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Presently, numerous studies have shown that hydrogels can help with wound healing in a variety of
approaches. Oil-loaded protein-based hydrogels were fast produced via free radical photopolymerization
(UV crosslinking). The water phase consisted of sodium caseinate polymer and acrylamide monomer,
whereas the oil phase included orange blossom essential oil (OBEO). The bio-based surfactant B-
cyclodextrin (B-CD) stabilized oil loaded-hydrogels. B-CD/OBEO complexes in specific proportions (1:1,
1:2, and 1:4) was added to water phase. ATR-FT-IR confirms the functional groups in hydrogels. The
hydrogels have a swelling ratio above 280 % for 24 hours. The maximum compression strength for
hydrogels with (B-CD/OBEO, 1:2) is almost 1 MPa. All oil-loaded hydrogels showed antibacterial
efficiency against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus), with inhibition zones
of 6-10 mm. According to the findings, the synthesized hydrogels can be used as wound dressings in
wound healing applications.

B-CD

Orange blossom essential oil (OBEO)
Compression test

Antibacterial efficiency

I. INTRODUCTION

The skin on the human body exerts a significant influence on many different human activities, including protection
from pathogens, sensing the external environment and regulating body temperature. In addition to its elastic and
soft tissue, the skin is susceptible to damage as a result of external factors because it envelops the body. Skin
damage is one of the most common physical injuries in human history over many years. Designing new wound
treatment materials is a very necessary issue in the findings of modern medical technology [1]. Human skin has
the ability to self-repair these damages to maintain its structural integrity. Even though it has this ability, the skin
must be supported for wound care (especially for large and open wounds or burns) to prevent infection and
desiccation, relieve pain, protect the open area, accelerate the healing process and prevent scarring [2]. Wound
dressings play an important role in the healing process. Wound dressings are developed in various materials and
forms for different wound types and healing stages. Examples of these forms are gel, alginate, hydrogel, foam,
hydrocolloid, film. Hydrogels have been the center of attention of researchers in recent years due to their high

water content and providing a moist environment for wound tissue.

Hydrogels are cross-linked, hydrophilic polymer chains containing water without dissolving [3]. Hydrogels have
been around for many years and these days, hydrogels continue to fascinate materials scientists and biomedical

researchers [4]. Because of their high swelling ratio, biocompatibility, and porous shape, hydrogels with
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antibacterial characteristics have been thoroughly researched [5]. Hydrogels are frequently used in agriculture to
maintain soil moisture in dry climates, as well as in sanitary applications like tampons and diapers. Another crucial
category of wet wound dressings that may meet most of the ideal wound dressing requirements is hydrogel.
Hydrogel wound dressings have many standards for a suitable wound dressing, including supporting moist healing,
rehydrating dead tissues, improving debridement healing, cleansing dry, sloughy or necrotic wounds, avoiding
biological reactions, cooling the wound surface, and being non-irritant, non-adherent, and permeable to
metabolites. Natural materials offer therapeutic value in enhancing stem cell activity and speeding wound healing
due to their bioactive components. Hydrogels may be prepared using many methods, such as freeze-thawing, gas
foaming, emulsion templating, and particle leaching. The oil-in-water emulsion template is increasing in popularity

for creating composite hydrogels due to its ease of usage and versatility [6].

Sodium caseinate is a compound derived from casein, a protein present in mammals’ milk. Therefore, casein-
based hydrogels are biocompatible, biodegradable, renewable, readily available, affordable, and non-toxic [7].
Various forms of casein hydrogels have been utilized for the delivery and controlled release of a wide range of
biomolecules [8]. To enhance a crosslink reaction, casein hydrogels must contain a crosslinking agent. Casein

crosslinking agents that have been researched in previous studies include glutaraldehyde (Glu) [7].

Phytochemicals such as essential oils, tannins, flavonoids and alkaloids may exhibit broad-spectrum antimicrobial
activity against bacteria, fungi and other pathogens. Some synthetic drugs may also have antimicrobial effects, but
the development of antibiotic resistance is a growing concern related to synthetic antibiotics. In addition, medicinal

plants often contain compounds that stimulate tissue regeneration and wound closure.

