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Abstract

The fananserin derivative, such as 1-{6-[4-(2-fluorophe-
nyl)piperazin-1-yllhexyl}-benzo[cd]indol-2(1H)-one (com-
pound FL-4), represents an interesting biologically active
substance that can be incorporated into polymeric carriers.
Due to its highly hydrophobic nature and poor solubility in
conventional solvents, FL-4 was incorporated into a delivery
system to improve its solubility, stability, and bioavailability.
Based on preliminary studies and DLS analysis, an optimal
concentration of FL-4 (10 mg) was selected, ensuring system
stability. This system was incorporated into polymer matrices,
resulting in two hydrogel delivery systems: M10-J, contain-
ing FL-4, and M10-T-J, which combines a thermosensitive
nanocarrier with FL-4, both ionically cross-linked. The sys-
tems were evaluated for their physicochemical properties,
including swelling abilities, degradation, chemical structure
(based on FTIR spectra analysis), morphology (based on
SEM images), and substance release profiles. The M10-T-J
samples showed a swelling ratio of 0.27 g/g in PBS and
0.35 g/g in water, while M10-J exhibited 0.16 g/g in PBS
and 0.2 g/g in water. The pH and conductivity analysis sug-
gested a faster degradation process for M10-T-J hydrogel
compared to M10-J. FT-IR analysis confirmed the chemical
structure of the materials, revealing significant changes in
M10-T-J samples, indicating interactions between FL-4 and
CaCl, used during cross-linking. SEM and EDS analysis
showed a uniform distribution of FL-4 on the matrix surface
in both hydrogel variants, with the addition of the thermosen-
sitive nanocatrrier not significantly affecting the morphology.
The M10-J hydrogel exhibited rapid release of FL-4 within
the first 4 h, while M10-T-J showed limited release.
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Introduction

Fungal and bacterial infections pose a significant threat to
public health, particularly among people with weakened im-
mune systems. High-risk groups include, among others, HIV-
positive individuals, organ transplant recipients, and patients
suffering from diabetes, liver, kidney, or respiratory diseases,
as well as other comorbid conditions. Any disturbances in
immune function and imbalances in the microbiota contribute
to the development of opportunistic infections [1-3].

Cryptococcus neoformans is a mycopathogen that
presents a serious risk for immunocompromised patients,
causing, among other conditions, cutaneous cryptococ-
cosis. Without effective treatment, this infection can lead to
severe, life-threatening complications such as cryptococcal
meningitis or sepsis [4-6].

The compound FL-4 (1-{6-[4-(2-fluorophenyl)piperazin-
1-yllhexyl}-benzo[cdlindol-2(1H)), initially developed as
a potential antidepressant, has also shown antimicrobial
activity, particularly against C. neoformans. Notably, the activ-
ity of this compound has also been observed against other
pathogens such as Candida albicans, responsible for fungal
infections, and Escherichia coli, a bacterium causing urinary
and gastrointestinal tract infections. Its broad-spectrum activ-
ity makes it a promising therapeutic option for the treatment
of various infections [7-9].

Given the highly hydrophobic nature of the FL-4 com-
pound and its poor solubility in aqueous environments and
conventional solvents, its direct therapeutic application is
significantly limited. Therefore, this study aimed to design,
synthesize, and comprehensively characterize FL-4-loaded
hydrogel-based and thermoresponsive polymeric delivery
systems, to improve the compound’s solubility, stability, and
controlled release properties, while preserving its antimicro-
bial activity under physiological conditions [10,11].

Hydrogels are polymer-based materials capable of ab-
sorbing water up to several hundred or even several thou-
sand percent of their dry weight, depending on the degree
of cross-linking, due to the presence of a three-dimensional
polymer network that gives them gel-like properties. Due to
their high water content and elasticity, they closely resem-
ble human tissues, making them biocompatible [12-14].
Their structure allows for effective encapsulation of active
substances, particularly hydrophilic compounds, while also
protecting them from harmful external factors, such as pH
fluctuations, temperature, or humidity. One of the most critical
steps in hydrogel synthesis is the selection of polymers ca-
pable of forming a three-dimensional network, which ensures
mechanical stability and resistance to external forces [14-17].

