibiotics
are used to treat skin infections with the S. aureus strain [63]. The beneficial properties
of these antibiotics, which include broad-spectrum antimicrobial activity and efficacy in
reducing inflammatory processes, make tetracycline and chlortetracycline promising active
ingredients in the development of new anti-acne formulations.

The microbiological activity of tetracycline and chlortetracycline has been combined
with the highly beneficial dermatological properties of azeloglycine. It is a derivative of
azelaic acid that exhibits all its beneficial therapeutic and skin care properties, such as
antibacterial and anti-inflammatory, and inhibition of skin keratosis and lightening of acne
hyperpigmentation [18-22]. Thanks to the structural modification with the introduction
of two glycine molecules, it has much better physicochemical properties than azelaic acid:
it dissolves much better in water, has no irritating effects, and shows compatibility with
other ingredients [21,64,65]. In our previous studies evaluating the effects of azelaic acid
and its derivatives on the physicochemical properties of hydrogels and the stability of
tetracycline, azeloglycine was shown to be more effective. The presence of azelaic acid
resulted in increased degradation of tetracycline and a significant decrease in the viscosity
of the hydrogel, which may adversely affect the application process of the product on the
skin. On the other hand, azeloglycine provided more favorable stability of the antibiotic
and better rheological properties, indicating its potential as an ingredient to improve the
performance and durability of anti-acne formulations [66].

A critical aspect of the formulations developed was to ensure the stability of the
antibiotics they contained. Several studies of other authors detailed the degradation of
tetracyclines. Tetracycline antibiotics are highly sensitive compounds that are susceptible to
degradation when exposed to extreme pH, light, and high temperatures [67,68]. The nature
of the degradation processes, including epimerization or dehydration, is similar for both
tetracycline and chlortetracycline [69-72]. In a weakly acidic environment, tetracycline
antibiotics undergo reversible epimerization to 4-epitetracycline and 4-epichlortetracycline
without microbial activity [73-75]. In a strongly acidic environment at pH values below 2,
the parent compound dehydrates to form anhydrotetracycline or anhydrochlortetracycline
and then epimerizes in the case of tetracycline to 4-epianhydrotetracycline, which is already
a nephrotoxic compound causing reversible Fanconi syndrome [74,76]. Differences in the
degradation processes of tetracycline and chlortetracycline become apparent in alkaline en-
vironments. At pH values above §, tetracycline is converted to quinone compounds [77-79].
In the case of chlortetracycline, isochlortetracycline is formed, which then undergoes further
degradation, leading to the formation of additional breakdown products [71,72,80]. Both
antibiotics also undergo degradation processes when exposed to light. The photodegrada-
tion of TC and ChTC molecules is similar, but faster in an alkaline environment, resulting
in the formation of phototoxic products such as lumitetracycline [72,79,81-84].

In the present study, a 28-day stability analysis of both antibiotics was performed based
on HPLC analysis. There was a noticeable difference in the stability of individual antibiotics.
Tetracycline showed significantly higher stability in all formulations over the 28-day period.
The concentration values of the drug in weakly acidic and neutral pH formulations, namely
1TA, 1TB, 2TA and 2TB, oscillated around an initial value close to 10.5 ug/mL. No effect
of azeloglycine on antibiotic stability was observed. In the case of alkaline hydrogels
(3TA and 3TB), progressive degradation of tetracycline was observed, with significantly
higher stability of azeloglycine-containing formulations. The concentration of tetracycline
in the 3TA gel decreased from an initial value of 10.9 ug/mL to 8.9 pg/mL on the 28th
day of observation, while in the 3TB gel it decreased to 7.4 ug/mL on the last day. This
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may indicate a beneficial effect of azeloglycine in reducing tetracycline degradation in an
alkaline environment. Chlortetracycline showed significantly lower stability compared to
tetracycline, which may indicate its greater susceptibility to degradation or epimerization
processes. Even though the same procedure was used to prepare the formulations and
samples for HPLC analysis, the drug concentrations in the basic and neutral samples were
lower than the expected level of about 10 pg/mL on the first day. The slightly acidic
formulations (1ChA, 1ChB) showed the highest stability, with a slight decrease in drug
concentration to 8.4 ug/mL after 28 days. Formulations with a pH close to neutral (2ChA,
2ChB) showed moderate stability, with chlortetracycline concentrations decreasing from
nearly 8 ug/mL on the first day of observation to approximately 5 pg/mL after 28 days. The
alkaline formulations (3ChA, 3ChB) showed the greatest susceptibility to degradation. The
drug concentration dropped sharply to 1.45 ug/mL for 3ChA and 0.73 pg/mL for 3ChB on
7th day of observation, reaching values close to zero in the following weeks. Azeloglycine
did not significantly affect the stability of chlortetracycline in any of the formulations.

