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Abstract: Chitosan-based films show great potential in terms of application in food preservation and
are also promising carriers of biologically active ingredients. This paper presents the potential use
of chitosan-based films with the addition of essential oil components, e.g., carvacrol, eugenol, and
isoeugenol, intended for food packaging. The characteristics of the obtained films were determined,
including antibacterial, mechanical, barrier, and structural parameters. In addition, the antibacte-
rial and antioxidant effects of the essential oil components were assessed. Eugenol (44.41%) and
isoeugenol (43.56%) showed high antiradical activities, similar to the activity of Trolox (44.33%),
which is used as a standard antioxidant. In turn, carvacrol was characterized by the strongest effect
against the examined strains of bacteria, both Gram-positive and Gram-negative. The chitosan film
with carvacrol showed the most valuable antibacterial and mechanical properties (tensile strength
and elongation at break). The antibacterial activities of the chitosan—carvacrol films were higher
than that of the carvacrol solution. The inhibition zones of the chitosan—carvacrol films were in the
range 29—-41 mm (except for Enterococcus faecalis, with an inhibition zone of 15 mm) compared to the
inhibition zones of the carvacrol solution (28 mm). The results showed that chitosan is an effective
carrier of fragrance compounds, mainly carvacrol. However, all the tested chitosan-based films with
the addition of fragrance compounds showed appropriate parameters (biological, mechanical, and
barrier), which makes them an ecological alternative to plastics intended for food packaging.

Keywords: eugenol; carvacrol; isoeugenol; human erythrocytes; antibacterial activity

1. Introduction

The increasing degradation of the natural environment and numerous legal regula-
tions (e.g., Directive 2019/904 of the European Parliament and Council) regarding the use
of plastic packaging have resulted in the search for new environmentally friendly materials
that could replace commonly used plastic packaging. Therefore, scientists and the food
industry are developing toward the use of renewable, abundant, and natural alternatives
that can replace traditional and non-renewable plastics. Bio-based plastic packaging ma-
terials are one of the potential materials which use can reduce the enormous volume of
plastic waste and reduce CO, emissions [1,2]. Natural materials used in the production of
food packaging materials include polysaccharides (cellulose, chitosan, alginate, pectins,
agar, or starch), proteins (casein, gelatin, collagen, or soy protein), and lipids (beeswax or
vegetables oils) [3]. In the past few years, special attention has been paid to packaging
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systems with biological properties, mainly antimicrobial effects, which may extend the
shelf life of packaged food products [4,5]. However, for the food packaging to have an
antibacterial effect, it must contain an antibacterial agent, and to minimize the impact on
the natural environment, the best solution seems to be the use of antimicrobial agents of
natural origin.

Essential oils, obtained from various parts of aromatic plants, owing to their multi-
faceted properties, including antimicrobial, antioxidant, anticancer, and neuroprotective
effects, are used in various applications [6]. The use of essential oils continues to grow,
mainly in cosmetology, pharmaceuticals, healthcare, and the food industry [7-9]. Essential
oils are known for their complex bouquet of fragrance compounds, also called aroma com-
pounds, which are chemical compounds with a wide range of odors [10]. The constituents
of essential oils are monoterpenes, phenolic acids, a variety of terpene hydrocarbons,
alkaloids, isoflavones, and flavonoids [11,12]. The biological activities of essential oils
depend on their chemical profiles. However, oils obtained from the same plant, but from
a different source (from a varied geographical region), have been characterized by differ-
ent chemical compositions and, consequently, distinct biological activities, which may be
related to various proportions of volatile compounds found in essential oils [13]. More-
over, biological properties of essential oils may be attributed to the action of individual
compounds, their synergistic effect, or both [14,15]. Terpenes and terpenoids are the main
bioactive components of essential oils, exhibiting antimicrobial, antioxidant, and anticancer
activities [12,16-20]. They play a crucial role in medicine, particularly in antimicrobial
research [7,13]. Phenolic compounds are also important components of essential oils with
pharmacological effects [21].

Eugenol (4-allyl-2-methoxyphenol) belongs to phenolic compounds found in essential
oils of many plant species, mainly occurring in clove oil [22]. It shows multidirectional
effects, including antioxidant, analgesic, and anti-inflammatory activities [22,23]. Eugenol
has been shown to be active against a wide range of pathogens, including fungi, bacte-
ria, as well as viruses [23,24]. Because of its pharmacological effects, eugenol has many
applications, including cosmetology (fragrances in perfumes or soaps), medicine, and phar-
macology [25]. Isoeugenol (2-methoxy-4-[(E)-prop-1-enyl]phenol) is an isomer of eugenol
and has some similar biological properties to it. Isoeugenol exhibits antimicrobial and
antioxidant activities and possesses the ability to protect DNA against damage [26,27]. It
occurs naturally in oils from cloves, cinnamon, and nutmeg [27]. Carvacrol (2-methyl-
5-propan-2-ylphenol) belongs to a phenolic monoterpene family and is a constituent of
essential oils produced from various aromatic plants, including oregano, thyme, wild berg-
amot, and pepperwort [28]. It demonstrates therapeutic properties, such as antimicrobial,
anticancer, antioxidant, antiaging, and diabetes prevention [28-30]. Because of its beneficial
properties, carvacrol is used to preserve or improve food quality as well as human health.

