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Abstract

Despite the diversity of available formulations for relieving 
topical symptoms of chronic skin diseases, inflammation, 
and hypergranulation tissue resulting from burn wounds, 
their efficacy is limited by side effects, application incon-
veniences, including the oiliness of the formulations, and 
the need for frequent application, which can affect patient 
compliance. Therefore, research has been carried out on 
freeze-dried hydrogel delivery systems of hydrocortisone, to 
evaluate their physicochemical (gel fraction, swelling ratio, 
pH and conductivity measurements), structural (FTIR), and 
morphological (SEM) properties, as well as their cytotoxic-
ity (MTT tests). The gel fraction of freeze-dried hydrogel 
biomaterials (M-TH25 and M-TH50) reached 64% ± 0.3 and  
63% ± 1.7, respectively, slightly higher than for the refer-
ence matrix (M) (61 ± 0.8). The swelling ratio (pH = 7.4) 
was in the range of 212–253% and 184–222%, respec-
tively, comparable to the reference sample (208–277%).  
The incorporation of a thermosensitive polymeric nanocar-
riers (poly-N-isopropylacrylamide copolymers) containing 
hydrocortisone in the quantitative range 25–50 mg did not 
significantly change the overall morphology of the biomateri-
als. Both M and M-TH25 samples exhibit non-cytotoxicity 
towards mouse fibroblast cells BALB/3T3 (93% ± 10; 100% 
± 8) and L929 (114% ± 8; 72% ± 10) cells with an observable 
variation in response for the M-TH25 sample, likely due to 
differences in cell behaviour and surface area. Importantly, 
M-TH50 sample shows cytotoxic effects (40% ± 5; 59% ± 4)  
mainly resulting from an excessively high concentration 
of the incorporated active substance. Further studies are 
planned (including on the release profile and kinetics of 
hydrocortisone and the assessment of the therapeutic  
effect), which may help to select an appropriate concentra-
tion of drug in the quantitative range 25-40 mg.

Keywords: biomaterials, drug delivery system, hydrocorti-
sone, freeze-drying, hydrogel

Introduction

Hydrogels, as three-dimensional hydrophilic polymer net-
works, have the unique ability to absorb and hold significant 
amounts of biological fluids, such as wound secretions, while 
maintaining the desired properties [1]. Hydrogel biomaterials 
are still being widely studied because of their ability to provide 
a prolonged and controlled release of active substances [2],  
which should reduce the application frequency and cost of 
therapy, improve patient compliance, as well as increase the 
therapeutic effect [3]. One of the crucial natural polymers 
used in biomedicine is sodium alginate, a natural polysac-
charide derived from marine brown algae. In the industry, 
it is mainly produced by Macrocystis pyrifera, Ascophyllum 
nodosum and Laminaria spp. as well as by some bacteria. 
Its discovery by Stanford in 1881 [4] opened the way for 
widespread use in a variety of industries, so it is now being 
explored in the form of tablets [5–7], microcapsules [8–10], 
and dressings [11–13] for prolonged release of active sub-
stances, as well as cell scaffolds [14–16], among others.

Freeze-dried hydrogels and lyogels can exhibit significant 
drug delivery advantages, including enhanced stability of 
formulations and incorporated medicines [17], improved 
thermal resistance [18] and prolonged release [19]. Moreo-
ver, freeze-drying is a widely used method for producing 
porous hydrogel scaffolds for tissue engineering [20,21]. 
Depending on the composition of the hydrogels and their 
desired applications, some challenges may arise, such as 
excessive brittleness or too slow swelling rates, sometimes 
requiring optimization. For example, lyoprotectants and 
cryoprotectants such as sugars, polyols, and amino acids 
are used [22,23]. The freeze-drying process for hydrogel 
drug delivery systems typically involves three critical stages: 
freezing, primary drying, and secondary drying. More com-
plex techniques, such as the freeze–thaw cycling-annealing 
method, can further reorganize the hydrogels’ cross-linking 
structure as well as simplify and accelerate hydrogels 
preparation [24]. Furthermore, spray freeze-drying is gaining 
traction for producing sustained-release particles of sizes 
and densities that show higher stability in the lungs, nasal 
mucosa, intestine, and skin, as compared to other drying 
technologies [25].