The presence of azeloglycine affected the rheological properties of the formulations
tested. All formulations exhibited non-Newtonian viscoelastic properties, manifested by a
shear-thinning effect in which viscosity decreased with increasing shear rate, in agreement
with previous reports on acrylic acid-based polymers [27-29]. The addition of azeloglycine
reduced the viscosity of all hydrogels tested, regardless of the pH of the environment,
indicating its effect on the polymer network structure. Viscosity values for formulations
without azeloglycine averaged approximately 215,000 mPas, while those with azeloglycine
averaged approximately 115,000 mPas. These changes are not substantial enough to
potentially interfere with application of the formulations to the skin surface. The type of
antibiotic used had no effect on the viscosity values, confirming that the differences in
rheology were dominated by the presence of azeloglycine and the properties of the polymer
matrix. The reduced viscosity of hydrogels with azeloglycine could potentially increase
their therapeutic efficacy by facilitating skin penetration and interaction with the skin
surface, making these formulations particularly promising for dermatological applications.

The effect of azeloglycine on the polymer network structure can also be seen in subtle
differences in the FTIR spectra. The broad band in the 3200-3600 cm™1 range, associated
with O-H stretching vibrations, was less intense in hydrogels containing azeloglycine
(Group A) compared to formulations without this component (Group B). This observation
suggests that the presence of azeloglycine may reduce the amount of water bound in the
polymer network. Analysis of FTIR spectra taken one day after freeze—drying and after
33 days of storage showed no significant differences. This result may indicate high stability
of the polymer network and no significant changes in its structure over time.

Another important element of the formulated products is the presence of 2-amino-2-
methyl-1,3-propandiol (AMPD), which has activity against free sebum fatty acids. Accu-
mulated sebum inside the hair follicle promotes excessive proliferation of the microbiota,
leading to inflammation and painful skin lesions. These deposits limit the effectiveness
of therapeutic agents used to eliminate bacteria and reduce inflammation. The sebum
model is an important tool in the study of epidermal lipid barrier function and in the
development of dermatological and cosmetic products. Its composition must be as close as
possible to that of human sebum [85-91]. Its use allows research to be carried out under
controlled laboratory conditions, greatly increasing repeatability and accuracy. Stefaniak
et al. analyzed numerous publications on model skin sebum and assessed the extent to
which the proposed formulations were compatible with the natural composition of human
sebum [88,91]. The model sebum composition proposed by Kubis and Musial and used
in the following study was found by Stefaniak to be one of the closest to natural skin
sebum [88,92]. The results of previous studies suggest that alcoholamines react with model
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components of sebum, such as stearic acid, leading to their saponification, and by binding
water, the formation of a loose layer of reaction products that can facilitate sebum removal
(Equation (1)) [31]:

R1-COOH + R2-NHj,(aq) — R1-COO- [NH; + -R2](aq) (1)

