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Editorial

Editorial for Special Issue: Gel Films and Coatings Applied in
Active Food Packaging
Aris E. Giannakas

Department of Food Science and Technology, University of Patras, 30100 Agrinio, Greece; agiannakas@upatras.gr

1. Introduction

Nowadays, the global trends of bioeconomy and sustainability require the use of
biobased raw materials in all scientific and application fields to reduce the global carbon
dioxide fingerprint. In this direction, natural biopolymers such as chitosan, sodium algi-
nate, gelatin, pectin, and xanthan are potential candidates for replacing polymers derived
from mineral oils in new food packaging applications. At the same time, nanotechnology
provides innovative applications in the field of food packaging, similar to those provided in
the biomedical and pharmaceutical fields. By incorporating biobased bioactive compounds
such as essential oils, derivatives of essential oils, propolis, anthocyanin, aloe vera, acacia
gum, and collagen in biopolymers, novel gels and hydrogels can be developed with the
control release properties of enriched bioactive compounds, which can be applied as smart
films and coatings in the food industry. Moreover, nanomaterials such as nanoclays and
natural zeolites can be used as new, cheap, and natural abundant nanocarriers for such
bioactive compounds and enhance their release control properties from the biopolymer
matrix. These bioactive films and coating materials enhance solubility, improve bioavail-
ability, facilitate controlled release, and protect bioactive ingredients during manufacture
and storage. The current Special Issue provides a fresh bouquet of articles on the bioactive
gel films and coatings applied to active food packaging.

2. Contributions

In the article of Bhatia et al. [1], hydrogel-based films loaded with varying concen-
trations of Melissa officinalis (MOEO) (0.1%, 0.15%, and 0.2%) were prepared using the
solvent-casting method, and their physicochemical and antioxidant properties were ex-
amined. The incorporation of MOEO into the films gave films with a higher elongation
at break (EAB) (30.24–36.29%), lower tensile strength (TS) (3.48–1.25 MPa), lower trans-
parency (87.30–82.80%), higher water barrier properties, and higher antioxidant properties,
indicating that MOEO has the potential to be used in active food packaging material for
potential applications.

The same research group developed sodium alginate (SA) and acacia gum (AG)
hydrogel-based films loaded with cinnamon essential oil (CEO) and revealed that, as the oil
concentration in the films increased, the thickness and elongation at break (EAB) increased,
while the transparency, tensile strength (TS), water vapor permeability (WVP), and moisture
content (MC) decreased. As the concentration of CEO increased, the hydrogel-based films
demonstrated a significant improvement in their antioxidant properties [2]. Overall, it was
concluded that the incorporation of CEO into edible SA–AG composite films presented a
promising strategy for the production of hydrogel-based films with the potential to serve
as food-packaging materials.

Elsebaie et al. [3] studied the preparation, characterization (physical, mechanical,
optical, and morphological properties, as well as antioxidant and antimicrobial activities),
and packaging application of chitosan (CH)-based gel films containing varying empty green
pea pod extract (EPPE) concentrations (0, 1, 3, and 5% w/w). Their studies revealed that
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adding EPPE to CH increased the thickness (from 0.132 ± 0.08 to 0.216 ± 0.08 mm), density
(from 1.13 ± 0.02 to 1.94 ± 0.02 g/cm3), and opacity (from 0.71 ± 0.02 to 1.23 ± 0.04),
while decreasing the water vapor permeability, water solubility, oil absorption ratio, and
whiteness index from 2.34 to 1.08 × 10−10 g−1 s−1 pa−1, from 29.40 ± 1.23 to 18.75 ± 1.94%,
from 0.31 ± 0.006 to 0.08 ± 0.001%, and from 88.10 ± 0.43 to 77.53 ± 0.48, respectively.
The EPPE films had a better tensile strength (maximum of 26.87 ± 1.38 MPa), elongation
percentage (maximum of 58.64 ± 3.00%), biodegradability (maximum of 48.61% after
3 weeks), and migration percentages than the pure CH gel film. By adding EPPE, the
antioxidant and antibacterial activities of the film were improved. Furthermore, compared
to control samples, corn oil packaging in CH-based EPPE gel films slowed increases in
thiobarbituric acid and superoxide. As an industrial application, CH-based EPPE films
have the potential to be beneficial in food packaging.