Particular attention has been given to hydrogels formed
via ionic cross-linking, which does not require chemical ini-
tiators. The resulting materials are generally non-toxic and
biocompatible; however, their lower mechanical stability limits
them to short-term applications, such as wound dressings
[18,19]. lonic cross-linking involves the formation of bonds
between polymers and divalent metal ions (e.g., Ca%*, Mg?*,
Fe?*). One of the most commonly used polymers for this
purpose is sodium alginate, which, in the presence of calcium
ions, forms the characteristic “egg-box” structure [20-23].

Another important class of carriers includes thermore-
sponsive polymers, also known as intelligent carriers. These
polymers exhibit a sol-gel transition at temperatures close
to physiological body temperature (approx. 36°C), enabling
controlled drug release and enhancing both stability and
biological efficacy. Owing to their ability to respond to natural
physiological temperature changes, these polymers have
gained widespread application in both in vitro and in vivo
studies [24-29].
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Materials and Methods

N-Isopropylacrylamide (CAS 2210-25-5) and N,N’-
methylenebisacrylamide (CAS 110-26-9) from Sigma-Aldrich
(Saint Louis, MO, USA), along with gum arabic (CAS
05.01.9000) from POCH S.A. (Gliwice, Poland), were used
for synthesizing thermosensitive polymeric nanocarriers, with
ammonium persulfate (CAS 7727-54-0) from POCH S.A.
serving as a reaction initiator. Hydrogel preparation utilized
sodium alginate (CAS 9005-38-3) from Sigma-Aldrich, Aloe
vera lyophilizate (CAS 85507-69-3) from Zréb sobie krem
(Prochowice, Poland), calcium chloride (CAS 10035-04-8)
from POCH S.A., and propylene glycol (CAS 57-55-6) from
Chempur (Piekary Slgskie, Poland). The active substance,
fananserin derivative (FL-4) was provided by the Department
of Chemical Technology and Environmental Analytics. Addi-
tional reagents included: methanol (96%, v/v; CAS 67-56-1)
and ethyl alcohol (96%, v/v; CAS 64-17-5) from Chempuir,
buffer solutions (pH 7.4; CAS 7778-77-0) from Chempur.

Synthesis of the thermosensitive polymer nanocarrier
The thermosensitive nanosystem was obtained through
the emulsion polymerization of N-isopropylacrylamide (0.2%
w/v) and N,N’-methylenebisacrylamide (0.002% w/v) in
a 0.5% w/v solution of arabic gum. The mixture was heated to
70°C in a glycerin bath under an inert gas atmosphere, then
the initiator (APS 0.025% wi/v) was added and the mixture
was heated at 80°C for 4 h. After the reaction was complete,
the thermosensitive nanosystem was purified using cellulose
membranes (MWCO = 14,000 Da) for 7 days [30-31].

Encapsulation of fananserin derivative in
thermosensitive nanocarrier

The encapsulation process began by adding 10 mg of
FL-4 compound, dissolved in methyl alcohol, to 2.5 mL of
the purified thermosensitive nanocarrier. The mixture was
placed in a round-bottom flask and vigorously stirred at
a speed of 1200 rpm for 3 h at room temperature. After the
process was complete, the FL-4 compound—-thermosensitive
nanocarrier system was frozen and then lyophilized [32-34].

Preparation of hydrogel carriers with directly incorpo-
rated fananserin derivative via ionic cross-linking

For the synthesis of hydrogels obtained by ionic cross-
linking, a 3% (w/v) sodium alginate solution and a 3% (w/v)
aloe solution were prepared and mixed on a magnetic stirrer
for 1 h at a constant speed of 800 rpm. The solutions were
then combined in a 1:1 volume ratio, ensuring a final volume
of 30 ml. During intensive mixing (1200 rpm), 10 mg of FL-4
compound, previously dissolved in propylene glycol (1.7%
v/v) using ultrasound, was added. After 10 min, the mixture
was transferred to a Petri dish, left for 15 min, and then cov-
ered with a 5% (w/v) calcium chloride solution. After another
15 minutes, the CaCl, solution was poured off from the Petri
dish. The resulting hydrogel was then rinsed with distilled
water, and the excess surface water was gently removed
by lightly touching the hydrogel with filter paper. The final
product was an ionically cross-linked hydrogel containing
the FL-4 compound [22,35].