This process may improve the penetration of the applied active ingredients into the hair
follicle and enhance the elimination of pathogens such as C. acnes and S. aureus, potentially
increasing the efficacy of anti-acne therapy. Based on previous studies, it is known that an
increase in formulation alkalinity resulting from an increase in AMPD content in hydrogels
leads to a greater reactivity of these gels towards model sebum components [31]. This
phenomenon may be related to the presence of a greater number of free AMPD molecules
not bound to the carboxyl groups of the carbomer. Nevertheless, it was observed that
the 3TA and 3ChA gels, despite having the highest pH of approximately 8.2, had slightly
lower activity against sebum compared to the 2TA and 2ChA gels, which had a pH of
approximately 7.3. After 72 h of observation, samples with the 2TA and 2ChA gels had an
average product layer depth of 1.81 mm, while the 3TA and 3ChA gels had an average layer
depth of 1.58 mm. A possible explanation for this phenomenon may be the formation of a
dense layer of saponification reaction products on the sebum surface, which may inhibit
further penetration of the gel into the sebum [23]. Excessive alkaline pH can inhibit the
presumed process of saponification of sebum deposits. At the same time, the reduced
viscosity of preparations containing azeloglycine compared to analogous gels without this
ingredient may translate into increased activity against model sebum. It was observed that
the presence of azeloglycine promoted the formation of a deeper layer of reaction products
compared to gels without azeloglycine. The product layer for azeloglycine-free gels 2TB,
2ChB, 3TB and 3ChB was significantly lower, averaging 0.83 mm after 72 h. This beneficial
effect due to the presence of azeloglycine allows the pH of the formulation to be lowered
while maintaining high efficacy against model sebum, making it a valuable ingredient in the
development of advanced dermatological formulations. Optimization of the formulation
pH is extremely important, as the slightly acidic hydrogels (1TA, 1TB, 1ChA, 1ChB) did
not show any reaction within the 72 h study period. For the neutral and mildly alkaline
formulations, the highest reaction rate was observed within the first 24 h, which may
indicate a gradual depletion of free AMPD in the hydrogels as the reaction progressed.
Formulations containing chlortetracycline (2ChA, 3ChA) showed activity similar to that
of tetracycline (2TA, 3TA), indicating that the type of antibiotic does not affect the rate of
reaction with sebum. Optimization of hydrogel formulations should be performed with
respect to pH, with neutral pH formulations containing azeloglycine showing the best
reactive properties towards model sebum.

The presence of azeloglycine in the tested formulations also proved to be interesting
in the context of the microbiological analyses performed. While Cutibacterium acnes is
a primary etiological factor in acne vulgaris, its application in in vitro biofilm studies is
limited by its anaerobic growth requirements and weak, slow-growing biofilm formation
un-der standard laboratory conditions. These features make it difficult to achieve robust,
re-producible results, particularly when assessing subtle formulation-dependent effects
such as the influence of azeloglycine on antimicrobial performance. As a result, S. aureus
was selected for the present study. This species is frequently detected in acne lesions as a
secondary colonizer and contributes to the inflammatory process through biofilm formation
and immune modulation. Moreover, a substantial proportion of S. aureus strains remain
susceptible to tetracyclines, including tetracycline hydrochloride and chlortetracycline,
making it a pharmacologically relevant substitute in this context. Its reliable growth and
biofilm-forming capacity under aerobic conditions also enable more standardized, sensitive
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comparison of hydrogel variants. The outcomes presented in Figures 10 and 12 show a
clear distinction in the sensitivity of the models. In the disk diffusion model (Figure 10),
no statistically significant differences were observed between hydrogels containing azelo-
glycine and those without it. This lack of differentiation may be attributed to the physical
limitations of the method itself. In this setup, a fixed amount of hydrogel was deposited
into an 8 mm well on the surface of solid Mueller-Hinton agar, and diffusion of active
compounds occurred in a relatively uniform manner. As the compounds must diffuse
through a dense agar matrix, any subtle variations in chemical composition—such as the
addition of azeloglycine—may not substantially affect the size of the inhibition zone unless
the agent has strong, readily diffusible antimicrobial properties. In contrast, the artificial
sebum biofilm model (Figure 12) presents a more physiologically relevant and sensitive
environment that may amplify the functional differences between formulations. Here, the
hydrogels interact with mature Staphylococcus aureus biofilms formed within a lipid-rich ma-
trix. The anti-biofilm effect is evaluated based on metabolic activity, which reflects deeper
functional interactions beyond simple surface-level inhibition. In this model, statistically
significant differences were observed between hydrogel variants (e.g., 1IChA vs. 1ChB),
suggesting that the presence of azeloglycine or other compositional changes influences
biofilm eradication capacity, possibly through modulation of biofilm matrix penetration,
interference with bacterial adhesion, or disruption of quorum sensing mechanisms, none
of which are captured by the standard agar diffusion assay. Together, these findings un-
derscore the importance of using complementary models: the disk diffusion test may be
useful for general screening of antimicrobial activity, whereas the sebum biofilm model
provides more nuanced insights into how hydrogel composition affects performance in
environments that more closely mimic in vivo conditions.