An interesting issue in the field of biomedical engineering 
is the use of hybrid biomaterials composed of both natural 
and synthetic polymers [26–29]. This combination ensures 
both biocompatibility and good mechanical strength of the 
obtained formulations [30–32], which can be designed to be 
lightweight, compact and tailored to suit specific body areas 
[33,34]. In comparison, traditional formulations, such as oint-
ments and creams, have significant disadvantages that can 
hinder appropriate patient compliance [35]. These products 
can be greasy and leave undesirable residues on clothing 
and bedding, as well as prove uncomfortable for frequent 
topical applications, especially for active patients. All these 
features make hydrogels very desirable in biomedicine, 
including tissue engineering, drug delivery, and treatment 
of difficult-to-heal wounds and skin inflammations [36,37].

Particularly, the incorporation of hydrocortisone may be 
an interesting modification with high application potential. 
Hydrocortisone belongs to the group of glucocorticosteroids, 
having a characteristic four-ring arrangement. Specifically, 
it is based on a cyclopentanoperhydrophenanthrene core, 
which consists of three rings of six carbon atoms and one 
ring of five carbon atoms. It exhibits strong anti-inflammatory 
and immunosuppressive properties [38], making it a common 
choice for the treatment of skin diseases such as eczema 
and psoriasis [39–42], as well as other inflammatory condi-
tions, including allergic rashes [43,44] and chronic wounds 
in patients with burns and hypergranulation tissue [45,46].  
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Hydrocortisone’s mechanism of action involves the inhibition 
of pro-inflammatory factors as it diffuses through the stratum 
corneum and binds to cytoplasmic glucocorticoid receptors 
in keratinocytes, fibroblasts, and immune cells. The formed 
receptor-ligand complex then travels to the nucleus, where it 
binds genes containing regulatory sequences [47–49]. Acti-
vation of these sequences results in stimulation or inhibition 
of genes expression that are responsible for the synthesis 
of many important proteins [50]. Furthermore, studies have 
shown that corticosteroids, including hydrocortisone, can 
stabilize lysosomal membranes in activated immune cells, 
which can limit the release of lysosomal enzymes in areas 
affected by inflammation [51]. However, it is worth noting 
that the effectiveness of hydrocortisone may be limited by 
overly rapid absorption and metabolism, as well as poten-
tial systemic side effects [52]. The absorption of topical 
hydrocortisone depends on many factors, including the 
condition of the stratum corneum. Additionally, in the pres-
ence of inflammation, a damaged skin barrier can increase 
the penetration of corticosteroids [53]. Thus, it is crucial to 
select an appropriate method of its application.

To overcome these challenges, freeze-dried hybrid 
hydrogel biomaterials incorporated with a thermosensi-
tive nanoparticle system containing hydrocortisone were 
obtained in this study. In the research part, characteristics 
of the hydrogel formulations (M-TH25 and M-TH50) were 
studied to evaluate their physicochemical, structural, and 
morphological properties. Their cytotoxicity on mouse fibro-
blast cells was also investigated under in vitro conditions.