Salmas et al. [4] presented a novel adsorption process for producing a thymol-halloysite
nanohybrid and dispersed it in a chitosan/poly-vinyl-alcohol matrix. The results indicated
that the increased fraction of thymol from thyme oil significantly enhanced the antimicro-
bial and antioxidant activities of the prepared chitosan-poly-vinyl-alcohol gel. The use
of halloysite increased the mechanical and water–oxygen barrier properties, leading to
a controlled release process of thymol, which extended the preservation and shelf-life of
kiwi fruits. Finally, the results indicated that the halloysite improved the properties of the
chitosan/poly-vinyl-alcohol films, and the thymol made them further advantageous.

The same research group [5] developed a green method for producing natural zeo-
lite (TO@NZ) nanostructure rich in thymol. This material was used to prepare sodium-
alginate/glycerol/xTO@NZ (ALG/G/TO@NZ) nanocomposite active films for the pack-
aging of soft cheese to extend its shelf-life. The water vapor transmission rate, oxygen
permeation analyzer, tensile measurements, antioxidant measurements, and antimicrobial
measurements were used to estimate the film’s water and oxygen barrier and mechanical
properties and the nanostructure’s nanoreinforcement activity, antioxidant activity, and
antimicrobial activity. The findings from this study revealed that the ALG/G/TO@NZ
nanocomposite film could be used as an active packaging film for foods with enhanced me-
chanical properties, oxygen and water barrier, and antioxidant and antimicrobial activities,
and it is capable of extending food shelf life.

Puscaselu et al. [6] developed biopolymer-based films (agar and sodium alginate) and
tested their properties following additions of 7.5% and 15% (w/v) of various essential oils
(lemon, orange, grapefruit, cinnamon, clove, chamomile, ginger, eucalyptus, or mint). The
samples were tested immediately after their development and after one year of storage to
examine the possible long-term property changes. All the films showed reductions in mass,
thickness, and microstructure, as well as their mechanical properties. The most considerable
variations in their physical properties were observed in the 7.5% lemon oil sample and
15% grapefruit oil sample, with the largest reductions in mass (23.13%), thickness (from
109.67 µm to 81.67 µm), and density (from 0.75 g/cm3 to 0.43 g/cm3). However, the
microstructures of the samples were considerably improved. Although the addition of
lemon essential oil prevented a reduction in mass during the storage period, it favored
the degradation of the microstructure and a loss of elasticity (from 16.7% to 1.51% for the
sample with 7.5% lemon EO and from 18.28% to 1.91% for the sample with 15% lemon
EO). Although the addition of the essential oils of mint and ginger resulted in films with a
more homogeneous microstructure, the increase in concentration favored the appearance of
pores and modifications in the color parameters. Apart from the films with added orange,
cinnamon, and clove EOs, the antioxidant capacity of the films decreased during storage.
The most obvious variations were identified in the samples with lemon, mint, and clove
EOs. The most unstable samples were those with added ginger (95.01%), lemon (92%), and
mint (90.22%). The same research group [7] furthered their research on the development
of such films and tested the modification of the properties of the previously developed
biopolymeric materials, by adding 10 and 20% w/v essential oils, respectively, of lemon,
grapefruit, orange, cinnamon, clove, mint, ginger, eucalypt, and chamomile. Films with
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a thickness between 53 and 102 µm were obtained, with a roughness ranging between
147 and 366 nm. Most films had a water activity index significantly below what is required
for microorganism growth, as low as 0.27, while all the essential oils induced a microbial
growth reduction or 100% inhibition. Tested for an evaluation of their physical, optical,
microbiological, or solubility properties, all the films with an addition of essential oil to
their composition showed improved properties compared to the control sample.