Most importantly, the antibiotic-containing hydrogels showed no toxic effects on
Galleria mellonella larvae, confirming their biocompatibility. The G. mellonella larva model
was chosen for local cytotoxicity assessment because it enables biologically meaningful
in vivo evaluation of topically applied formulations. In contrast to two-dimensional ker-
atinocyte cultures, which are devoid of extracellular matrix and immune responsiveness,
G. mellonella larvae possess a protective cuticle and a functional innate immune system.
These features allow the detection of complex physiological outcomes such as melanization,
behavioral changes, and survival. The absence of toxicity in this model supports the local
safety of the tested hydrogels. We regard the Galleria model as a useful intermediate
between basic in vitro assays and mammalian studies. In future research, we aim to supple-
ment our findings with results from keratinocyte-based models that offer high translational
relevance. This result is crucial, as it indicates that they can be used safely in dermatological
therapy, minimizing the risk of adverse skin reactions and allowing their potential use in
the treatment of skin diseases. Biocompatibility is the basis for further development of
these formulations in clinical practice.

The developed formulations, integrating components with different mechanisms of
action, are aimed at obtaining preparations with a complementary therapeutic effect. Their
scope of action includes reduction of pathogenic microflora, local anti-inflammatory effect,
modulation of pigmentation processes, and improvement in functionality of hair follicle
openings. Such multidirectional action can significantly increase the therapeutic efficacy of
preparations while minimizing the risk of bacterial resistance and improving the bioactivity
of active substances at the site of application.
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4. Materials and Methods
4.1. Reagents

Tetracycline hydrochloride (TC) (Sigma Aldrich, Poznan, Poland), chlortetracycline hy-
drochloride (ChTC) (Sigma Aldrich), 2-amino-2-methyl-1,3-propanediol AMPD (Sigma Aldrich),
Carbopol 980 NF (C 980 NF) polyacrylic acid cross-linked with allyl pentaerythritol (Lubrizol,
Wickliffe, OH, USA), potassium azeloyl diglycinate (azeloglycine (A), solution) (Zrob sobie
krem, Prochowice, Poland) and demineralized, bi-distilled water were used to prepare the for-
mulations. Lanolin (Fagron, Warsaw, Poland), stearic acid (Sigma Aldrich), cholesterol (Sigma
Aldrich), triglycerides of animal origin (Fagron) and squalene (Sigma Aldrich) were used to
prepare artificial sebum. Acetonitrile (Sigma Aldrich), formic acid (Sigma Aldrich) and deminer-
alized, bi-distilled water were used in the HPLC analysis. Tetrazolium chloride (Sigma-Aldrich),
ethanol and acetic acid (both from POCH, Lublin, Poland) were applied for formazan extraction,
while Mueller-Hinton agar powder or broth (Biomaxima, Lublin, Poland) was applied for
bacterial cultivation.