Materials and Methods
N-isopropylacrylamide and N,N’-methylenebisacrylamide 

supplied by Sigma-Aldrich (Saint Louis, MO, USA), as well 
as gum arabic provided by POCH S.A. (Gliwice, Poland) 
were used for the synthesis of a thermosensitive polymeric 
nanocarrier. Sodium alginate (Mw = 12,000–40,000 g/mol), 
poly(ethylene glycol) diacrylate (PEGDA, Mn = 700 g/mol) 
and hydrocortisone, which were purchased from Sigma-
Aldrich (Saint Louis, MO, USA), as well as poly(vinyl alcohol) 
(Mw = 72,000 g/mol), glycerin and ammonium persulfate 
acquired by POCH S.A. (Gliwice, Poland), were used to 
prepare hydrogel biomaterials. Aloe Vera lyophilizate was 
supplied by Zrób sobie krem (Prochowice, Poland), ac-
etate buffer solution (pH = 4.5), phosphate buffer solution  
(pH = 7.4) and ammonium buffer solution (pH = 9.5) from Chem-
pur (Piekary Śląskie, Poland), and ethyl alcohol (96%, v/v)  
from Fisher Scientific (Hampton, NH, USA). For cell culture 
and cell viability assays, Dulbecco’s Modified Eagle’s Me-
dium (DMEM) - high glucose, penicillin-streptomycin, and 
L-glutamine solution (200 mM) were obtained from Sigma-
Aldrich (Saint Louis, MO, USA). NewBorn Calf Serum and 
Advanced MEM were supplied by Gibco™ (Waltham, MA, 
USA), and fetal bovine serum was purchased from Biowest 
(Nualllé, France).

Synthesis of a thermosensitive polymeric nanocarrier
The thermosensitive polymeric nanocarrier was obtained 

by emulsion polymerization of N-isopropylacrylamide and 
N,N-methylenebisacrylamide. Firstly, a 0.5% gum arabic 
solution was prepared in a three-neck round-bottom flask, 
which was then placed in a glycerin bath. Then, N-isopropy-
lacrylamide and N,N-methylenebisacrylamide were added 
to the flask. The flask contents were heated to 70°C in an 
inert gas atmosphere with continuous stirring. Finally, am-
monium persulfate was introduced, and the reaction mixture 
was heated at 80°C for 4 h. The obtained nanocarrier was 
purified by dialysis using a cellulose membrane (MWCO = 
14,000 Da) [54,55,18,56,26].

Encapsulation of hydrocortisone in a thermosensitive 
polymeric nanocarrier

The encapsulation procedure was initiated by adding the 
respective amounts, i.e., 25 mg (TH25) and 50 mg (TH50) 
of hydrocortisone dissolved in ethyl alcohol, to the purified 
thermosensitive polymeric nanocarrier. The solution was 
placed in a round-bottom flask and stirred intensively at  
a constant speed of 1200 rpm at room temperature for 3 h. 
The obtained system was freeze-dried for 24 h [18,56,26].

Preparation of hydrogel biomaterials incorporated 
with a thermosensitive nanocarrier-hydrocortisone 
system

In order to prepare hydrogel biomaterials, a 5% (w/v) 
poly(vinyl alcohol) solution, a 2% (w/v) sodium alginate 
solution, a 2% (w/v) Aloe vera solution, and a 1% (w/v) am-
monium persulfate solution were prepared. Then the freeze-
dried thermosensitive nanocarrier-hydrocortisone system 
was dispersed in a 2% (w/v) aqueous sodium alginate solu-
tion [57]. All solutions in appropriate volumes were mixed 
with constant amounts of PEGDA (7.5%, v/v) and glycerin 
(1.7%, v/v). Details on the reaction mixtures’ composition 
were included in previous studies [18,26,56,58–62]. The 
mixtures were heated to 70°C and a 4.4% (v/v) ammonium 
persulfate solution was added. The samples were poured 
then into Petri dishes and placed on a heating plate. The 
cross-linking reaction was carried out at 80°C for 1.5 h. 
Thus, a series of samples were prepared with different 
hydrocortisone concentrations: 0 mg (M), 25 mg (M-TH25) 
and 50 mg (M-TH50), which were then left for 48 h under 
ambient conditions. For complete removal of unbound 
water, the samples were frozen at −18°C for 24 h and then 
subjected to freeze-drying in a ChristAlpha 1−2 LD Plus 
freeze-dryer (Martin Christ, Osterode am Harz, Germany) 
at −53°C under 0.2 mBa.