The biological effects of essential oils and their components makes them suitable to
be used as bioactive ingredients in various matrices to obtain functional food packaging
materials [31-33]. Essential oils and their fragrance constituents have also been used as
additions to the chitosan matrix, mainly to improve the antimicrobial activities and other
biological properties, such as the antioxidant activities, of the final materials [34-37].

However, the introduction of bioactive substances to chitosan not only improved the
biological properties of the obtained films but also influenced other parameters, including
mechanical and barrier [34,38]. Essential oil components, such as eugenol and carvacrol,
have been used as additives in packaging materials, as described in the literature [39-41],
but often these studies have only focused on the characterization of chitosan-based films
with the addition of a single essential oil component, or materials containing essential oil
components with other biologically active substances, and not on comparing the properties
of films with different fragrance compounds. Therefore, the goal of this research was
to compare the antibacterial activities, mechanical parameters, and barrier properties
of chitosan films with the addition of eugenol, isoeugenol, and carvacrol (Figure 1) to
determine their application potentials as ecological and bioactive food packaging. Moreover,
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the biological activities of these essential oil components, including antibacterial and
antiradical activities and the cytotoxic effects of these compounds on human red blood cells
(RBCs) as a cell model, were assessed. In addition, by comparing the antibacterial effects
of fragrance compounds with the activities of films with their addition, the potential of
chitosan as a carrier of biomolecules with antagonistic activity against bacteria was assessed.

OH OH H.C CH,

CH, H, CH,
a@ Eugenol @ Isoeugenol &, Carvacrol

Figure 1. The chemical structures of the essential oil components.

2. Materials and Methods
2.1. Materials

Carvacrol, eugenol, isoeugenol, Tween 20, DPPH- (2,2-diphenyl-1-picrylhydrazyl),
Trolox, and phosphate-buffered saline (PBS) were purchased from Merck KGaA (Darmstadt,
Germany). Ethanol at a 70% concentration was used as a solvent of the compounds. Ethanol
and acetic acid were purchased from Avantor Performance Materials (Gliwice, Poland),
while chitosan (flakes, 86% deacetylated) was purchased from ChitoLytic (Toronto, Canada).
Muller-Hinton agar (OXOID CM 0337) was purchased from Graso (Poland).

2.2. Production of Chitosan-Based Films

The chitosan-based solution was obtained by dissolving chitosan (3 g) in 3% acetic
acid (300 mL). The solution was next homogenized and transferred to Teflon-covered
Petri dishes and dried at room temperature to obtain pure chitosan films (CHT). Chitosan-
based films with the addition of fragrance compounds were prepared by adding these
compounds (3.05 mL) to the chitosan solution (300 mL) to obtain final concentrations
of essential oil components of 1%. Additionally, Tween 20 (2.0 mL) was added to each
solution. After homogenizing the solutions, pouring them onto plates, and drying them
at room temperature, three different films were obtained: chitosan—carvacrol (CHT-CAR),
chitosan—eugenol (CHT-EUG), and chitosan—-isoeugenol (CHT-ISOEUG).

2.3. Antibacterial Activities

The antibacterial activities of the carvacrol, eugenol, isoeugenol (10 mg/mL), and
chitosan films were assessed using the agar diffusion method against the following bacterial
strains: Bacillus cereus (ATCC 10876), Bacillus megaterium (5tk soil isolate), Enterococcus
faecalis (54jk cheese isolate), Enterococcus faecium (25g cheese isolate), Escherichia coli (ATCC
10536), Listeria innocua (ATCC 30090), Listeria monocytogenes (ATCC 15313), Pseudomonas
aeruginosa (ATCC 15443), Salmonella Enteritidis (05/07 isolate from the collection of the
Department of Biotechnology and Food Microbiology), Salmonella Paratyphi (ATCC 9150),
Salmonella Typhimurium (ATCC 13311), Staphylococcus aureus (ATCC 25923), and Yersinia
enterocolitica (ATCC 9610).

The Petri dishes containing the Muller-Hinton agar were inoculated with a standard-
ized inoculum of indicator strains at 10> CFU/mL. In the next step, 10 pL of each fragrance
compound was dropped onto the surface of the agar medium. In the case of the chitosan
films, each film sample (10 mm in diameter) was placed on a Petri dish containing Mueller—
Hilton agar inoculated with 10® CFU/mL of the indicator strains. The Petri dishes were
incubated at 35 °C £ 2 °C for 24 h. The results were presented as the diameters of the
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inhibition zones formed around the film samples or compound solutions and measured in
millimeters using a computer-scanning system (MultiScaneBase v14.02).