Preparation of hydrogel carriers containing the FL-4-
thermosensitive nanocarrier system

The synthesis of hydrogels containing a dual delivery
system of FL-4 compound, based on a thermosensitive
nanocarrier, follows the previously described method.
The procedure remains almost identical, with the difference
that instead of the compound alone dissolved in propylene
glycol, the lyophilized FL-4—thermosensitive nanocarrier
system, also previously dissolved in the same solvent using
ultrasound, is added.

Dynamic light scattering (DLS)

To determine the average particle size of the obtained
thermosensitive nanocarrier and in the systems containing
the FL-4 compound, a Zetasizer Nano ZS (Malvern, United
Kingdom) was used. Measurements were made at 25°C
using disposable polystyrene cuvettes.

Determination of swelling degree
To determine the swelling ratio (SR%), samples of the
obtained hydrogel carriers were prepared and immersed in
excess distilled water and phosphate buffered saline (PBS,
pH = 7.4). The samples were weighed before immersion
(W,) and then placed in immersion fluids. After specified
time intervals, that is, 1, 2, and 24 h, the swollen samples
were gently dried with filter paper and reweighed (W,).
The water absorption for all the tested samples was deter-
mined based on the following equation (1):
%SR = (W, — W)W, - 100% )

Degradation studies

For each hydrogel sample, 200 + 5 mg was weighed
and placed in 30 ml of distilled water or PBS. The pH and
electrical conductivity were then measured at specified time
intervals for each sample. The studies were conducted over
23 days at room temperature.

Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR)

To determine the chemical structure of the tested poly-
mer carriers and to compare the hydrogel matrices with the
FL-4—-thermosensitive nanocarrier system, FT-IR spectrum
analysis was performed. Studies were conducted using
a Thermo Scientific Nicolet iS5 FT-IR spectrometer equipped
with an iD7 ATR accessory, in the transmission range of
4000—400 cm™.

Scanning electron microscopy with energy dispersive
X-ray spectroscopy (SEM+EDS)

Morphological analysis was performed using a scanning
electron microscope (SEM), equipped with an energy dis-
persive X-ray spectroscopy (EDS) system, using the Apreo
2 S LoVac scanning electron microscope (Thermo Fisher
Scientific, Waltham, MA, USA), with an UltraDry EDS detec-
tor and Octane Elect (EDAX Ametek GmbH, Weiterstadt,
Germany). Before analysis, the tested hydrogels were im-
mersed in excess distilled water for 1 h, then frozen for 24 h,
and finally subjected to lyophilization to better visualize the
pores in their structure. The prepared samples were coated
with a thin layer of gold using a sputtering method and then
analyzed for 90 s.

Studies on the release of FL-4 from the obtained
carriers (static method)

Studies were conducted on the release of the FL-4 com-
pound from the thermosensitive nanocarrier and hydrogel
carriers using the static method. Initially, the mass of the
entire hydrogel matrix was precisely determined. Then, four
samples weighing 250 + 5 mg were prepared and placed in
dialysis membranes made of regenerated cellulose (Spectra/
Por® MWCO 6000-8000 Da, Carl Roth®, Karlsruhe, Ger-
many). The membranes with the samples were immersed in
a thermostated chamber filled with 250 ml of PBS solution
at pH 7.40 containing 1.5% (w/w) methanol. The mixing
was performed at a constant temperature of 37°C, ensuring
a uniform speed. At regular time intervals, 2 ml of fluid were
taken from the chamber, and the volume loss was replen-
ished with fresh acceptor medium.



Statistical analysis

The results of the dynamic light scattering and swelling ra-
tio are expressed as mean + standard deviation (SD) based
on three independent experiments. Statistical comparisons
between group means were performed using one-way
ANOVA in Statistica Version 12 (StatSoft, Cracow, Poland).