Determination of the gel fraction
The dried hydrogel biomaterials (M-TH25 and M-TH50) 

were cut into smaller 10 × 10 mm pieces and then weighed 
(W0). The samples were immersed in distilled water for 48 h  
to remove any easily leachable or soluble parts. Finally,  
the hydrogels were dried at 40°C for 24 h and weighed 
again (WE). The gel fraction (%GF) was determined using 
the following equation (1):

		  %GF = (WE/W0) ∙ 100%		   (1)

Determination of the swelling ratio
The dried hydrogel biomaterials (M-TH25 and M-TH50) 

were cut into smaller 10 × 10 mm pieces and then weighed 
(WD). The samples were immersed in acetate buffer solu-
tion (pH = 4.5), phosphate buffer solution (pH = 7.4) and 
ammonium buffer solution (pH = 9.5) at 37°C. The swollen 
hydrogels were taken out and weighed (WS) after 1, 2 and 
24 h. The swelling ratio (%SR) was determined using the 
following equation (2):

	         %SR = (WS – WD)/WD ∙ 100% 		  (2)

pH and conductivity measurements
Samples of hydrogel biomaterials (M, M-TH25 and 

M-TH50) weighing 250 mg were placed in 50 mL of ac-
etate buffer solution (pH = 4.5), phosphate buffer solution  
(pH = 7.4) and ammonium buffer solution (pH = 9.5), and 
then incubated at 37°C. The pH and conductivity of the in-
cubation fluids were measured over the 23-day incubation 
period using a conductometer and a pH meter equipped 
with a glass electrode.
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Attenuated total reflectance-Fourier transform 
infrared spectroscopy (ATR-FTIR)

To identify the chemical structure of the hydrogel bioma-
terials (M-TH25 and M-TH50), a Thermo Scientific Nicolet 
iS5 FT-IR spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA, USA) equipped with an iD7 ATR accessory 
in the range of 4000–400 cm–1 was used.

Scanning electron microscopy (SEM)
The morphology of the hydrogel biomaterials (M-TH25 

and M-TH50) was analyzed using an Apreo 2 S LoVac 
scanning electron microscope (Thermo Fisher Scientific, 
Waltham, MA, USA) equipped with an EDS UltraDry and 
Octane Elect detectors (EDAX Ametek GmbH, Weiterstadt, 
Germany). The samples were sputter-coated with a 2.5 nm 
layer of gold in an argon atmosphere. The analysis was 
carried out under high vacuum conditions.

Cell culture
Mouse fibroblast cells BALB/3T3 were purchased from 

the American Type Culture Collection (ATCC, Manassas, VA, 
USA), while L929 cells were purchased from the European 
Collection of Authenticated Cell Cultures (ECACC, Porton 
Down, UK). To obtain an appropriate number of cells for 
analysis, BALB/3T3 and L929 fibroblasts were cultured in 
a complete medium composed of, respectively: DMEM, 
10% NBCS, 1% Pen/Strep, 4 mM L-glutamine, and EMEM, 
10% FBS, 1% Pen/Strep, 2 mM L-glutamine, in T-75 culture 
flasks. Culture medium was replaced every 3 days with 
fresh medium, while passages were conducted at culture 
confluences reaching 70–80%. Cell counts and viability after 
passages were monitored using an ADAM™MC cell counter 
(NanoEntek, Guro-gu, Seoul, Korea). After obtaining an ap-
propriate count of BALB/3T3 cells at the thirteenth passage 
and L929 cells at the sixth and seventh passages, fibroblast 
cultures were established in a 96-well plate (104 cells per 
well), with the outer wells of the plate serving as a blank. 

Cell viability assays
In order to study the cytotoxicity of biomaterials (M, 

M-TH25 and M-TH50), in vitro tests were carried out on the 
mouse fibroblast cell lines (BALB/3T3 and L929). First, bio-
material extracts (M, M-TH25 and M-TH50) were prepared 
in serum-reduced test medium composed of: DMEM, 5% 
NBCS, 1% Pen/Strep, 4 mM L-glutamine (BALB/3T3) and 
EMEM, 5% FBS, 1% Pen/Strep, 2 mM L-glutamine (L929). 