2.4. Antiradical Activities

An ethanolic solution (200 nL) of DPPH- (at a 0.1 mM concentration) was mixed with
the solution of each tested compound (200 nL) or Trolox, which was used as the standard
antioxidant (the positive control). The ethanolic solution (200 L) of DPPH: mixed with
the PBS buffer (200 L) was used as the negative control. All the samples were vortexed
(Bio Vortex V1, Biosan, Riga, Lativa) and were incubated for 30 min in the absence of
light at room temperature (~22 °C). Following incubation, the absorbance (Abs) of every
solution was measured at 517 nm using a BioMate™ 160 UV-Visible spectrophotometer
(Thermo Scientific, Waltham, MA, USA). The percentage DPPH-scavenging activities
of the compounds tested and reference compound (Trolox) were calculated using the
following equation:

DPPH-scavenging activity (%) = MJOO
AbSo
where Abs is the absorbance of the negative control solution, and Abs; is the absorbance
of the examined compound or Trolox solution.

Every sample tube with the tested or reference compound was prepared in triplicate,
and every experiment was repeated three times. The results are presented as the average
value obtained from all the experiments performed.

2.5. Hemolytic Activities

The human red blood cells (RBCs) used in this study were purchased as concentrates
(~65% hematocrit) from the blood bank in Poznan, according to the bilateral agreement (No.
ZP/2867/D/21) signed between the Regional Center for Blood Donation and Hematology
in Poznari and Adam Mickiewicz University in Poznari. The RBC concentrates were
centrifuged (960x g; 10 min; 4 °C) (Sigma 3-30K Sartorious AG, Gottingen, Germany) three
times in phosphate-buffered saline (PBS) (pH = 7.4) supplemented with 10 mM glucose
to obtain an RBC suspension of 1.65 x 10° cells/mL (15% hematocrit). After washing, the
RBCs (1.65 x 108 cells/mL; 1.5% hematocrit) were incubated in PBS buffer supplemented
with 10 mM glucose and containing the tested compounds at a concentration equal to
0.1 mg/mL for 60 min at 37 °C, under gently shaking (BioSan Thermo-Shaker TS-100C,
Biosan, Riga, Latvia). The positive controls were RBCs incubated in ice-cold deionized
water without the addition of the tested compounds. The negative controls were RBCs
incubated in PBS buffer supplemented with 10 mM glucose without the addition of the
tested compounds. Each sample was prepared in triplicate, and the experiments were
repeated three times with RBCs obtained from different donors. Following incubation,
all the sample tubes were centrifuged (Sigma 3-30K, Sartorious AG, Gottingen, Germany)
(960 g; 10 min; 4 °C), and the degree of hemolysis was estimated by measuring the
absorbance (Abs) of the supernatants with a BioMate™ 160 UV-Vis spectrophotometer
(Thermo Scientific, Waltham, MA, USA) at 540 nm. The hemolytic activity (%) of the
compounds tested was calculated using the following equation:

AbSt

Hemolytic activity (%) = Abs -100
pc

where Abs; is the absorbance of the supernatant with tested samples, and Abs,, is the
absorbance of the supernatant of the positive control sample.

A hemolysis degree of <5% indicates no hemolytic activity of the tested compound
at the concentration used and means it is biocompatible. The results are presented as the
average values obtained from three independent experiments.



Coatings 2024, 14, 830

50f 17

2.6. Mechanical Parameters of Films

The tensile strengths and elongations at break of the tested films were determined
according to ASTM D882-12 [42] using an Instron universal testing machine (Model 5965,
Instron, Norwood, MA, USA). Before the analysis, the samples (1.5 x 10 cm) were condi-
tioned at 23 °C and 50% relative humidity for 48 h.

2.7. Water Vapor Transmission Rates

The water vapor transmission rates (WVTRs) of the tested films were determined in
accordance with ISO 2528:2017 [43]. This test was conducted in a container at a relative
humidity of 65% and a temperature of 23 °C and containing anhydrous calcium chloride
(Avantor Performance Materials, Gliwice, Poland). Samples of films were placed in the
container, which was then closed tightly.

2.8. Infrared Spectroscopy

The spectra of the films were recorded using attenuated total reflectance Fourier-
transform infrared spectroscopy (Nicolet iS5, ATR-FTIR, Thermo Fisher Scientific, Waltham,
MA, USA). The spectra were recorded at 4000-600 cm ! at a resolution of 4 cm !, recording
32 scans.

2.9. Statistical Analysis

Statistical analysis—factorial one-way ANOVA followed by Tukey’s honest significant
difference (HSD) test at « = 0.05—was performed using TIBCO Software Inc.’s Statistica
version 13.3 (Palo Alto, CA, USA).