Results and Discussions

DLS analysis of the thermoresponsive nanocarrier—
compound FL-4 system

The average particle size of the unloaded thermorespon-
sive nanocarrier is approximately 118 nm [30]. The study
began with the selection of a compound concentration that
would maintain system stability. Various concentrations of
compound FL-4 (10-50 mg) were introduced into the sys-
tem. Stability was observed only for the sample containing
10 mg of FL-4, which exhibited an average particle size of
approximately 233.4 + 0.9 nm and a polydispersity index
(PDI) of 0.352 + 0.006. Samples containing 20 mg of the
compound reached an average size of 1330 + 10.4 nm and
were characterized by high polydispersity (PDI = 0.527 +
0.009) (TABLE 1). One-way ANOVA confirmed that raising
the FL-4 dose from 10 mg to 20 mg caused a highly signifi-
cantincrease in both average particle size and polydispersity
(Z-Average: p = 5.3 x 107% PDI: p = 6.2 x 107®). Higher
concentrations of the compound led to agglomeration,
preventing reliable DLS analysis.

Despite the increase in average particle size following
compound incorporation, the thermoresponsive nanocarrier
system containing 10 mg of FL-4 remained the most stable,
with no signs of aggregation. The increase in particle size
results from the embedding of FL-4 molecules within the
carrier structure; however, this process does not negatively
affect the quality or properties of the obtained systems.

TABLE 1. Z-Average particle size and PDI for
systems consisting of thermosensitive polymer
nanocarrier and compound FL-4 in amounts of
10 and 20 mg (N-T-10 and N-T-20). Results are
presented as mean values (n = 3).

. Polydispersity
Sample Z-Average (d. nm) )
N-T-10 233.4+0.9 0.352 + 0.006
| N-T-20 1330 + 10.4 0527 +0.009 |

Physicochemical analysis
Swelling ratio

The swelling ratio of the obtained hydrogel carriers con-
taining the compound FL-4 is presented in FIG. 1.

The conducted study evaluated the swelling capacity
of hydrogel carriers containing the compound FL-4, ob-
tained in two variants: M10-J and M10-T-J. The differences
in swelling degree between these systems arise not only
from the applied method of compound incorporation but
also from interactions among the system components,
such as hydrophobic, electrostatic, and hydrogen bonding
interactions.

In the M10-J hydrogels, where the compound FL-4 was
introduced directly, the presence of calcium ions intensifies
electrostatic and coordination interactions with the functional
groups of FL-4. These interactions lead to the densification
of the hydrogel structure by tightening the polymer network,
thereby reducing the available space for water absorption.
As aresult, the swelling degree after 24 h ranges from 0.160
+0.005 to 0.220 £ 0.008 g/g. Interestingly, although ionically
cross-linked hydrogels typically show higher swelling values
(FIG. 1c), an opposite trend was observed in this case.
This may be attributed to the strong interactions between
FL-4 and calcium ions, which disturb the chemical struc-
ture of the systems and reduce their absorption capacity.
In addition, after 24 h, the unloaded matrix swelled to 0.67 +
0.006 g/g in water and 0.41 + 0.008 g/g in PBS, i.e., mark-
edly higher than any FL-4-loaded system. This confirms
that introducing the drug either directly (M10-J) or via the
nanocarrier (M10-T-J), densifies the polymer network and
limits free-water uptake. Therefore, the MO samples serve
as an upper reference for the sorption capacity of the given
polymer composition and highlight the trade-off between
drug loading and hydrogel porosity.

In contrast, the M10-T-J variant, which utilizes a ther-
moresponsive nanocarrier system with compound FL-4,
displays a modified distribution of FL-4 and weaker inter-
actions between the components, resulting in the forma-
tion of a more spacious hydrogel matrix. Despite being
ionically cross-linked, which is generally associated with
lower porosity and a higher initial water content, the altered
system characteristics allow for better medium absorption.
This leads to a higher maximum swelling degree of 0.27 +
0.007 — 0.35 + 0.01 g/g after 24 h, which may be advanta-
geous for applications requiring increased absorbency.