Biomaterials extraction was carried out for 24 h. After 24 h 
of cell culture establishment, 100 μL of biomaterials extracts 
were added to each well of the plates, each extract in 6 rep-
licates. The plates were incubated at 37°C in a humidified 
atmosphere containing 5% CO2 for 24 h. After this time, the 
extracts were removed from above the cells and cell viability 
was determined using the MTT assay. For this purpose, 
MTT stock with a concentration of 5 mg/mL was dissolved in  
a complete medium to make its final concentration 0.5 mg/mL,  
and then 100 μL was added to each well containing cells 
and incubated for 3 h at 37°C in a humidified atmosphere 
containing 5% CO2. After incubation, the MTT solution was 
removed from above the culture and 100 μL of isopropanol 
was added to each well (including the blank). Then, the 
contents were shaken for 15 min to dissolve the formazan 
crystals formed and obtain a homogeneous solution. Finally, 
the plates were placed in a Spark 10 M microplate reader 
(Tecan, Männedorf, Switzerland), where absorbance was 
measured at 570 nm for each well. A negative control 
(BALB/3T3 and L929 cells incubated with culture medium) 
and a positive control (L929 cells incubated with 1% SDS) 
were also analyzed.

Statistical analysis
The data from the determination of the gel fraction and 

swelling ratio were presented as mean values of three dif-
ferent experiments ± SD, while data related to cell viability 
assays are presented as mean values of six different experi-
ments ± SD. Differences between the calculated means of 
each individual group were determined by one-way ANOVA 
tests using the statistical software Statistica Version 12 from 
StatSoft Company (Cracow, Poland). The value of p < 0.05 
was considered statistically significant.

Results and Discussions

Physicochemical analysis
The gel fraction of hydrogel biomaterials (M-TH25 and 

M-TH50) is presented in FIG. 1a, while swelling ratio of 
hydrogel biomaterials (M-TH25 and M-TH50) is presented 
in FIG. 1b.

FIG. 1. Gel fraction (a) and swelling ratio (b) of the analyzed hydrogel biomaterials (M-TH25 and M-TH50).  
The results are presented as mean values (n = 3), while the bars represent ± SD.
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The gel fraction of hydrogel biomaterials (M-TH25 and 

M-TH50) reached 64% ± 0.3 and 63% ± 1.7, respectively, 
while the gel fraction of the reference sample (M) was 61 ± 0.8 
which was determined in the previous research paper [18].  
This implies that the introduction of a thermosensitive poly-
meric nanocarrier-hydrocortisone system may slightly impact 
the value of the gel fraction of the analyzed formulations. 
This phenomenon is well documented in the literature, ac-
cording to which even small variations in the concentration 
of the incorporated active substance or the presence of 
other additional components can result in some differences 
in the degree of cross-linking [63]. Furthermore, an addi-
tional stabilizing procedure of hydrogel formulations, such 
as sublimation drying, can result in more extensive phase 
separation and crystallization of poly(vinyl alcohol), as well 
as enhancement of physical interactions between polymer 
chains [18]. The highest value was observed for the hydrogel 
biomaterial containing 25 mg of hydrocortisone (M-TH25), 
while the lowest value was recorded for the reference sample 
without the drug (M). However, it is important to emphasize 
that the minimal differences between the gel fraction of the 
samples (M-TH25 and M-TH50) are within the range of 
measurement error. Significantly, an increase in the num-
ber of cross-linking bonds of a hydrogel allows to improve 
its mechanical properties and stability, but too high degree 
of cross-linking can simultaneously limit the swelling and 
release of active substances [64]. Therefore, an analysis of 
the swelling ratio of biomaterials (M-TH25 and M-TH50) was 
carried out to choose the optimal amount of hydrocortisone.

The swelling ratio of hydrogel biomaterials (M, M-TH25 
and M-TH50) in a buffer solution of pH = 7.4 was in the 
range of 208–277% (mean ± 4.6–17.9%) [18], 212–253% 
(mean ± 3.5–5.3%) and 184–222% (mean ± 4.3–6.7%), 
respectively. According to the results achieved, it was found 
that the swelling ratio of the samples decreases with incu-
bation time. It is supported by literature data, according to 
which most hydrogels show an initial increase in swelling 
followed by a slight decrease. The observed phenomenon 
can be due to changes in the polymer network, which can 
result from leaching of the active substances present in 
Aloe vera and hydrocortisone from the samples, as well as 
alterations in the osmotic balance. The highest swelling ratio 
was observed for the reference sample (M) and the lowest 
for the biomaterial incorporated with a system composed of 
a thermosensitive polymeric nanocarrier and 50 mg of hy-
drocortisone (M-TH50). The swelling properties of hydrogel 
formulations can vary depending on their chemical composi-
tion and the degree of cross-linking which has a significant 
effect on the number of hydrophilic groups, as well as on 
the release profile of the present active substances [65–67].