The chemical composition of essential oils and their effects on tissue have been extensively researched for decades.
Anti-inflammatory, antioxidant and antimicrobial effects of the material used during tissue repair are very
important. Essential oils exhibit strong properties related to these three main issues [9,10]. Orange blossom
essential oil (OBEQ) is known as neroli and it has therapeutic characteristics, including antibacterial activity, anti-
inflammatory, and antioxidant effects [11]. These bioactivities owing to many terpenes such as linalool (44-53%),
o-terpineol (5-6%), geraniol (3-4%), (E)-nerolidol and (E,E)-2,6-farnesol (2-5%), limonene (8-12%), (E)-B-
ocimene (3-5%), and B-pinene (2-4%) from the oil [12]. Many of the studies showed that these terpene groups
protect pathogens. Furthermore, these groups may be polymerized or functionalized with other monomers and

chemical groups.

In the last 5 years, researchers have become increasingly interested in the effect of essential oils on hydrogels. For
instance, Naik et al. (2021) studied the potential of polyacrylamide-based materials loaded with essential oils for
wound healing applications [13]. Moradi et al. (2024) synthesized hydrogels loaded with antibacterial myrtle oil
nanoemulsions for burn treatment, using a free radical polymerization method to graft acrylamide and acrylic acid
[14]. Li et al. (2022) explored the antibacterial properties of film-shaped acrylamide-based nanocomposite
hydrogels incorporating essential oils [15]. These studies collectively demonstrate the potential of acrylamide-

based hydrogels to acquire diverse properties when loaded with essential oils.

This study aims to be able to produce cross-linked hydrogels in very short periods with UV, as opposed to cross-
linking by thermal method. Therefore, the OBEO-loaded polyacrylamide/sodium caseinate hydrogels were

synthesized via UV crosslinking method. The changes in the amount of OBEO on the morphological,
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spectroscopical, swelling, and mechanical properties of the hydrogels produced have been studied. Moreover,
antibacterial efficiency against gram (-) Escherichia coli, and gram (+) Staphylococcus aureus bacteria has been

examined.

Il. EXPERIMENTAL METHOD
2.1 Materials and Preparation Techniques

Acrylamide powder (AAm) Veskim Chemical Company, Turkey, sodium caseinate (Alfasol, Turkey) and orange
blossom essential essential oil (>95% purity) were purchased from KDR-Natural, Turkey. B-cyclodextrin (B-CD)
was kindly donated by Wacker Chemical Company, Germany. MBAAM (99% purity, Sigma Aldrich Chemie
GmbH, Steinheim, Germany) and Irgacure 2959 (99% purity, Sigma Aldrich Chemie GmbH, Steinheim,
Germany) were used as received. Glycerol and citric acid were purchased from the local market. Ethanol (98%
purity) was bought out from Sigma Aldrich Chemie GmbH, Steinheim, Germany). Distilled water was used in the

experiments.

To obtain hydrogels, a certain amount of AAm monomer was dissolved in water using a magnetical stirrer. Then,
a certain amount of sodium caseinate also was added to the solution and the added to materials were mixed by
mechanical stirrer at 100 rpm for 5 minutes. After obtaining a homogeneous mixture, a certain amount of MBAmM
crosslinker, and Irgacure 2959 (photoinitiator) was added to the mixture, respectively. All materials were stirred
until completely dissolved (about 15 min). With this method, pure PAAmM/SC hydrogel was obtained.