Chit et al. [8] developed a single-layer coating using chitosan (Ch) and sodium algi-
nate (SA) solutions, and their gel coating (ChCSA) was formed via layer-by-layer (LbL)
electrostatic deposition using calcium chloride (C) as a cross-linking agent to improve the
storage qualities and shelf-life of fresh-cut purple-flesh sweet potatoes (PFSP). The preser-
vative effects of the single-layer coating in comparison to LbL on the quality parameters
of the fresh-cut PFSPs, including color change, weight loss, firmness, microbial analysis,
CO2 production, pH, solid content, total anthocyanin content (TAC), and total phenolic
content (TPC), were evaluated during 16 days of storage at 5 ◦C. Uncoated samples were
applicable as a control. The result established the effectiveness of coating in reducing
microbial proliferation (~2 times), color changes (~3 times), and weight loss (~4 times),
with negligible firmness losses after the storage period. In addition, the TAC and TPC were
better retained in the coated samples than in the uncoated samples. In contrast, quality
deterioration was observed in the uncoated fresh cuts, which progressed with storage time.
Relatively, gel coating ChCSA showed superior effects on preserving the quality of the
fresh-cut PFSPs and could be suggested as a commercial method for preserving fresh-cut
purple-flesh sweet potato and other similar roots.

Al Hilifi et al. [9] developed aloe vera gel (AVG)-based edible coatings enriched
with anthocyanin and investigated the effect of different formulations of these aloe-vera-
based edible coatings, such as neat AVG (T1), AVG with glycerol (T2), aloe vera with
0.2% anthocyanin + glycerol (T3), and AVG with 0.5% anthocyanin + glycerol (T4), on the
postharvest quality of fig (Ficus carica L.) fruits under refrigerated conditions (4 ◦C) for up
to 12 days of storage with 2-day examination intervals. The results of the present study
revealed that the T4 treatment was the most effective for reducing the weight loss in the
fig fruits throughout the storage period (~4%), followed by T3, T2, and T1. The minimum
weight loss after 12 days of storage (3.76%) was recorded for the T4 treatment, followed
by T3 (4.34%), which was significantly higher than that of uncoated fruit (~11%). The best
quality attributes, such as the total soluble solids (TSS), titratable acidity (TA), and pH, were
also demonstrated in the T3 and T4 treatments. The T4 coating caused a marginal change
of 0.16 in the fruit titratable acidity, compared to the change of 0.33 in the untreated fruit
control after 12 days of storage at 4 ◦C. Similarly, the total soluble solids in the T4-coated
fruits increased marginally (0.43 ◦Brix) compared to that in the uncoated control fruits
(>2 ◦Brix) after 12 days of storage at 4 ◦C. The results revealed that the incorporation of
anthocyanin content into AVG is a promising technology for the development of active
edible coatings to extend the shelf life of fig fruits.

Sheikha et al. [10] studied the effect of a xanthan coating containing various concen-
trations (0, 1, and 2%; w/v) of ethanolic extract of propolis (EEP) on the physicochemical,
microbial, and sensory quality indices in mackerel fillets stored at 2 ◦C for 20 days. The
pH, peroxide value, K-value, TVB-N, TBARS, microbiological, and sensory characteristics
were determined every 5 days over the storage period (20 days). The samples treated
with xanthan (XAN) coatings containing 1 and 2% of EEP were shown to have the highest
level of physicochemical protection and maximum level of microbial inhibition (p < 0.05)
compared to the uncoated samples (control) over the storage period. Furthermore, the
addition of EEP to XAN was more effective in notably preserving (p < 0.05) the taste and
odor of the coated samples compared to the controls.