pH and conductivity measurements
The changes in conductivity and pH of the incubation 

fluids in which the hydrogel biomaterials (M, M-TH25 and 
M-TH50) were put are presented in FIGs 2 and 3.

FIG. 2. Changes in the pH of incubation fluids with a nominal value: (a) 4.5; (b) 7.4; (c) 9.5.
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The pH of the incubation fluids with an initial value of 4.5, 
was observed to remain constant. As proven in a previous 
study [18], low environmental pH can limit swelling of the 
samples and, consequently, ion exchange. In a neutral en-
vironment (pH = 7.4), a slight tendency to decrease pH in 
the presence of hydrogel biomaterials is visible, which may 
be related to ion release and suggest a minor degradation 
of the matrices. No significant changes were observed at 
pH = 9.5. Minimal variations in the range of 0.1–0.2 confirm 
that no significant change in the ionic composition of the 
solution occurs in an alkaline environment.

The conductivity values of the fluids at pH = 4.5 were 
observed to maintain a similar level throughout the entire 
incubation period. The slight increase or decrease at specific 
measurement points may be related to the very slow release 
of ions from the inside of biomaterial. The conductivity value 
of the reference fluid at pH = 7.4 was initially 6.9 mS/cm 
and increased to 8.7 mS/cm with time. After the introduc-
tion of hydrogel biomaterials (M, M-TH25, and M-TH50),  
a small growth in conductivity was also observed, especially 
for fluids in which samples containing the nanocarrier-drug 
system (M-TH25 and M-TH50) were incubated, indicat-
ing its release. Importantly, on the 23rd day of analysis,  
a stabilization tendency was noticed, which confirms that 
an equilibrium state has been reached.

Analysis of the results confirms the stability of the tested 
biomaterials over a wide pH range. Minor changes may 
result from partial ion exchange, release of hydrocortisone, 
and in the case of a pH = 7.4 environment, slight degradation 
of hydrogel biomaterials.

FT-IR analysis
The FT-IR spectra of hydrogel biomaterials (M-TH25 

and M-TH50) as well as the identification of their bands are 
presented in FIG. 4 and TABLE 1, respectively.

Analysis of FT-IR spectra confirmed the presence of the 
functional groups characteristic of the hydrogel biomaterials 
studied. An intense band was observed at a wavenumber of 
~3300 cm–1, which corresponds to the stretching vibrations 
of O-H hydroxyl groups present in the structure of sodium 
alginate, poly(vinyl alcohol) and Aloe vera. In the wavenum-
ber range of 2940–2912 cm–1, bands of lower intensity were 
noted, originating from asymmetric stretching vibrations of 
the C-H groups. Furthermore, a clear band in the wavenum-
ber range of 1730–1715 cm–1, derived from C=O stretching 
vibrations, confirms the presence of carboxyl groups bonded 
to alginate acids rings, which form ester bonds during the 
cross-linking reaction of biomaterials using poly(ethylene 
glycol) diacrylate. The peaks originating from the stretching 
vibrations of the C-O-C groups, related to the use of PEGDA 
as a cross-linking agent, were also observed at 1090 cm–1.  