FIG. 1. Swelling ratio (g/g) of hydrogel carriers containing compound FL-4 (M10-J) and the thermoresponsive
nanocarrier-compound FL-4 system (M10-T-J), ionically cross-linked; measured at room temperature after
incubation in (a) distilled water and (b) PBS; and (c) the swelling ratio (g/g) of base hydrogel carriers ionically
cross-linked; measured at room temperature after incubation in (M0(A)) distilled water and (M0(B)) PBS; (n = 3).

3



4

Moreover, the test environment significantly influenced

® o o o o o o the swelling behaviour of the hydrogels. The swelling degree

in distilled water (FIG. 1a) was slightly higher than in PBS
(FIG. 1b). This difference results from the presence of ions
in the PBS solution, primarily phosphate (H,PO,~, HPO,*"),
as well as sodium (Na*) and chloride (CI~) ions, which re-
strict the hydrogels’ ability to absorb water by forming ionic
interactions with the functional groups of the polymers, thus
decreasing their capacity for free water uptake. In both envi-
ronments, the swelling degree increased over time, reaching
maximum values after 24 h. One-way ANOVA demonstrated
a highly significant difference in the 24-h swelling ratios
across the four conditions (p = 1.1 x 1078).

Degradation studies

Degradation studies were carried out to assess the
physicochemical stability of the obtained hydrogel carriers
containing the FL-4 compound under different conditions:
neutral and physiological. The results are presented in
FIGs 2 and 3.

The initial pH values of the distilled water varied de-
pending on the system. The hydrogel containing the ther-
moresponsive nanocarrier (M10-T-J) exhibited an initial
pH of approximately 6.0, whereas the ionically cross-linked
hydrogel without the nanocarrier (M10-J) showed a lower
pH of approximately 5.25. In phosphate buffered saline
(PBS), all samples showed similar initial pH values of
around 7.85, consistent with the properties of the buffer
environment.

In distilled water (FIG. 2a), a gradual increase in pH
was observed in the hydrogel samples over the first seven
days of incubation. Additionally, ion exchange processes
and the gradual release of basic residues from within the
polymer network may also contribute to the alkalization of
the medium. After about 10 days, pH values in both hydrogel
variants stabilized in the range of 6.8-6.9, suggesting the
stabilization of the system’s chemical composition.

FIG. 2. Changes in pH values of the analyzed fluids: (a) distilled water and (b) PBS containing incubated hydro-
gel carrier samples with compound FL-4 (M10-J) and with the thermoresponsive nanocarrier—-compound FL-4

system (M10-T-J) (room temperature).

FIG. 3. Changes in conductivity of the analyzed fluids: (a) distilled water and (b) PBS containing incubated
samples of hydrogel carriers with compound FL-4 (M10-J) and the thermoresponsive nanocarrier-compound

FL-4 system (M10-T-J) (room temperature).



In PBS (FIG. 2b), a slight initial decrease in pH was
recorded, likely resulting from interactions between the
buffer and the hydrogel material. The M10-J variant reached
a stable pH after 10 days of incubation, whereas in the case
of M10-T-J, the stabilization process was significantly pro-
longed and only completed after 23 days. Final pH values
were 7.46 for M10-J and 7.33 for M10-T-J, respectively.

The observed differences indicate that the presence
of a thermoresponsive nanocarrier in the M10-T-J sys-
tem negatively affected pH stability, most likely through
interactions with the cross-linking agent (CaCl,), which
reduced the efficiency of forming stable ionic bonds.
This phenomenon correlates with previous observations
related to swelling, where the M10-T-J hydrogel exhibited
higher water absorption compared to M10-J. These interac-
tions may have disrupted the network structure, affecting
both the dynamics of pH stabilization and the physicochemi-
cal properties of the material.