3. Conclusions

In conclusion, we are thankful to have edited this Special Issue, as it collects relevant
contributions that reflect the increasingly widespread interest in gel films and coatings
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applied to food packaging. Overall, it was revealed that such films and gel coatings can be
used to extend the shelf life of various food products such as fruits, dairy products, and
fish products. We look forward to this Special Issue reaching the highest scientific audience
and promoting the second edition.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The essential oil extracted from Melissa officinalis (MOEO) exhibits a wide range of thera-
peutic properties, including antioxidant, antibacterial, and antifungal activities. The current research
aimed to analyze the mechanical, barrier, chemical, and antioxidant properties of pectin and collagen-
based films. Hydrogel-based films loaded with varying concentrations of MOEO (0.1%, 0.15%, and
0.2%) were prepared by solvent-casting method, and their physicochemical as well as antioxidant
properties were examined. GC-MS analysis revealed the presence of major components in MOEO
such as 2,6-octadienal, 3,7-dimethyl, citral, caryophyllene, geranyl acetate, caryophyllene oxide,
citronellal, and linalool. Fourier transform infrared (FTIR) results revealed the interaction between
components of the essential oil and polymer matrix. Scanning electron microscopy (SEM) revealed
that films loaded with the highest concentration (0.2%) of MOEO showed more homogeneous struc-
ture with fewer particles, cracks, and pores as compared to control film sample. MOEO-incorporated
films exhibited higher elongation at break (EAB) (30.24–36.29%) and thickness (0.068–0.073 mm);
however, they displayed lower tensile strength (TS) (3.48–1.25 MPa) and transparency (87.30–82.80%).
MOEO-loaded films demonstrated superior barrier properties against water vapors. According to
the results, the incorporation of MOEO into pectin–collagen composite hydrogel-based films resulted
in higher antioxidant properties, indicating that MOEO has the potential to be used in active food
packaging material for potential applications.

Keywords: biopolymers; edible films; composite material; food packaging; essential oil

1. Introduction

The food packaging material in the form of polymeric edible films is gaining more
attention these days due to its numerous benefits, such as being edible, biodegradable,
nontoxic, biocompatible, etc. These films are made at a laboratory scale to improve the
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safety, quality, and shelf life of food products [1]. There are several manufacturers (Innoteq,
NewGem Foods, Watson, Biofilm Limited, ODF Pharma, Proinec, MonoSol, Umang Phar-
matech, etc.) that make edible films at large scale. Pectin, a major constituent of plant
cells, is primarily used in the manufacturing of fruit juices, jams, and bread fillings [2,3].
The utilization of pectin as a polymer to produce hydrogel-based films is a viable option
owing to its gelation characteristics, lack of toxicity, biodegradability, and accessibility.
Collagen is one of the natural polymers that hold significant potential as a vital industrial
raw material [4]. Its physicochemical characteristics, biodegradability, and non-toxicity
have made it increasingly important and useful in the food sector [5].

Several research studies have shown that incorporating various plant-based bioactive
components into pectin-based films can result in to effective food packaging material [6,7].
Blending two polymers (pectin/collagen) is an effective way to synthesize the edible
film with favorable barrier and mechanical attributes. Hydrogel-based films have been
formulated with essential oils due to their possible antibacterial, antioxidant, and anti-
fungal characteristics [8]. Essential oils are widely used in the food industries due to
their composition of volatile compounds, including a combination of terpenes, terpenoids,
alpha-aromatic and aromatic compounds, as well as non-volatile compounds [9].

Melissa officinalis is a member of the Lamiaceae family and possesses diverse ther-
apeutic properties, and Melissa oil exhibits antibacterial, antifungal, and antioxidant
properties [10,11]. Melissa essential oil (MOEO) primarily comprises citronella, but it also
contains other components such as citral, geraniol, linalool, and beta-caryophyllene [12]. In
earlier research, researchers developed active films using a combination of carboxymethyl
chitosan and locust bean gum. These films contained nanoemulsions of essential oil ex-
tracted from Melissa officinalis L. Following the analysis of the results, it was noted that
incorporating MOEO nanoemulsion into the active films resulted in an elevation of their
elasticity and resistance to water [13]. Another research revealed the development of active
edible films using sodium caseinate, which contained a combination of zinc oxide nanopar-
ticles (ZnONPs) and microcapsules of MOEO. The properties of the films were studied,
and it was observed that they exhibited strong antioxidant activity [14].

To date, there has been no investigation into the impact of MOEO on the physiochem-
ical characteristics of composite hydrogel-based films composed of pectin and collagen.
Present study aims to investigate the effect of MOEO on the structural, mechanical, thermal,
chemical, optical and barrier properties of hydrogel films based on pectin/collagen. In
addition to investigating the physicochemical changes to determine the compatibility of the
polymeric material with MOEO, the antioxidant activity was also evaluated as a potential
food packaging material.