FIG. 3. Changes in the conductivity of incubation fluids with pH: (a) 4.5; (b) 7.4; (c) 9.5.
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Moreover, a band reaching a maximum at 1035 cm–1 was 
noticed, resulting from both the presence of C-O-C, as well 
as C-O and C-OH bonds, contained in the structure of so-
dium alginate and Aloe vera. The bands at wavenumbers 
of 1611 cm–1 and 1423 cm–1 were assigned to asymmetric 
and symmetric stretching vibrations of the COO- carboxy-
late anion. On the other hand, the band in the range of 
1647–1608 cm–1 comes from C=C stretching vibrations  
of hydrocortisone. Additionally, the band at a wavenumber 
of 1375 cm–1 was found to be related to CH2 vibrations from 
the aliphatic chain of poly(vinyl alcohol), and the band within  
1251–1261 cm–1 was attributed to C-O-C vibrations from glyco-
sidic bonds connecting the sugar residues of polysaccharides.  

Identification

Wavenumber 
(cm–1)

M-TH25 M-TH50

O-H stretching vibration 3311 3288

C-H asymmetric stretching vibration 2912 2940

C=O stretching vibration 1730 1715

C=C asymmetric stretching vibration 1608 1647

C=C symmetric stretching vibration 1423 1423

CH2 wagging vibration 1375 1375

C-O-C vibration from glycosidic bonds 1251 1261

C-O-C stretching vibration 1090 1090

C-C stretching vibration 
C-O-C vibration from glycosidic bonds 1036 1035

FIG. 4. FT-IR spectra of hydrogel biomaterials:  
(a) M-TH25; (b) M-TH50.

TABLE 1. Identification of FT-IR spectra bands of 
hydrogel biomaterials (M-TH25 and M-TH50).

FIG. 5. The potential interactions between SA, PVA, Aloe vera, the nanocarrier-hydrocortisone system and PEGDA.

Considering the FT-IR data for the reference sample (M) 
achieved in the previous paper [18], it can be concluded 
that the incorporation of the nanocarrier-hydrocortisone 
system into hydrogel biomaterials does not interfere 
with their chemical structure. Only slight shifts in the  
3288–3311 cm–1 and 1647–1608 cm–1 region, typical of weak 
hydrogen bonds, were observed. The potential interactions 
between SA, PVA, Aloe vera, the nanocarrier-hydrocortisone 
system, and PEGDA are presented in FIG. 5.
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SEM analysis

The cross-sectional SEM images of hydrogel biomaterials 
(M-TH25 and M-TH50) are presented in FIG. 6. 

According to cross-sectional SEM images of hydro-
gel biomaterials, some morphological differences were 
observed. As proven in the previous study, the reference 
sample without active substance (M) was characterized 
by a relatively dense structure with a considerable number 
of small pores, which can result in the lowest gel frac-
tion value among all tested hydrogels, at 61 ± 0.8 [18]. 
No significant alterations were observed for the M-TH25 
sample. However, the introduction of a thermosensitive 
polymeric nanocarrier containing a higher concentration of 
hydrocortisone into the biomaterial results in the appear-
ance of more pronounced channels in the cross-section.  

The hydrogel biomaterial (M-TH50) exhibits a more ex-
panded and differentiated structure with distinct cavities, 
which is most visible at a magnification of 5,000× (FIG. 6D). 
The drug molecules can be seen in FIG. 6H, which partially 
fill the empty pores in the hydrogel structure, possibly re-
ducing the swelling ratio of the analyzed sample (FIG. 1b). 
Nevertheless, the structural integrity in both cases is well 
preserved, suggesting that the incorporation of a thermo-
sensitive polymeric nanocarrier containing hydrocortisone 
in the 25–50 mg quantitative range does not significantly 
change the overall morphology of biomaterials.

FIG. 6. The cross-sectional SEM images of the hydrogel biomaterial (M-TH25) at magnifications: (a) 1,000×;  
(c) 5,000×; (e) 10,000×; (g) 20,000×, as well as of the hydrogel biomaterial (M-TH50) at magnifications: (b) 1,000×; 
(d) 5,000×; (f) 10,000×; (h) 20,000×.
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Cell viability analysis
The viability of BALB/3T3 and L929 cells in the presence 

of hydrogel biomaterials (M, M-TH25, and M-TH50) after  
24 h of incubation is presented in FIG. 7.