(a)

Adum + water photoinitiator

5C MBAm
\
Z 3 /
1 Z 4

Pure Hydrogel

mechanic stirrer U Curing
[Phatopolymerization]

(b)

PSO-0 PSO-1 PSO-2 PSO-3

Figure 1. (a) Schematical illustration and (b) digital images of preparation of PAAm/SC hydrogels

The resulting solutions were cured for 30 minutes to ensure crosslinking. UV curing (300W, 20 cm distance) was
used in this study. The cured hydrogels were washed in alcohol (10 mL) to remove impurities. The pure hydrogel

sample was coded as PSO-0.
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To obtain oil-loaded hydrogels, different ratios of OBEO were determined to consider 3-CD/OBEO ratios. After
preparing homogenous hydrogel solutions, OBEO has been added drop by drop to the solution mixture (Figure 1).
These 3-CD/OBEO ratios were adjusted as 1:1, 1:2, and 1:4, and sample codes were identified as PSO-1, PSO-2,
and PSO-3, respectively. All synthesized hydrogel samples were kept in a desiccator until material
characterization. The hydrogel composition is given in Table 1. These ratios were calculated based on the total

polymer solution (5 mL).

Table 1. The compositions of the hydrogel

Samples AAmM Sodium caseinate MBAAmM B-CD/OBEO Photoinitiator
(%) (%) (%) (wiv) (%)
PSO-0 50 10 10 - 0.03
PSO-1 50 10 10 11 0.03
PSO-2 50 10 10 1:2 0.03
PSO-3 50 10 10 1:4 0.03

2.2 Optical Microscope Analysis

The morphology of pure hydrogel and oil-loaded hydrogel samples was observed optical microscope (Leica-
M125) with 10X magnification.

2.3 Spectroscopic Analysis

FT-IR spectrophotometer (Perkin Elmer/Spectrum Two) was used for chemical structural characterization of the
obtained films. The films were scanned using diamond crystal in the wavenumber range from 4000 to 500 cm™!

with an average 16 scans at 4 cm resolution by transmission mode.

2.4 Swelling Test

Swelling ratios (SR) of all samples have been calculated as follows. Firstly, a dried the hydrogels were soaked at
room temperature in distilled water. The hydrogels were washed away and weighed at specific time intervals. The

swelling ratio was calculated as follows [16].

Ws—-wWd
wd

SR (%) = x 100 1)

2.5 Compression test

Compression tests were carried out by compressing the hydrogels (cylindrical, diameter 33.81 £ 0.71 mm, height
6.78 £ 0.52, and fully hydrated) to 60% of their original height using a universal testing machine (Shimadzu, model
AGS-X, Japan) at a load of 1 kN and a crosshead speed of 2 mm/min. During all tests force and displacement data
were collected. Then using the data, the elastic modulus, and compression stresses of the hydrogels were obtained.
The modulus was calculated from the linear slope of the stress—strain curves at low strains. Compression stress is
the stress value at 60% strain. The stress (6¢) was calculated by . = 4F/nd?, where F was the loading force, and d
was the ariginal diameter of the hydrogel. All tests were performed for the hydrogels at ambient conditions (25°C,

60% RH), and results were given with their standard deviations.
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2.6 Antibacterial Efficiency

The antibacterial efficiencies of gels were determined by the standard strains of Escherichia coli ATCC® 25922,
and Staphylococcus aureus ATCC® 25923. Trypton Soy Agar (Merck Millipore™ 105458) was used for the
growth of lyophilized bacterial strains. The inoculated culture media were incubated for 24 hours (37°C) under
aerobic conditions. In an isotonic saline solution, bacterial suspensions were adjusted to 0.5 McFarland (1x108

CFU/mL) turbidity. Antimicrobial efficacy was evaluated qualitatively by the disk diffusion method.

I1l. RESULTS AND DISCUSSIONS
3.1 Optical Microscope Analysis

It is observed that the amount of oil changes the surface images of hydrogels (Figure 2). The addition of oil into
hydrogel solution did not appear to alter the integrity of the hydrogels, as they maintained their form with slight
fluctuations in volume. Surface morphology exceptions were observed in control hydrogels (without cells), where
the pure sample contracted and wrinkled on the surface [17]. However, samples with oil have oil droplets in the
sample (Figure 2b, 2c, and 2d). Further, Optical these images reveal the coarse texture of hydrogels [18]. The
dispersion of oil droplets is unequal. It can be from the oil molecules' random distribution that different ester form

hydrophobic interactions with the polymer molecules.