2. Results and Discussion
2.1. Visual Appearance

The prepared edible film samples including B (Control), PC20, PC30, and PC40 were
visually examined, and it was observed that control (B) and PC20 film samples had superior
visual characteristics and was easy to peel from the Petri plate. Moreover, the PC20 film
exhibited relatively improved characteristics regarding brittleness, flexibility, and stiffness.
Film samples PC30 and PC40 containing 0.15% and 0.2% MOEO, respectively, were less
transparent while exhibiting uniformity and flexibility. The better visual characteristics
of the PC30 and PC40 film samples could be due to the addition of higher concentrations
of MOEO and Tween 80, resulted in the uniform dispersion of the oil in the film matrix
(Figure 1).
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Figure 1. Visual appearance of B (control), PC20 (containing 0.1% MOEO), PC30 (containing 0.15% of
MOEO), and PC40 (containing 0.2% MOEO).

2.2. GC-MS Analysis of Melissa Essential Oil

The chromatogram of Melissa essential oil is shown in Figure 2. The main compounds
detected in MOEO were 2,6-octadienal, 3,7-dimethyl (20.40%), citral (19.64%), caryophyl-
lene (9.28%), geranyl acetate (7.33%), caryophyllene oxide (6.85%), citronellal (6.58%), and
linalool (6.00%) (Table 1). As per Sorensen’s research [15], the primary constituents of
M. officinalis obtained through laboratory distillation of verified plant material are the
isomers of citral, geranial, and neral. Previous studies have reported that the essential oil of
lemon balm contains citronellol and linalool as their primary chemical constituents [15,16].
Park and Lee [17] reported that the major compound of essential oil in lemon was 2,6-
octadienal and 3,7-dimethyl-. The varied chemical components in the literature could be
attributed to several factors influencing the chemical diversity of essential oils, such as
light, precipitation, growth location, and soil [18].
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Figure 2. Chromatogram of Melissa essential oil.

Table 1. Primary components detected in Melissa essential oil.

No. NAME R. Time Composition %

1 2,6-OCTADIENAL,3,7-DIMETHYL 20.005 20.40

2 Citral 21.495 19.64

3 Caryophyllene 27.183 9.28

4 Geranyl acetate 25.788 7.33

5 Caryophyllene oxide 33.622 6.85

6 Citronellal 15.68 6.58

7 Linalool 13.413 6.00

2.3. Thickness

Table 2 presents the results that were obtained for the average thickness of the edible
film samples. The thickness values varied between 0.061 and 0.073 mm by the incorporation
of MOEO. Control film (B) had the lowest value of thickness (0.061 mm); however, the
highest value (0.073 mm) was observed in PC40 with a maximum concentration (0.2%)
of MOEO. The results demonstrate that incorporating MOEO in pectin–collagen-based
hydrogel films had a significant (p > 0.05) effect on the resultant film thickness. The
observed increase in thickness may be attributed to the incorporation of oil into the film
matrix, which consequently led to the generation of microdroplets owing to the oil’s
hydrophobic properties [19]. In our prior research, the incorporation of ginger essential oil
had an impact on the thickness of hydrogel films composed of chitosan and porphyran [20].

8



Gels 2023, 9, 511

Table 2. Thickness, mechanical, and barrier properties of edible film samples loaded with MOEO.

Film Samples Thickness (mm) Elongation at
Break (%)

Tensile Strength
(MPa)

Water Vapor
Permeability

(g mm/m2 h kPa)

Moisture Content
(%)

B 0.061 ± 0.005 a 27.36 ± 1.94 a 8.12 ± 0.68 a 0.676 ± 0.02 a 29.92 ± 0.53 a

PC20 0.068 ± 0.005 ab 30.24 ± 2.23 bc 3.48 ± 0.11 b 0.569 ± 0.04 b 28.30 ± 0.57 b

PC30 0.072 ± 0.008 b 34.97 ± 3.76 cd 2.37 ± 0.21 c 0.536± 0.05 b 26.55 ± 0.23 c

PC40 0.073 ± 0.006 b 36.29 ± 2.80 d 1.25 ± 0.16 d 0.327 ± 0.01 c 25.16 ± 0.83 c

The values with different letters (a, b, c, and d) inside a column indicate significant differences (p < 0.05).