The cytotoxicity evaluation of hydrogel biomaterials  
(M, M-TH25, and M-TH50) on BALB/3T3 and L929 cell lines 
was performed following ISO 10993-5 guidelines [68] to as-
sess their biocompatibility for potential biomedical applica-
tions. According to ISO 10993-5, a material is considered to 
be safe if cells cultured with the extract (a medium suitable 
for specific cells, pre-conditioned for a period of 24 h in direct 
contact with the tested material), exhibit metabolic activity 
>70% with respect to a standard control group. BALB/3T3 
cells after 24 h of incubation in the presence of a reference 
sample (M) exhibited a viability of 93% ± 10, which indicates 
a lack of cytotoxic effect. Interestingly, cell viability was main-
tained at 100% ± 8 for the M-TH25 biomaterial, confirming 
its non-cytotoxicity. However, a strong cytotoxic effect was 
noted for the M-TH50 sample, which decreased cell viability 
to a value of 40% ± 5 by direct contact. In comparison, L929 
cells showed a slightly different response to contact with the 
formulations. While the cells after 24 h of incubation in the 
presence of a reference sample (M) demonstrated a viabil-
ity of 114% ± 8, potentially indicating a proliferative effect, 
exposure to M-TH25 sample resulted in a major decrease in 
cell viability. Viability in the presence of M-TH25 biomaterial 
reached 72% ± 10, while in the presence of M-TH50 it was 
59% ± 4, which confirms its cytotoxicity.

In conclusion, M and M-TH25 biomaterials exhibit non-
cytotoxicity towards BALB/3T3 and L929 cells in compliance 
with ISO 10993-5 standards. However, the cytotoxicity assay 
of the M-TH25 sample revealed a difference in response 
between the BALB/3T3 and L929 cell lines, which can 
be attributed to differences in cell behaviour and surface 
area. Importantly, M-TH50 sample shows cytotoxic effects, 
mainly resulting from an excessively high concentration of 
the incorporated active substance. Therefore, future work 
will include attempts to select an appropriate drug concen-
tration in the 25–40 mg quantitative range with additional 
consideration of the release profile and kinetics, as well as 
the therapeutic effect.

Conclusions

The gel fraction of biomaterials (M-TH25 and M-TH50) 
reached similar values, but slightly higher than the refer-
ence sample (M), suggesting a dependence of this value 
on the presence of additional components, such as active 
substances. The swelling ratio of the samples decreased 
with incubation time, which can be due to some changes in 
the polymer network, possibly resulting from leaching of the 
active substances present in Aloe vera and hydrocortisone 
from the samples, as well as alterations in the osmotic bal-
ance. The pH and conductivity measurements confirmed 
the stability of the formulations over a wide pH range. The 
chemical structure of the obtained biomaterials was con-
firmed by FT-IR analysis. Small shifts in the 3288–3311 cm-1  
and 1647–1608 cm-1 regions may be related to the appear-
ance of additional weak hydrogen bonds. Interestingly, the 
M-TH50 sample had a more expanded and differentiated 
structure with more pronounced cavities. The slight mor-
phological changes can be caused by the difference in the 
amount of drug introduced and do not disturb their overall 
morphology. The in vitro cytotoxicity assessment of the 
materials clearly indicated that M and M-TH25 are not toxic 
to mouse fibroblast cells. However, the cytotoxicity assay 
of the M-TH25 sample revealed a difference in response 
between the BALB/3T3 and L929 cell lines, probably due to 
differences in cell behaviour and surface area. The M-TH50 
sample shows cytotoxic activity, resulting from an exces-
sive concentration of introduced hydrocortisone. Based on 
the results, it can be concluded that freeze-dried hydrogel 
delivery systems of hydrocortisone with high application 
potential in biomedicine have been obtained. Further studies 
are planned, which may help to select an appropriate con-
centration of the drug in the quantitative range of 25–40 mg,  
including the release profile and kinetics, as well as the 
evaluation of the therapeutic effect.

FIG. 7. The viability of: (a) BALB/3T3 and (b) L929 cells in the presence of hydrogel biomaterials (M, M-TH25 and 
M-TH50) after 24 h of incubation. The results are presented as mean values (n = 6), while the bars represent ± SD.
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