Graphs presenting the results were prepared using the Chiplot program (https://
www.chiplot.online/, accessed on 25 April 2024).

3. Results
3.1. Biological Activities of Fragrance Compounds

The initial stage of this research was the assessment of the biological activities of
carvacrol, eugenol, and isoeugenol. The antibacterial and antioxidant effects of the tested
compounds and their cytotoxic effects on the membranes of human red blood cells
were compared.

3.1.1. Antibacterial Activities

The antibacterial effects of the tested compounds were evaluated against both Gram-
positive and Gram-negative bacterial strains. The results, quantified as the diameter of the
inhibition growth zone, are presented in Table 1.

Table 1. The antibacterial activities of the tested compounds.

Carvacrol Eugenol Isoeugenol

Bacterial Strain
Inhibition Zone (mm)

Gram-positive bacteria

B. cereus 28 16 20

B. megaterium 28 18 20
E. faecalis 28 16 22

E. faecium 28 16 18

L. innocua 28 16 20

L. monocytogenes 28 18 18
S. aureus 26 14 20

Gram-negative bacteria

E. coli >28 20 28
P. aeruginosa 28 16 16
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Table 1. Cont.

Carvacrol Eugenol Isoeugenol

Bacterial Strain
Inhibition Zone (mm)

S. Enteritidis 28 16 16
S. Typhimurium 28 18 >28
S. Paratyphi 28 16 20
Y. enterocolitica 28 16 20

Inhibition zones (average diameters (in mm) of bacterial growth inhibition areas): 5-10 mm—weak activity;
11-14 mm—medium activity; >14 mm—strong activity.

Carvacrol exhibited the highest activities against the tested bacterial strains among
all the tested compounds. It showed high activities against all the tested bacterial strains,
with inhibition zones of 26-28 mm. Isoeugenol showed higher activities, against most
tested bacterial strains, than its isomer. It demonstrated particularly strong activities against
two Gram-negative bacteria—E. coli and S. Typhimurium, with an inhibition zone of 28 mm.

3.1.2. Antioxidant Activities

The antioxidant potentials of the tested essential oil components were evaluated using
the DPPH. radical scavenging assay. The results of the antiradical abilities of the tested
compounds are presented in Figure 2.

[%]

50
&
QW 40 o)l
F NG %
')7 A
V’,\ 30 <
W
20
10
©
Yz °
R % N
& &
%, &5
% \Oo

Figure 2. The antiradical activities of the tested compounds. Trolox was used as a standard antioxi-
dant. Identical superscripts next to the results mean no significant difference (for p < 0.05) between
the mean values according to Tukey’s post hoc HSD test.

The DPPH- free radical scavenging activities of the tested compounds were in the
range from 27.15% (carvacrol) to 44.41% (eugenol). Eugenol and isoeugenol showed high
activities comparable to that of the reference antioxidant (Trolox), which was confirmed
by statistical analysis (Supplementary Materials). Carvacrol exhibited a moderate DPPH-
scavenging ability, which was approximately 60% of the activity of the Trolox.

3.1.3. Hemolytic Activities

The hemolytic activities of the essential oil components, at a 0.1 mg/mL concentration,
were evaluated using RBCs as a cell model, and the results are presented in Figure 3.
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Figure 3. The hemolytic activities of the tested compounds. Identical superscripts next to the results
mean no significant difference (for p < 0.05) between the mean values according to Tukey’s post hoc
HSD test.

The tested compounds exhibited varying hemolytic activities, ranging from 3.93%
(carvacrol) to 2.17% (eugenol). The activity of the carvacrol was statistically higher than
that calculated for RBCs incubated in the PBS buffer; however, all the tested fragrant
compounds with a hemolytic activity of <5% are considered as non-cytotoxic (biocompati-
ble) compounds, namely, without any detrimental effects on the molecular structure and
function of the cell membrane [44].

3.2. Characterization of Chitosan-Based Films with Fragrance Compounds

In the second stage of this research, chitosan-based films with the additions of eugenol,
isoeugenol, and carvacrol were analyzed for antimicrobial activities and assessment of
mechanical and barrier parameters.

3.2.1. Antimicrobial Activities

As shown in the data presented in Table 2, all the tested films showed antibacterial ac-
tivities, while the chitosan—carvacrol film had the highest antimicrobial activity. The largest
inhibition zones (>40 mm) for this film were observed for three strains of Gram-positive
bacteria—B. cereus, B. megaterium, and L. monocytogenes, and one Gram-negative bacterium—
E. coli. The chitosan films with the additions of eugenol and isoeugenol showed comparable
and lower antibacterial activities than the CHT-CAR film. The chitosan—isoeugenol film
showed higher activities, especially in the case of Gram-negative bacteria, than the CHT-
EUG film. In turn, the pure chitosan film did not show any antibacterial action.

Table 2. The antibacterial activities of the tested films.