Additionally, the incorporation of the compound FL-4 may
have contributed to the observed changes in pH and system
stability. Due to its hydrophobic nature and complex chemi-
cal structure, FL-4 may interfere with the ionic cross-linking
process by partially limiting the availability of functional
groups on the polymer chains for interaction with divalent
calcium ions. This effect can lead to a less compact or ir-
regular polymeric network, which may be more susceptible
to environmental factors such as ion exchange or hydrolysis.
Moreover, the gradual release of FL-4 from the hydrogel ma-
trix during incubation can alter the local ionic environment,
particularly in the initial stages, when the release is more
dynamic. The compound’s interaction with the polymer or the
cross-linking agent might also contribute to the prolonged
pH stabilization process observed in the M10-T-J samples.
These findings are consistent with structural and release
studies, suggesting that both the carrier composition and
the drug itself play a significant role in shaping the chemical
stability and behaviour of the hydrogel systems.

Furthermore, the differences in pH behaviour observed in
distilled water and PBS may also reflect partial degradation
of the hydrogel matrix, which appeared more pronounced in
the M10-T-J system. The reduced cross-linking efficiency,
resulting from both the presence of the thermoresponsive
nanocarrier and the incorporation of FL-4, likely contributed
to the increased sensitivity of the hydrogel network to exter-
nal conditions. Consequently, the material may have been
more prone to structural disruption and gradual chemical
degradation, leading to observable shifts in the pH of the
surrounding medium.

In the distilled water environment (FIG. 3a), the initial
conductivity for all analyzed samples was low (around
0-50 pS/cm), which is consistent with the minimal ion con-
tent in this medium. Over the first four days of incubation,
a significant increase in conductivity was observed, reaching
maximum values of 232 uS/cm for M10-J and 358 uS/cm
for M10-T-J hydrogels. This phenomenon can be attributed
to the gradual release of ions from the hydrogel matrix,
including unreacted reagent residues (e.g., Ca**), as well
as products of degradation processes or leaching of low-
molecular-weight impurities present in the structure. The
conductivity stabilized in the M10-J system after about
7 days, whereas in the M10-T-J sample, it took until 23 days
of incubation (both 263 uS/cm), which is consistent with the
pH stabilization observations and suggests longer-lasting
processes of reorganization and ion exchange in the pres-
ence of the nanocarrier.

In PBS solution (FIG. 3b), the initial conductivity val-
ues were significantly higher due to the presence of ions
in the phosphate buffer; after 4 days, they were around
865 uS/cm for M10-J and 1065 uS/cm for M10-T-J.
Conductivity increased slightly and then stabilized after
about 7 days for both hydrogel variants (within the range
of 936-989 uS/cm).

The observed differences in the dynamics of conductiv-
ity changes suggest that the M10-T-J hydrogels are more
susceptible to ion leaching, which may be due to disrup-
tions in the ionic network structure caused by the presence
of the thermoresponsive nanocarrier. On the other hand,
the slower and less intense release of ions in the M10-J
hydrogel may indicate a more compact and stable network
system. These results confirm that the cross-linking method
and the presence of additional components, such as the
nanocarrier, significantly influence the conductivity of the
hydrogel system, and thus its behaviour in both aqueous
and buffered environments.

Structural analysis

The chemical structure of the obtained hydrogel carriers
containing the compound FL-4 was confirmed based on
FT-IR spectrum analysis (FIG. 4).

The FT-IR spectra of the examined hydrogel carriers
(M10-J, M10-T-J) revealed the presence of the bands typi-
cal of functional groups of sodium alginate and Aloe vera.
The band around ~3300 cm™ corresponds to the stretching
vibrations of the hydroxyl groups (-OH), confirming the pres-
ence of water residues in the matrix from the components.