2.4. Mechanical Attributes

The mechanical properties of biopolymer films are commonly evaluated through the
measurement of TS and EAB. The mechanical resistance of a film is attributed to cohesive
forces between chains, which is represented by its tensile strength. On the other hand, the
flexibility of a film, or its capacity to elongate before breaking, is evaluated through its
elongation at break. The concurrent study of tensile strength and elongation at break is
necessary due to the structural characteristics of films, whereby those with high tensile
strength typically exhibit low elongation at break [21].

Table 2 represents the values for the mechanical properties, including TS and EAB
of pectin–collagen-based composite films loaded with MOEO. The study found that the
tensile strength varied between 8.12 and 1.25MPa, with the control film exhibiting the
highest value and PC40 exhibiting the lowest value. The values of elongation at the break
exhibited significant variation (p < 0.05) ranging from 27.36 to 36.29%. The control film
(B) demonstrated the lowest value, while the PC40 film showed the highest value. The
incorporation of MOEO into the biopolymer network decreased TS caused mostly by
intra- and inter-molecular interactions [13]. The observed enhancement in the EAB can
be attributed to the incorporation of MOEO, which acted as a plasticizer and facilitated
the mobility of polymer chains, thereby imparting flexibility to the films [22]. The results
of the present study are consistent with those reported by Al-Harrasi et al. [20], wherein
the incorporation of ginger essential oil into chitosan and porphyran-based composite film
resulted in a reduction in tensile strength.

2.5. Barrier Properties

The water vapor permeability (WVP) and moisture content of hydrogel-based films
made of pectin and collagen and loaded with different concentrations of MOEO were
assessed. The results indicated that the control film sample (B) without the addition of
MOEO showed higher values for WVP as compared to the film samples loaded with oil
(Table 2). The WVP of the film samples decreased from 0.676 to 0.327 (g mm)/(m2 h kPa)
with increasing concentrations of MOEO. This behavior of the films could be due to
the hydrophobicity of the MOEO causing the inhibition of water permeability, since the
Tween 80 has a hydrophilic character. The water WVP of the film could be affected by the
hydrophilic–lipophilic ratio of the film matrix, as water diffuses through the hydrophilic
section of the matrix [23]. In addition, the reduced WVP of the films could be ascribed
to the crosslinking between the polymer chains and reduced chain mobility with the
addition of MOEO and Tween 80, resulting from the filling of empty spaces in the film
matrix [24]. Similar findings were reported by Almasi et al. [23], wherein the pectin-based
hydrogel films resulted in to decrease in the permeability of water vapors when loaded
with marjoram essential oil nanoemulsions.

Assessment of the moisture content is a crucial parameter because it affects the me-
chanical, barrier, and sensory characteristics of the films. The film samples that were loaded
with MOEO exhibited a lower level of moisture content in comparison to the control film, as
indicated in Table 2. The moisture content decreased from 29.92 to 25.16% with increasing

9



Gels 2023, 9, 511

concentrations of the oil in the film samples. The findings of the present investigation are
consistent with those obtained by Nisar et al. [25], who found that the incorporation of
clove bud essential oil into edible films based on citrus pectin resulted in a decrease in the
amount of water present in the films.

2.6. Transparency and Color Analysis

The transparency of the edible films is an important parameter as it affects the visual
appearance of the food products. The percentage transparency values varied significantly
(p < 0.05) from 90.37 to 82.80% with the addition of oil in the films. The transparency of the
control film (B) was highest, while the film sample, PC40 with the highest concentration of
oil exhibited the lowest transparency. The reduction in transparency after the inclusion of
MOEO may be attributed to the presence of colorful constituents within the oil [20]. The re-
sults of the current investigation are consistent with those reported by Scartazzini et al. [26],
wherein a decrease in transparency was noted upon the incorporation of mint essential oil
into films.