Chitosan— Chitosan— Chitosan— .
Chitosan
Carvacrol Eugenol Isoeugenol (CHT)
Bacterial Strain (CHT-CAR) (CHT-EUG) (CHT-ISOEUG)
Inhibition Zone (mm)
Gram-positive bacteria
B. cereus 40 19 24 0
B. megaterium 40 25 20 0

E. faecalis 15 12 0 0
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Table 2. Cont.
Chitosan— Chitosan— Chitosan— .
Chitosan
Carvacrol Eugenol Isoeugenol (CHT)
Bacterial Strain (CHT-CAR) (CHT-EUG) (CHT-ISOEUG)
Inhibition Zone (mm)
E. faecium 32 0 0 0
L. innocua 38 23 23 0
L. monocytogenes 41 21 22 0
S. aureus 33 21 19 0
Gram-negative bacteria
E. coli 40 10 17 0
P. aeruginosa 36 19 19 0
S. Enteritidis 36 11 22 0
S. Typhimurium 36 17 21 0
S. Paratyphi 29 12 0 0
Y. enterocolitica 31 12 12 0

Inhibition zones (average diameters (in mm) of bacterial growth inhibition areas): 5-10 mm—weak activity;
11-14 mm—medium activity; >14 mm—strong activity.

3.2.2. Mechanical and Barrier Parameters

The chitosan-based films with the additions of fragrance compounds were charac-
terized by varied mechanical parameters, namely, tensile strength (TS) and elongation at
break (EB), as presented in Figure 4.
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Figure 4. The tensile strengths (A) and elongations at break (B) of the chitosan-based films (CHT—
pure chitosan film; CHT-CAR—chitosan—carvacrol film; CHT-EUG—chitosan—eugenol film; CH-
ISOEUG—chitosan-isoeugenol film). Identical superscripts next to the results mean no significant
difference (for p < 0.05) between the mean values according to Tukey’s post hoc HSD test.

The TS values determined for the tested films ranged from 26.55 (CHT-ISOEUG) to
57.92 MPa (CHT-CAR). The addition of the isoeugenol to the chitosan matrix resulted in
a decrease in the TS value of the film, while the addition of the carvacrol increased the
tensile strength of the obtained film, which is confirmed by statistical analysis. A similar
dependence was also observed for the EB values determined for the tested films—the
lowest value was obtained for CHT-ISOEUG and the highest for CHT-CAR.

The additions of the essential oil components to the chitosan matrix resulted in higher
WVTR values (Figure 5) for films with fragrance compounds compared to the film produced
only from chitosan, which was confirmed by statistical analysis. The additions of the
fragrance compounds to the chitosan influenced not only the strength parameters but also
the barrier parameters of the films.
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Figure 5. The water vapor transmission rates (WVTRs) determined for the tested chitosan-based
films (CHT—pure chitosan film; CHT-CAR—chitosan—carvacrol film; CHT-EUG—chitosan-eugenol
film; CH-ISOEUG—chitosan-isoeugenol film). Identical superscripts next to the results mean no
significant difference (for p < 0.05) between the mean values according to Tukey’s post hoc HSD test.
3.2.3. Structural Characteristics
The FTIR spectra of the chitosan film and chitosan—aromatic compound films, pre-
sented in Figure 6, indicated changes in the structures of the tested films after the incorpo-
ration of these compounds into the chitosan matrix.
CHT
CHT-ISOEUG

Transmittance [%]

4000

3500

3000 2500 2000 1500 1000 500
Wavenumber [cm-']

Figure 6. The ATR-FTIR spectra of the chitosan-based films (CHT—pure chitosan film; CHT-CAR—
chitosan—carvacrol film; CHT-EUG—chitosan—eugenol film; CH-ISOEUG—chitosan—-isoeugenol film).

The spectrum of chitosan (CHT) contains characteristic bands for this polymer, in-
cluding the bands at 3257 cm ! (O-H and N-H stretching vibrations), 1641 cm 1 (C=0
stretching from amide I), 1550 cm ™! (N-H bending from amide II), and the bands at 1263,
1149, 1023, and 893 cm !, correspond to the saccharide structure (C-N stretching, C-O-
C symmetric stretching, and C-O stretching) [45,46]. The spectra of the chitosan films
with eugenol (CHT-EUG), isoeugenol (CHT-ISOEUG), and carvacrol (CHT-CAR) indi-
cated some differences in the structures of these two-component films compared to the
CHT film; however, some of the bands originating from the aroma compounds were over-
lapped with bands characteristic of the chitosan. These differences were mainly related
to the increase in the transmittance intensity of the bands in the IR spectra of the films
with fragrance compounds and result from the functional groups and the presence of
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an aromatic ring in these compounds. The most important changes were observed in
the transmittance intensities of the bands at 1511 cm ™! and 1636 cm ™1, attributed to the
C=C stretching aromatic ring, which were particularly visible in the cases of the films
with eugenol and isoeugenol. Moreover, in the FTIR spectra of the chitosan—fragrance
compounds, changes (in most cases, increases) in transmittance intensities were observed
for the bands at 1451 and 1376 cm ™! (-CH; bending), 1267 cm ™! (the stretching vibration
of the C-O bond of the hydroxyl-bound carbon), 1234 cm~! (C-C stretching vibrations),
and 816 cm~! (CH, binding vibrations) [40,46,47]. The changes in the FTIR spectra of the
chitosan—fragrance compound films indicated that all the tested essential oil components
were effectively incorporated into the polymer matrix.