FIG. 4. The FT-IR spectra of the examined compound FL-4, thermosensitive nanocarrier with FL-4 (N10-T) (a)

and hydrogel carriers (M10-J, M10-T-J) (b).
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In the FT-IR spectra of ionically cross-linked hydrogels

® e e 0000 (M10-J, M10-T-J), characteristic bands related to ionic

interactions in their structure were observed. The band in
the range 1550-1650 cm™ is associated with the deforma-
tion vibrations of carboxylate groups (COQ"), indicating the
presence of ionic bonds formed during ionic cross-linking.
Additionally, the band in the range 1400-1450 cm™ corre-
sponds to the symmetric stretching vibrations of carboxylate
groups, but their intensity is low, indicating weaker bonds
characteristic of ionic cross-linking interactions. The band in
the range 2850-3000 cm™, observed in the M10-J spectra,
is due to the presence of compound FL-4 and corresponds
to C—H stretching vibrations originating from both aliphatic
(-CH,, —CH,) and aromatic (C—HAr) functional groups.
In the case of M10-T-J, a very weak peak corresponding to
the presence of fananserin derivatives was observed, which
may explain the specific behavior of this system in swell-
ing, cross-linking, and active substance release analyses.
This result indicates potential interactions between the ther-
mosensitive nanoparticle-FL-4 system and the cross-linking
agent, which may significantly influence the properties of
the hydrogel.

The sample containing only the thermosensitive nano-
carrier with FL-4 (N-T) showed an intense band around
1650 cm™, which may indicate a high content of bonds
characteristic of the polymeric structure (C=0). The broad
peak around ~3300 cm™ is due to the vibrations of hydroxyl
groups (-OH), and the band in the range 2850-3000 cm™
indicates the presence of the compound FL-4. Additionally,
the band at 1050 cm™ can be attributed to stretching vibra-
tions of C-O-C groups, indicating the presence of glycosidic
bonds in the thermosensitive nanocarrier structure.

Morphological analysis

Scanning electron microscopy (SEM) is one of the pri-
mary tools for assessing the morphology and topography
of hydrogel materials, enabling a detailed analysis of the
network structure and the distribution of components within
the matrix. In the conducted studies, a morphological analy-
sis was performed on two ionically cross-linked hydrogel
systems: M10-J and M10-T-J (FIG. 5).

Microscopic observations showed that both systems
exhibited irregular shapes, with varying pore sizes and
openness. Despite the use of different strategies for incor-
porating compound FL-4, directly in the case of M10-J and
with the use of a thermosensitive nanocarrier in M10-T-J,
no significant differences in surface morphology were ob-
served. The structure of the hydrogels in both cases showed
comparable degrees of porosity and spatial arrangement.
The bright areas visible in the SEM images indicate the pres-
ence of the compound FL-4 and its even distribution across
the hydrogel matrix surface. These results suggest that the
presence of the nanocarrier does not significantly affect
the spatial architecture of the hydrogels, and the method of
incorporating the compound does not disrupt the integrity of
the polymer network at the macro- and microscopic scales.

EDS analysis

The analysis was performed to assess the distribution of
the biologically active substance FL-4 on the surface of the
hydrogel carriers, with particular attention to the presence
of the fluorine atom, which is a unique structural element of
compound FL-4 and does not occur in the polymer matrix.

FIG. 5. SEM images of hydrogel carriers: M10-J and M10-T-J at magnifications of 500x (1) and 5000x (2).



The presence of fluorine was confirmed in both M10-J
and M10-T-J hydrogels, in amounts of 1.6% and 1.8%,
respectively (TABLE 2). The slightly higher fluorine content
in the M10-T-J sample may be due to the presence of the
thermosensitive nanocarrier, which potentially modifies
the distribution of FL-4, promoting its surface exposure.
The mapping results presented in FIG. 6 further illustrate
the distribution of the fluorine atom on the surface of the
examined hydrogels.

In addition to the fluorine atom, the analysis revealed the
presence of carbon, oxygen, and nitrogen atoms (FIG. 6)
in the tested samples. The M10-J variant showed a higher
oxygen content, which may indicate greater exposure of
hydrophilic groups on the hydrogel surface.

TABLE 2. Elemental composition [%] on the sur-

face of the examined hydrogel carriers.

cor'.f.'féi.ﬁ?éﬁ'[%] D M10-T-J
c 26.6 335
N 5.2 5.3

0 66.6 59.4

F 1.6 18

FIG. 6. Fluor (F-K), carbon (C-K), nitrogen (N-K), and oxygen (O-K) mapping on the surface of the examined

hydrogel carriers: (a) M10-J and (b) M10-T-J.
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FIG. 7. Comparison of the release profiles of compound FL-4 from hydrogel carriers: FL-4 incorporated directly
(M10-J) and systems containing the thermosensitive nanocarrier—-compound FL-4 (M10-T-J); the studies were

conducted at pH =7.4 and T = 37°C.