Figure 2. Optical microscope images of PAAM/SC hydrogels. (a) PSO-0, (b) PSO-1, (c) PSO-2, (c) PSO-3, respectively

3.2 Spectroscopic Analysis

The functional groups and physical interactions between polyacrylamide — sodium caseinate and OBEO were
examined using FT-IR (Figure 3). The spectra show distinct absorption peaks for AAm, sodium caseinate and
OBEO. Hydrogels exhibit stretching vibrations of the -NHz group in the range 3410-3421 cm™. The peaks at 1682-
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1685 cm* (stretching of -C=0) correspond to the properties of the acrylamide unit [19]. The peaks of sodium
caseinate at 1541 and 1658 cm due to amide 1 and amide 2 groups [20].

The OBEO showed a characteristic peak at 1743 cm™ which is identified as the stretch of the -C=0 bond due to
the ester group [21]. In this study, the absorption peak at 1721 cm™* was found (-C=0) and the peaks at 3320 cm
was related to —OH stretch. The absorption bands in 2929 cm, 2872 cmtin OBEO spectrum due to the asymmetric
and symmetric C-H stretching. The bands at 1038 cm™* and 1075 cm™* were attributed to C-O stretching vibration.
The detected peaks are in parallel with the literature [21-23].

Changes in the FTIR spectra of hydrogels produced by incorporation of oil into the polymer solution have been
observed. As the oil concentration increases, peaks caused by oil have been clearly observed in PSO-3 hydrogels
at 2934 cm* and 2857 cm™* owing to the asymmetric and symmetric C-H stretching. Further, the peaks intensity
of PSO-0 compared to PSO-2 were slightly decreased at 1665 cm™ 1618 cm™, and 1461 cm™. The peak in OBEO
at 1038 cm™ showed its presence in the samples PSO-1 and PSO-3. A peak of 1653 cm™ in the PSO3 hydrogel
may indicate that a new bond may be formed between the main terpenoid components (linalool, terpinen-4-ol, a-
terpineol) in the OBEO and acrylamide.
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Figure 3. FT-IR spectra of the PAAM/SC hydrogels and OBEO

3.3 Swelling Test

Swelling is critical to investigating the properties of hydrogels. To measure the swelling ratio, a hydrogel sample's
swelling capacity versus time profile is created by measuring free-absorbency capacity at regular periods [24]. The
abundance of amide, carboxyl, and hydroxyl groups in sodium caseinate/acrylamide hydrogel contributes to its

swelling ratio [25]. It was obvious that the oil ratio had a significant influence on the swelling behaviour of oil-
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loaded hydrogels. It is expected that the swelling ratio will decrease with an increase in the amount of essential
oil. However, as the amount of oil increased in the study, results showed decreased swelling ratios except for the
PSO-2 hydrogel (Figure 4). Because the formation of new bonds between the OBEO and the polymer matrix
(polyacrylamide and sodium caseinate), as in the mechanical test results. The swelling ratios at the end of 24 hours
were found to be 310.7%, 304.5%, 286.5%, and 310.8% in the PSO-0, PSO-1, PSO-2, and PSO-3, respectively.
However, any extreme difference was observed between the swelling properties of hydrogels and an increase in
the amount of oil.
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Figure 4. Swelling ratios of PAAM/SC hydrogels

3.4 Compression test

Hydrogels are frequently preferred materials for biomedical applications. They are of great interest in areas such
as drug delivery, ligament repair, wound dressing and tissue engineering. In such applications, hydrogels are
expected to exhibit good mechanical strength. Because hydrogels are subjected to certain loads such as
compression load in the in-body environment. Therefore, in this study, hydrogels were subjected to compression
tests and their properties were determined. In the tests, the hydrogels were compressed at a strain value of 60% of
their height. As a result of the test, force and strain values were obtained and the modulus of elasticity and
compressive stress values of the hydrogels were calculated. The mechanical test results of the hydrogels are given
in Figure 5.