4. Discussion
4.1. Biological Activities of Fragrance Compounds

Microbial growth and lipid oxidation are the main factors of food spoilage, causing
the loss of the nutritional and sensory values of food and, as a result, contributing to its
waste [48,49]. Therefore, the first stage of this research was to determine the antibacterial
and antioxidant effects of the carvacrol, eugenol, and isoeugenol.

4.1.1. Antimicrobial Activities

Carvacrol was characterized by high activities against all the tested bacterial strains in
this study, with inhibition zones of >28 mm (S. aureus—inhibition zone = 26 mm) (Table 1). The
results of Bnyan et al. [50] confirmed the antibacterial efficiencies of carvacrol against S. aureus,
E. coli, Klebsiella pneumonia, and Streptococcus pneumonia with inhibition zones, at an 800 pg/mL
concentration, in the range 23-26 mm. The results by these authors indicated that carvacrol,
at 800 ng/mL, had no activity against P. aeruginosa, while in the present study, it showed
activity against this pathogen. Moreover, carvacrol exhibited activities against S. aureus, S.
epidermidis, B. cereus, F. faecalis, S. Typhimurium, and Pseudomonas fluorescence [29,51,52]. The
antibacterial actions of carvacrol can be involved with various mechanisms, including
damaging the bacterial cell membrane [53,54], depleting intracellular ATP by a reduction in
its synthesis or by an increase in its hydrolysis [55,56], inducing reactive oxygen species [57],
and inhibiting efflux pumps [58]. The antibacterial effects of carvacrol can be attributed to
its influence on the structural and functional properties of the cell membrane. According to
the mechanism presented by Xu et al. [53], carvacrol, because of its hydrophobic nature,
interacts with the lipid bilayer of the cell membrane and inserts between fatty acid chains,
resulting in the destabilization of the membrane structure and increasing its fluidity and
permeability. Khan et al. [28] demonstrated the antimicrobial activity of carvacrol against E.
coli through its severe deleterious effect on the bacterial membrane disruption, including its
depolarization, leading to bacterial cell disintegration, and its ability to disrupt the integrity
of the bacterial cell membrane, causing the release of the cellular contents.

In this study, eugenol and isoeugenol exhibited high antibacterial activities; however,
they were lower than those of carvacrol (Table 1). Isoeugenol demonstrated the highest
activity against S. Typhimurium, with an inhibition zone exceeding 28 mm. The inhibiting
action of isoeugenol against S. Typhimurium, with an MIC equal to 312.5 pg/mL, was
confirmed by Zhang et al. [26]. Eugenol displayed lower antibacterial activities against
both Gram-positive and Gram-negative bacteria in comparison to the activities of its
isomer—isoeugenol, as presented in Table 1. According to the data presented in a paper
by Zhang et al. [26], eugenol exhibited lower activities against Gram-positive bacteria,
including S. aureus, B. subtilis, and L. monocytogenes (MIC = 625 ng/mL) than isoeugenol
(MIC =312.5 ug/mL). In case of the activities against Gram-negative bacteria, they showed
the same effects (MIC = 312.5 ug/mL) against E. coli and Shigella dysenteriae, while isoeugenol
exhibited a higher activity (MIC = 312.5 ug/mL) against S. Typhimurium than eugenol
(MIC =625 ng/mL) [26]. In turn, Resende et al. [59] noticed that eugenol exhibited lower
minimal bactericidal concentrations (MBC = 0.75%) against E. coli, S. aureus, L. monocy-
togenes, and S. Enteritidis than isoeugenol (MBC = 1.5%). A study by da Silva et al. [60]
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indicated that eugenol exhibited higher activities against P. aeruginosa, K. pneumoniae, and
B. cereus than isoeugenol, while isoeugenol showed a higher activity against S. aureus.
The results obtained in a study by Muniz et al. [61] demonstrated that isoeugenol has a
direct antibacterial effect against the S. aureus strain, while eugenol inhibits the growth of
bacteria. Based on the results obtained in this study (Table 1) and the data presented in the
literature, it can be concluded that the antibacterial effects of eugenol and isoeugenol are
related to the species of pathogens used in testing their activities. However, both isomers
were characterized by antibacterial activities against various species of bacteria, which
confirmed the data contained in Table 1 and the literature data [25,26]. The mechanism
of the antibacterial activities of both eugenol and isoeugenol is based on their ability to
change the bacterial cell membrane [62]. Eugenol enhanced the cell membrane permeability,
causing the leakage of the intracellular ATP and macromolecules, ultimately leading to
the death of bacterial cells [63,64]. Hyldgaard et al. [27] presented the mechanism of the
antibacterial action of isoeugenol, which involves its interaction with the membrane in a
reversible and non-invasive way, causing its destabilization. Moreover, isoeugenol caused
an increase in the membrane fluidization, and this effect was enhanced by the presence of a
phenolic hydroxyl group in the isoeugenol molecule [27,65].