The color parameters of different film samples loaded with varying concentrations of
MOEO are presented in Table 3. The lightness (L*) of the film samples slightly increased
with higher MOEO concentration, but there were no significant differences observed in the
values of the lightness of different samples. The inclusion of MOEO resulted in notable
changes in the yellowness (b*) (0.95–1.57) of the film samples. The increase in the yellow
color may be associated with the existence of various pigments within MOEO. Furthermore,
a significant difference was detected in the a* redness values of the film samples. In addition,
a higher ∆E* value was associated with a higher amount of MOEO; for instance, PC40 had
the highest value of ∆E (1.90), and B film (control film) had the lowest value (0.85). These
results demonstrated that the addition of MOEO changed the color characteristics of pectin-
collagen-based composite films. Similar findings were reported by Al-Harrasi [20] et al.,
indicating that the incorporation of essential oil increased the yellowness of the edible films.

Table 3. Color parameters of different edible film samples loaded with MOEO.

Film Samples Transparency (%) L a* b* ∆E*

B 90.37 ± 0.55 a 95.82 ± 0.05 a −0.10 ± 0.01 a 0.95 ± 0.07 a 0.85 ± 0.07 a

PC20 87.30 ± 0.28 b 96.07 ± 0.02 a −0.15 ± 0.02 b 1.32 ± 0.13 b 1.16 ± 0.08 b

PC30 84.33 ± 0.55 c 96.52 ± 0.34 a −0.17 ± 0.01 b 1.57 ± 0.27 bc 1.63 ± 0.01 c

PC40 82.80 ± 0.75 c 96.54 ± 0.46 a −0.23 ± 0.02 c 1.57 ± 0.06 c 1.90 ± 0.01 d

The values with different letters (a, b, c, and d) inside a column indicate significant differences (p < 0.05).
L: lightness, a*: green-red color, b*: blue-yellow color, and ∆E*: overall color variation.

2.7. Scanning Electron Microscopy (SEM)

SEM analysis can offer a comprehensive depiction of the surface texture of the film,
which can help to determine its roughness, porosity, and other surface properties. SEM
images of the prepared film samples with and without the addition of MOEO are pre-
sented in Figure 3. The surface morphology of the control film sample was observed
as homogeneous, with cracks and microscopic particles all over the surface. PC20 film
sample with 0.1% concentration of MOEO showed a rough surface with fewer cracks and
particles across the surface. However, PC30 and PC40 film samples with the higher MOEO
concentrations of 0.15 and 0.2%, relatively had homogeneous structures, and the oil was
uniformly dispersed in the film matrix. Tween 80 stabilizes the oil-in-water emulsion, and
the uniform dispersion of the oil in the film matrix could be due to the addition of the
highest concentrations of Tween 80 in the PC 40 film sample. Overall, the SEM analysis
revealed that films loaded with different concentrations of MOEO showed a more homo-
geneous structure with less numbers of particles, cracks, and pores as compared to the
control films sample. The observed surface properties of the films may be attributed to the
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intermolecular interaction among the constituents that contribute to film formation, such
as polymers, oil, and plasticizer.
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2.8. X-ray Diffraction (XRD) Analysis

XRD analysis is an important tool for the characterization of edible films, as it can
provide valuable information about their crystalline structure and properties, which is
essential for their development and optimization. Figure 4 depicts an overlay of XRD
diffraction peaks and intensities for different edible film samples loaded with MOEO. The
XRD analysis indicated that the samples exhibit peaks at similar positions, although with
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differing intensities. The distinctive peaks of film samples loaded with MOEO and control
were observed at position 21 of 2θ. It was observed that each of the film samples displayed
a significant amorphous phase. The present research indicates that there is a reduction
in the crystalline nature of the films as the concentration of MOEO increased. The tensile
strength of edible film samples can be significantly influenced by their crystallinity. In
general, a higher degree of crystallinity in the film leads to a higher tensile strength, while
a more amorphous structure leads to a lower tensile strength.
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Figure 4. X-ray diffraction analysis of B (control), PC20 (containing 0.1% MOEO), PC30 (containing
0.15% of MOEO), and PC40 (containing 0.2% MOEO).