Release profiles of compound FL-4 from the obtained
hydrogel carriers

Based on the conducted studies, it can be concluded
that the release profile of compound FL-4 from the obtained
hydrogel carriers shows significant differences due to the
presence of the thermosensitive nanocarrier, as shown in
FIG. 7.

In the case of the M10-T-J matrix, only minimal release
of compound FL-4 was observed. This effect can be at-
tributed to strong interactions between the nanocarrier
and the cross-linking agent, which lead to the closure of
the matrix structure, thereby limiting the diffusion of the
active substance. This result suggests the formation of
a low-porosity structure that effectively restricts drug release
from the hydrogel.

Moreover, the poor solubility of FL-4 in aqueous envi-
ronments, resulting from its strongly hydrophobic nature,
may be an additional factor significantly limiting its release.
Hydrophobic compounds typically exhibit limited interaction
with hydrophilic matrices, such as alginate-based hydro-
gels, often resulting in low mobility within the network and
the tendency to aggregate or become trapped in the inner
regions of the polymer matrix [36,37]. These characteristics
hinder effective diffusion into the surrounding medium, es-
pecially in systems where polymer density or cross-linking
is increased, such as in the presence of nanocarriers and
divalent ions [38].

The M10-J matrix, in contrast, showed a rapid increase
in release within the first 4 h. This phenomenon can be
explained by weaker ionic cross-linking, which is consist-
ent with literature findings regarding ionically cross-linked
hydrogels [37]. Rapid initial release may suggest that the
compound FL-4 is located mainly on the surface of the
matrix and is weakly bound to its structure. Additionally,
the absence of the thermoresponsive nanocarrier may
result in a more open, loosely cross-linked network, which
facilitates faster diffusion of the active substance. SEM-EDS
analysis, showing the presence of fluorine atoms on the
matrix surface, supports this hypothesis by confirming the
localization of FL-4 near or at the matrix boundary.

Overall, the low release efficiency from the M10-T-J
system likely results from a combination of factors: the hy-
drophobicity and limited aqueous solubility of FL-4, stronger
matrix cross-linking due to interactions with the nanocarrier
and Ca?" ions, and potentially deeper entrapment of the drug
within a compact polymer network.

Conclusions

Based on the preliminary studies, the optimal concen-
tration of compound FL-4 (10 mg) was selected, ensuring
system stability and enabling the development of two types
of hydrogel carriers. The first, M10-J, contained FL-4 directly
incorporated into the system, while the second, M10-T-J,
was a system combining a thermosensitive nanocarrier
with FL-4, both of which were ionically cross-linked. The
obtained results showed that the presence of the nanocar-
rier significantly influenced the physicochemical properties
of the materials. The increased swelling in M10-T-J samples
suggests the formation of weaker, as well as less compact,
network structures. Additionally, degradation studies suggest
that the degradation process can occur faster in the case of
M10-T-J hydrogel, which results also from looser polymer
networks. The chemical structure of the biomaterials was
confirmed using FT-IR analysis, which indicated the presence
of characteristic functional groups associated with sodium
alginate, Aloe vera, and FL-4. Notably, bands in the range of
2850-3000 cm™ corresponded to C—H stretching vibrations
from aromatic and aliphatic groups within the FL-4 molecule,
supporting the effective incorporation of the compound into
the hydrogel matrix. SEM morphology assessment showed
no significant changes in the structure, despite the introduc-
tion of the nanocarrier system. However, the release stud-
ies showed that the M10-J system releases FL-4 faster as
compared to M10-T-J, suggesting that direct incorporation of
the active substance may be more effective in applications
requiring rapid action. Further studies are needed to fully
understand the degradation mechanisms and release of
active substances from these advanced carrier systems, as
well as additional research in microbiology and cytotoxicity.
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