The research results presented in this work, as well as the literature data, indicate
that the components of the essential oils possess antibacterial activities, but they vary
depending on the tested chemical compound, its concentration, and the bacterial species or
even strains.

4.1.2. Antiradical and Hemolytic Activities

Eugenol and isoeugenol exhibited the highest antiradical effects, comparable to the
activity determined for the standard (Trolox). The high and comparable radical scavenging
activities of the eugenol and isoeugenol were confirmed by Ito et al. [66]. In turn, the
results presented by Zhang et al. [26] showed that isoeugenol exhibited a higher ability
to scavenge DPPH- free radicals (EC5p = 17.1 ng/mL) than eugenol (ECsp = 22.6 ng/mL),
but both isomers had lower activities than that of Trolox (EC5p = 13.5 pg/mL). The results
by Horvathova et al. [67] indicated that eugenol and carvacrol were capable for DPPH-
free radical scavenging, but eugenol showed a higher activity. Also, the higher antiradical
activity of eugenol (ECsp = 9 pg/mL) in comparison to carvacrol (ECsy = 267 pg/mlL)
was confirmed by Masteli¢ et al. [68]. The moderate free radical scavenging activity of
carvacrol was confirmed by the results presented in Figure 2 and by the research of Yildiz
et al. [69], who demonstrated that the DPPH-antiradical activity of carvacrol, at a 1000 ppm
concentration, was 18.3% compared to the activity of x-tocopherol (94.9%).

The antioxidant properties of the essential oil components depend on various factors,
including the chemical structures of the compounds (phenols have higher antioxidant
activities compared to sesquiterpene hydrocarbons and non-isoprenoid components, which
have weak antiradical activities), concentration (their antioxidant activities are expressed
only in a rather narrow range of concentrations), the type of antioxidant activity tests used,
and the solvents applied to dissolve the compounds [70-74].

Bioactive compounds, for any biomedical applications, should be biocompatible, with-
out any cytotoxic activity or negative effects on the cell membrane structure and function.
In food packaging, the cytotoxicities of compounds can be defined as their cytotoxicities
toward skin cells, as involved in direct contact with packaging materials. To study the
cytotoxicities of bioactive compounds, human RBCs are used as a cell model and a cell
membrane model in vitro [75,76]. Hemolytic assays using human RBCs are also intended
to assess the cytotoxicities of compounds used in food packaging [77]. Hemolytic activities
of compounds or their mixtures exceeding 5% is a sign of their cytotoxicities at given
concentrations and excludes them from further evaluation for biomedical applications.
None of the tested compounds used in this study (eugenol, isoeugenol, and carvacrol)
showed any negative effects on the RBC membrane structure or function, with hemolytic
activities lower than 5% (Figure 3). Therefore, it can be concluded that these essential oil
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components are biocompatible and can be applied as compounds, without any associated
cytotoxicity, in the food industry.

The first stage of this research confirmed that the tested fragrance compounds have
antibacterial and antiradical properties, and at a concentration of 0.1 mg/mL, they do
not have a detrimental effect on the structure of the cell membrane. The obtained results
suggest that the tested compounds are without any associated cytotoxicity toward human
cells and may act as antimicrobial and antioxidant agents in chitosan-based films. Therefore,
carvacrol, eugenol, and isoeugenol were applied as bioactive components in chitosan-based
films, and their biological and physicomechanical parameters were examined to determine
the possibility of their use in food packaging.