4.2. Preparation of Hydrophilic Formulations

In this study, 12 hydrogel formulations, each weighing 100 g, were developed. Of
these, 6 contained 0.2 g of tetracycline (labeled T) and the remaining 6 contained 0.2 g of
chlortetracycline (labeled Ch). In each group, half of the formulations were enriched with
2.0 g azeloglycine (labeled A), while the other half did not contain this substance (labeled B).
In each of the two drug groups (T and Ch), two hydrogels were formulated with a pH of
approximately 6.60 (labeled 1A and 1B), two with a pH close to 7.30 (labeled 2A and 2B)
and two with a pH of approximately 8.20 (labeled 3A and 3B). Control preparations
without antibiotics, labeled 0, were developed to assess microbiological activity and for
FTIR analysis. The pH values were obtained by varying the AMPD content. The detailed
composition of each formulation is shown in Table 2.

Table 2. Composition of all hydrogel formulations. TC—tetracycline hydrochlo-
ride, ChTC—=chlortetracycline hydrochloride, = AMPD-—2-amino-2-methyl-1,3-propanediol.
T—tetracycline, Ch—chlortetracycline, A—presence of azeloglycine, B—absence of azeloglycine.

Formulation TC [g] ChTC[g] Azeloglycine [g] AMPD [g] Carbopol 980 NF [g]  Water [g]
1TA 0.2 0.0 2.0 0.7 0.7 96.4
2TA 0.2 0.0 2.0 0.9 0.7 96.2
3TA 0.2 0.0 2.0 1.1 0.7 96.0
1TB 0.2 0.0 0.0 0.7 0.7 98.4
2TB 0.2 0.0 0.0 0.9 0.7 98.2
3TB 0.2 0.0 0.0 1.1 0.7 98.0

1ChA 0.0 0.2 2.0 0.7 0.7 96.4
2ChA 0.0 0.2 2.0 0.9 0.7 96.2
3ChA 0.0 0.2 2.0 1.1 0.7 96.0
1ChB 0.0 0.2 0.0 0.7 0.7 98.4
2ChB 0.0 0.2 0.0 0.9 0.7 98.2
3ChB 0.0 0.2 0.0 1.1 0.7 98.0
1.0A 0.0 0.0 2.0 0.7 0.7 96.6
2.0A 0.0 0.0 2.0 0.9 0.7 96.4
3.0A 0.0 0.0 2.0 1.1 0.7 96.2
1.0B 0.0 0.0 0.0 0.7 0.7 98.6
2.0B 0.0 0.0 0.0 0.9 0.7 98.4
3.0B 0.0 0.0 0.0 1.1 0.7 98.2

To obtain 100 g of hydrogel, weighed amounts of AMPD, Carbopol and water were
mixed and conditioned for 24 h at 4 °C. Then, 0.2 g of the appropriate antibiotic, previ-
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ously dissolved in the specified amount of water, was added to the resulting hydrogel.
For preparations marked A, azeloglycine was also added to the formulation. All formu-
lations were homogenized for 20 min using an Eprus U500 automatic pharmacy mixer
(Eprus, Bielsko-Biata, Poland) at the lowest speed of 630 rpm. The hydrogels were stored
in non-transparent containers at 4 °C.

4.3. Measurement of pH Value

The pH values of the formulated preparations were measured using a CPC-505 pH
meter (accuracy £ 0.002 pH, Elmetron Sp.j., Zabrze, Poland) and an ERH-11S electrode
(Elmetron Sp.j., Zabrze, Poland) designed for viscous preparations such as ointments,
creams and gels. Each measurement was repeated five times.