Figure 5a shows the elastic modulus values of the sample according to the changing material. When Figure 5a is
examined, the elastic moduli for PSO-0, PSO-1, PSO-2, and PSO-3 hydrogels are 7, 17, 49, and 37 kPa,
respectively. Generally, it can be said that an increase in the elastic modulus value was observed as the oil ratio
increased, except for PSO-3 hydrogel. This decrement is due to the incompatibility of B-CD used as a
compatibilizing agent with the oil ratio. As a result, it was determined that PSO-2 hydrogel had the optimum oil
ratio. The hydrogel at this ratio has the best elastic modulus and exhibits better mechanical properties compared

to other oil ratios.
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The graph given in Figure 5b shows the compressive stress values depending on the changing material. When
Figure 5b is examined, it is seen that the progression of the stress values obtained is the same as the modulus
values. The compressive stress values of the materials with PSO-0, PSO-1, and PSO-2 hydrogels were 17 kPa, 131
kPa, and 1013 kPa, respectively. The compressive stress value of PSO-3 was 482 kPa. When the mechanical
properties were analyzed in general, it was observed that the mechanical properties increased with increasing oil
content. Accordingly, the optimum oil ratio was determined for PSO-2 hydrogels and the best mechanical strength
values were observed in this sample. It is thought that orange blossom essential oil is also cross-linked during

curing and the mechanical properties increase as a result of the increase in cross-link density.
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Figure 5. (a) Representative elastic modulus of the hydrogels. (b) Representative compressive stress of the hydrogels. (c) Demonstration of a
PSO-0 hydrogel in the mechanical test

3.5 Antibacterial Efficiency

Bacterial infections cause a major threat to human health. Strong antibacterial materials and diverse, and easy-to-
manufacture products are crucial [26]. In this scope, antibacterial hydrogels have high mechanical and biological

properties and may be used for various purposes.
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Many studies reported that the orange blossom essential oil is responsible for the antibacterial efficiency due to
the components contained in the essential oil, such as B-pinene, limonene, linalool, nerylacetate, linalyl acetate,
and a-terpinyl acetate [12]. In this study, pure hydrogel (PSO-0) did not show any antibacterial efficiency against
both gram (-) and gram (+) bacteria. PSO-1, PSO-2 and PSO-3 hydrogels have zone inhibition (ZOl) values of 6
mm, 7 mm, and 10 mm against S. aureus bacteria (Figure 6). E. coli cells, unlike S. aureus, have an outer membrane
outside the peptidoglycan layer, which may protect them from external antimicrobial compounds to some extent
[27]. Therefore, oil-loaded hydrogels indicated less effect on gram (-) bacteria (E.coli). While PSO-1 hydrogels
don’t have any antibacterial efficiency against E.coli, PSO-2, and PSO-3 hydrogels have 6 mm, and 8 mm ZOlI
values, respectively (Table 2). To sum up, it has been confirmed in this study that increasing the concentration of

oil increases the antibacterial effect.

Figure 6. Antibacterial activity of the hydrogels against (a) E. coli, (b) S. aureus pathogens

Table 2. Antibacterial efficiencies of OBEO-loaded hydrogels

Polymer zone diameter (mm)

Bacterial strains

PSO-1 PSO-2 PSO-3
Escherichia coli 0 6 8
Staphylococcus aureus 6 7 10

IV. CONCLUSIONS

Orange blossom oil-loaded hydrogels were effectively synthesized via the UV crosslinking method. It has been
appointed that the surface morphologies of hydrogels change with the addition of OBEO. Further, some new peaks
have formed in the FT-IR spectra. PSO-2 hydrogels (B-CD/OBEO, 1:2) have a maximum compression strength of
almost 1 MPa. The antibacterial test results of PSO-3 hydrogels were found to have the highest ZOI value of 10
mm compared to other hydrogels. As a result of the analyses, it was determined that the optimum sample was
PSO-2 hydrogels. The findings indicate that the newly synthesized oil-loaded hydrogels will be effective for

wound healing in future therapeutic applications.
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