4.2. Characterization of Chitosan-Based Films with Fragrance Compounds

The addition of the essential oil components to the chitosan resulted in the antibacterial
effects of the chitosan-based films. The film produced only from chitosan had no effect
against the bacterial strains, which is confirmed by the literature data [37,78]. The CHT-
CAR film showed the strongest antibacterial effect, which is consistent with the results of
the antimicrobial activities of the essential oil components—carvacrol was characterized by
a greater ability to limit bacterial growth than eugenol and isoeugenol. However, it can be
noticed that the inhibition zone caused by the CHT-CAR film was larger than in the case of
the zone caused by the action of the carvacrol solution, which may indicate a synergistic
effect between chitosan and carvacrol or a reduction in the volatility of the compound that
was cross-linked in the chitosan matrix. The effects of the films consisting of chitosan and
carvacrol against E. coli, S. aureus, and S. Typhimurium have already been confirmed in
the literature [39,79]. The chitosan—carvacrol film was characterized by good mechanical
parameters as a potential food-packaging material. It showed the highest values of the
tensile strength and elongation at break compared to the other samples. The introduction of
carvacrol to the chitosan matrix can decrease the interaction between its chains by reducing
the intermolecular forces and internal hydrogen bonds between the chains, resulting in
greater mobility of the polymer chains and, therefore, more flexible films. The results by
Yuan et al. [79] showed that the introduction of carvacrol to the chitosan matrix resulted in a
reduction in the TS (from 22.23 to 8.54 MPa) and EB (from 31.51 to 17.37%) compared to the
pure chitosan film. Also, Lopez-Mata et al. [39] showed in their research that the addition
of carvacrol at concentrations of 0.5-1.5% to chitosan caused decreases in the mechanical
parameters (TS and EB). The addition of carvacrol to chitosan resulted in increased WVTR
values compared to the pure chitosan film. The opposite relationship has been described in
the literature [39,79]. Differences in the results of the mechanical and barrier parameters
of films based on chitosan and carvacrol obtained by other authors from those presented
in this paper may result from the use of different types of chitosan (different degrees of
deacetylation), different chitosan and carvacrol concentrations, and the addition of glycerin.

The antibacterial effects of chitosan films with eugenol and isoeugenol, compared to
the effects of the fragrance compound solutions, depended on the tested pathogen strain.
In the case of the eugenol, the chitosan—eugenol film (CHT-EUG) showed higher activities
than the eugenol solution against Gram-positive bacteria—B. megaterium, L. innocua, and
S. aureus. On the other hand, the CHT-EUG film showed significantly lower activities
compared to the eugenol solution against strains of Gram-negative bacteria—E. coli and S.
Enteritidis—and no activity against the Gram-positive bacterial strain E. faecium. In turn,
the chitosan film with the addition of isoeugenol (CHT-ISOEUG) was characterized by
higher activities than the isoeugenol solution against B. cereus and E. Enteritidis, while this
film showed no activities against E. faecalis, E. faecium, and S. Paratyphi, and isoeugenol
limits the development of these pathogens. The antibacterial effects of eugenol and its
isomer have been used to obtain food packaging materials with various matrices, not only
chitosan ones [80,81]. The addition of isoeugenol to chitosan resulted in decreases in the
mechanical and barrier parameters of the obtained film compared to the pure chitosan
film. Differences in the mechanical, barrier, and structural parameters of the obtained films
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may result from differences in the chemical structures of the essential oil components and
different interactions with the chitosan matrix. The incorporation of compounds with a
hydrophobic character in chitosan may have a negative impact on the attractive forces
between chitosan molecules and may increase segmental movements between them and,
thus, affect the mechanical and physical parameters of the obtained films [82].

5. Conclusions

The tested components of the essential oils, namely, eugenol, isoeugenol, and carvacrol,
were characterized by antibacterial, antioxidant, and hemolytic activities, which, however,
depended on the chemical structures of the tested compounds. The antibacterial and
antioxidant properties of these compounds indicate their potential use in food packaging as
bioactive and biocompatible (non-cytotoxic) components to reduce food spoilage. Carvacrol
was characterized by a significantly greater ability to inhibit bacterial growth than eugenol
and its isomer—isoeugenol. The strong antimicrobial effect of the carvacrol was preserved
when it was incorporated into a chitosan matrix—the chitosan—carvacrol film showed
strong antimicrobial effects against all the tested pathogens. Moreover, the film composed
of chitosan and carvacrol was characterized by good mechanical parameters and moderate
barrier properties. The stronger antibacterial effect of the chitosan—carvacrol film than
the film with eugenol and its isomer may be caused by more effective cross-linking in
the chitosan matrix, which resulted in a reduction in its volatility. Also, differences in
the mechanical and barrier properties of the tested films may result from variations in
their interactions with the chitosan matrix. Based on the obtained test results, it can be
assumed that the biological activities, as well as the mechanical and barrier parameters,
of the films with the additions of the fragrance compounds depend on the properties
of these compounds (even within isomeric compounds) and their interactions with the
chitosan matrix. However, the obtained results indicated that the films based on chitosan
and essential oil components (eugenol, isoeugenol, and carvacrol) were characterized by
appropriate mechanical, barrier, and biological parameters to be considered as potential
natural and ecological materials for food packaging. In further research, we plan to
use the developed chitosan-based films with the additions of fragrance compounds as
packaging materials for fresh market products—fresh fruits and vegetables—and to assess
the parameters of packaged food products.

Supplementary Materials: The following supporting information can be downloaded at https:
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at break (%) for chitosan-based films; Table S3: The water vapor transmission rate of chitosan-
based films.
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