4.4. Antibiotic Stability Analysis by HPLC
4.4.1. Preparation of Hydrogel Samples

Chromatographic stability analysis of the antibiotics contained in the formulations was
carried out over a 28-day period. HPLC measurements were performed at regular intervals
every 7 days. For sample preparation, 0.5 g of gel was taken each time and dissolved in
99.5 g of distilled water, stirring on an Arex Digital Pro magnetic stirrer (Velp Scientifica,
Usmate (MB), Italy) for 20 min at 900 rpm. Six 1 mL samples were then taken and subjected
to chromatographic analysis.

4.4.2. HPLC Analysis

Analysis of both antibiotics was performed on a Thermo Scientific Dionex Ulti-
Mate 3000 instrument (Thermo Scientific Dionex, Sunnyvale, CA, USA), which included
a DAD-3000 UV detector, TCC-3000SD column oven, LPG-34005SD pump module and
WPS-3000TSL autosampler. Chromatographic separation was performed using an RP-18
LiChroCART column, 125 mm x 4 mm, 5 pm (Merck, Darmstadt, Germany) at 40 °C.
Chromeleon v 7.2 SR5 software (Thermo Scientific Dionex, Sunnyvale, CA, USA) was
used for data processing. Both tetracycline and chlortetracycline were determined using
the same method. The mobile phase was 0.1% formic acid in water (A) and 0.1% formic
acid in acetonitrile (B). The flow rate was 1.0 mL/min and the gradient was as follows:
started at 7% B until 0.5 min, then increased up to 50% at 4 min and then to 95% at 5 min.
This flow rate was maintained until the 6th minute and then reduced to 7% B at the 7th
minute. This flow rate was maintained until 9 min. The retention time for tetracycline was
4.14 min and detection was performed at 280 nm. A series of aqueous solutions of commer-
cial TC were prepared and linearity was observed from 1.1107 pg/mL to 17.3582 pug/mL
with a correlation coefficient (R) of 0.9978 (y = 0.3024x — 0.1455). The retention time for
chlortetracycline was 4.71 min. The detection was carried out at 280 nm. Linearity was
observed at concentrations from 1.0301 ug/mL to 16.5930 ug/mL based on a range of
aqueous solutions of commercial chlortetracycline with a correlation coefficient (R) of
0.9993 (y = 0.2160x — 0.0335).

4.5. Determination of the Viscosity Curve of the Preparations

Viscosity curves for all formulations were determined using a Brookfield DV-III+
rotational rheometer (AMETEK Brookfield, Middleboro, MA, USA) in a cone/plate system
with a CP51 cone. The data obtained were analyzed using Rheocalc v3.2 for Windows
software (AMETEK Brookfield, Middleboro, MA, USA). The measurement system included
a thermostat to maintain a constant, controlled temperature. Viscosity measurements were
performed at 37 °C. Each measurement was taken over a decade of shear rates with a
pre-shear period and a stabilized reading before data collection. The shear rate increased
during the measurements from 0.38 s ! to 3.84 s~! and the speed increased from 0.1 rpm to
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1.0 rpm. The corresponding forward and reverse rheograms were recorded. Each viscosity
measurement was repeated five times.

4.6. Artificial Skin Sebum Preparation

This study used the model sebum composition developed by Kubis and Musial [24,92].
The detailed formulation with the corresponding natural equivalents is summarized in
Table 3.

Table 3. Components of model skin sebum.

Components Artificial Skin Sebum
Cholesterol 4%
Squalene 12%
Stearic acid as a free fatty acid 24%
Lanolin as wax 26%
Pork lard as triglyceride 34%

All the ingredients were weighed out, melted in a water bath, mixed, and allowed to
solidify at 23 °C.

4.7. Evaluation of Hydrogels” Activity Against Artificial Sebum Components

Scaled PVC tubes of 4 mm internal diameter were used to assess the activity of the
hydrogels in interacting with the components of the model skin sebum. Tubes were filled
with 0.5 mL of melted skin sebum and allowed to solidify. This system was designed to
simulate a model of a sebum-filled hair follicle. Once the sebum had solidified, 0.5 mL
of each hydrogel formulation was applied to the surface and the tube openings were
sealed with a plastic compound to prevent the gels from drying out. The thickness of the
resulting layer of reaction products was assessed every 24 h for a period of 72 h. The layer
thickness was measured using a Powerfix IAN Z22855 digital caliper (accuracy £ 0.02 mm,
Milomex Ltd., Bedfordshire, UK). Visual documentation of the system was achieved using
a Samsung A53 digital camera (Macro 5 Mpx camera, 1.12 um, FFE, £/2.4). For each hydrogel,
8 measurements were taken.

4.8. ATR-FTIR Measurements of Freeze-Dried Formulations

Prior to analysis by attenuated total reflectance-Fourier transform infrared spec-
troscopy (ATR-FTIR), 30 g of each preparation was frozen and then freeze-dried for 26 h
using an Alpha 1-2 LD freeze dryer (Martin Christ Freeze Dryers, Osterode am Harz,
Germany). FTIR spectra were recorded using a spectrometer with an ATR attachment
(Nicolet iS50, Thermo Scientific, Waltham, MA, USA). The resulting data were analyzed
using OMNIC software (v 9, Thermo Fisher Scientific, Waltham, MA, USA). The FTIR
spectra were recorded with 32 scans per sample cycle. The wave number resolution was
4 cm ™! in the wavelength range from 4000 to 400~ !. ATR-FTIR spectra of the lyophilized
formulations and the substrates in commercial form were measured at ambient temperature.
All measurements were taken under the same conditions 1 day after freeze-drying and
33 days after freeze-drying. Between measurements, the lyophilized hydrogels were stored
at 4 °C in opaque containers.

4.9. Assessment of Staphylococcal Growth Inhibition Zone After Exposure on Hydrogels Using
Modified Disk Diffusion Method

Staphylococcus aureus strain ATCC 6538 was cultivated in liquid tryptic soy broth
(TSB, Biomaxima, Lublin, Poland) medium at 37 °C/24 h. Next, microbial suspension was
diluted using densitometry (Den-1, Biosan, Pita, Poland) to a density of 0.5 McFarland and
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spread on the Mueller-Hinton (MH, Biomaxima, Lublin, Poland) agar plate, as is performed
for antibiotic sensitivity assessment in the disk diffusion method. After spreading, a hole
of 8 mm diameter was cut in the center of the plate using a JLB 320 cork-borer device
(Boehm, La Fouillouse, France). Next, the MH plate was placed in the weight device (AS
110 R2 PLUS, Radwag, Radom, Poland). Hydrogel (500 & 10 mg) was then introduced to
the 8 mm hole in the MH plate. The whole set was then incubated at 37 °C/24 h. After
incubation, plates were photographed in a photographic chamber (Puluz Photo Light
Box, Shenzhen, China). The captured photos were uploaded and processed in Image]
software (version 1.54p, NIH Bethesda, MD, USA) to determine the area (in mmz) of the
inhibition zone. The analysis was performed in the following steps: the photo was opened
in the program -> a 10 mm segment was precisely marked on the ruler, and then the
following commands were performed: analyze-set scale-known distance 10 mm—freehand
(of inhibition zone)-analyze-measure.

4.10. Assessment of Staphylococcal Biofilm Reduction in the Artificial Sebum

Artificial sebum (4 mL) was placed in the wells of a 6-well plate and left to solidify.
Next, 2 mL of 10° staphylococcal CFU-containing M-H solution was introduced and
incubated at 37 °C/24 h. After 24 h, the medium was replaced by a fresh one and cell
strainer inserts (Sigma-Aldrich, Darmstadt, Germany) containing 500 mg of each hydrogel
were placed on the top of the well. Next, the whole setting was incubated at 37 °C/24 h.
After incubation, the inserts were removed, and the medium was replaced with the fresh
one containing tetrazolium chloride (TTC, Sigma-Aldrich, Darmstadt, Germany) at 1%
concentration. Next, the plates were incubated for 2 h at 37 °C. During these 2 h, live
biofilm-forming S. aureus cells metabolized colorless TTC into red formazan. The formazan
was extracted using a solution consisting of ethanol and acetic acid in a ratio of 90:10 (v/v),
respectively (POCH, Lublin, Poland), and the level of absorbance of the formazan was
measured at a wavelength of 490 nm. The control of this experiment was the setting in
which no antimicrobial was added. The results of the absorbance for such a control setting
were considered to be 100% and were used to calculate the biofilm eradication by means of
the following formula: biofilm eradication (%) = 100% x (value of the hydrogel-exposed
sample absorbance/value of nonexposed sample absorbance).

4.11. Assessment of Hydrogels’ Local Cytotoxicity Towards Galleria mellonella Larvae

Larvae of the greater wax moth, G. mellonella, of average weight equal to 0.20 £ 0.2 g,
were selected for the experiment. The larvae were immobilized as described in Patent appli-
cation: P.451281: Stabilization module, multi-plane tripod, and modular system for immobilizing
and nourishing larvae under controlled incubation conditions. Approximately 100 mg of tested
hydrogels was placed on the dorsal site of larvae. Cellulosic hydrogel soaked with
phosphate-buffered saline or 70% ethanol served as control of survival or the method’s
usability control, respectively. The larvae were placed in 90 mm petri dishes and incubated
at 30 °C/5 days. Each day, the mortality of the larvae was monitored. Death was defined
when the larvae were nonmobile, melanized, and did not react to physical stimuli.

4.12. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 10 (San Diego, CA, USA).
The normality of distribution was verified using the Shapiro-Wilk test. Analysis of variance
(ANOVA) was performed to assess statistical significance. For multiple comparisons,
Tukey’s post hoc test was applied. A p-value threshold of less than 0.05 was set for
significance in the ANOVA. For the Tukey post hoc analysis, significance levels were
further categorized as p < 0.001 for specific pairwise comparisons.



Int. J. Mol. Sci. 2025, 26, 5239

21 of 25

5. Conclusions

This research indicates the potential of hydrogel formulations containing tetracycline
and azeloglycine as modern and advanced anti-acne preparations. Tetracycline has been
shown to have higher stability compared to chlortetracycline, especially in mildly acidic
and neutral environments, highlighting its greater utility in the development of topical
dermatological products. The addition of azeloglycine improved the rheological properties
of the hydrogels and reduced tetracycline degradation in an alkaline environment, while
promoting better skin penetration and interaction with the skin structure. Microbiological
analyses showed high antimicrobial efficacy of the developed formulations against S. aureus
strains, confirming their ability to inhibit bacterial growth. In addition, biocompatibility
tests on G. mellonella larvae showed no local toxicity, demonstrating the safety of the formu-
lations and their potential use in dermatological therapy. These formulations may have
potential complementary effects, combining antimicrobial, anti-inflammatory, and hair
follicle cleansing support. Due to these properties, the developed formulations represent an
innovative solution for the topical treatment of acne, offering a comprehensive therapeutic
approach. The introduction of azeloglycine provides a favorable physicochemical and
rheological profile, making the hydrogels not only effective but also user-friendly and
promising for clinical applications. In future studies, we plan to further analyze the effect
of additives such as azeloglycine on the molecular structure of polymers to optimize their
rheological properties and adjust them to specific therapeutic requirements. A crucial step
will also be to conduct detailed clinical trials to evaluate the efficacy and safety of these
formulations in the practical treatment of patients with acne. The results highlight the po-
tential of hydrogel formulations in the treatment of skin diseases associated with excessive
sebum secretion, such as acne, opening up new perspectives in topical dermatology.
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ChTC  chlortetracycline hydrochloride

ChTA  formulation with chlortetracycline and azeloglycine

ChTB formulation with chlortetracycline and without azeloglycine
FTIR Fourier transform infrared spectroscopy
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