2.9. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

FTIR analysis provides information about the interactions among functional groups
of film constituents. The FTIR pattern of the film samples based on pectin and collagen
containing different concentrations of MOEO is shown in Figure 5. The 3300 cm−1 region
band peaks reflected OH stretching bonds. Inter-molecular or intramolecular hydrogen
bonds express the stretching vibration of OH [13]. The O=C=O stretching vibrations were
responsible for the peak at the 2389 cm−1 region. The active films containing MOEO
exhibited bands in those areas, suggesting that MOEO was linked to the biopolymers
comprising film matrix, as depicted in Figure 5 [27]. The band at 2274 cm−1 was linked
to the N=C=O isocyanate group, whereas the band at 1170–1220 cm−1 was linked to the
C–O stretching vibrations. The stretching vibrations of –OH and hydrogen bonding among
the hydroxyl groups of the film-forming components can be indicated by a broad peak
observed in the 3600–3200 cm−1 range [28]. Films loaded with MOEO showed an increase
in the peak intensities of (–OH) stretching as compared to the control film sample, which
indicates the formation of new hydrogen bonds with the addition of oil in the film matrix.
Furthermore, alterations in the FTIR spectrum were noted in oil-loaded samples, resulting
in the appearance of new characteristic peaks (Figure 5). In general, the FTIR examination
demonstrated the interaction among the functional groups of the film-forming constituents.
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2.10. Antioxidant Activities of the Hydrogel-Based Films

Edible films that contain essential oils or plant extracts exhibit promising antioxidant
characteristics and offer a natural substitute for synthetic antioxidants. Additionally, these
films enhance the sensory attributes, life expectancy, and overall quality of food products.
The prepared hydrogel-based films containing MOEO were assessed for their antioxidant
properties by using DPPH and ABTS assays. The results of the present investigation are
shown in Figure 6, which indicate a rise in the DPPH and ABTS radical scavenging activity
of the hydrogel-based films when loaded with MOEO. The highest DPPH and ABTS
radical scavenging activity was shown by the PC40 film sample loaded with the highest
concentration of MOEO; however, the lowest antioxidant activity was observed in the
control film sample. The DPPH and ABTS radical scavenging activity in the film samples
was enhanced with the addition of MOEO, increasing from 18.56 to 59.03% and from 64.31
to 73.75%, correspondingly. The improvement observed in the antioxidant activity of the
films may be attributed to the existence of phenolic compounds in the MOEO.

Sani et al. [14] also reported similar results in which the sodium caseinate-based
edible films possessed higher antioxidant activity when incorporated with a combination
of zinc oxide nanoparticles (ZnONPs) and microcapsules of MOEO. Furthermore, many
researchers have shown an increase in the antioxidant potency of edible films upon the
incorporation of essential oils [28–30].
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indicate significant differences (p < 0.05).

3. Conclusions

The Melissa officinalis essential oil (MOEO) appears as an interesting ingredient for the
formulation of pectin and collagen composite-based hydrogel films. MOEO-loaded films
showed more elasticity and thickness; however, the tensile strength and transparency were
lower. The addition of the highest concentration (0.2%) of MOEO improved the barrier and
antioxidant properties of the hydrogel-based films. The findings of the present investigation
indicate that composite hydrogel films composed of pectin and collagen loaded with MOEO
exhibit promising prospects as a viable food packaging material. However, more research
is needed to enhance the mechanical and optical properties of the prepared films.

4. Materials and Methods
4.1. Material Procurement

Biopolymers including pectin and collagen with a purity of 95% were purchased
from SRL Pvt. Ltd., Mumbai, India. The plasticizer (glycerol) was obtained from BDH
Laboratory located in London, England. The Melissa oil used in this study was sourced
from Nature Natural, a company based in Ghaziabad, India, and was identified by the
batch number NNIMEEO/154/0821.

4.2. Film Preparation

The film-forming solutions of pectin (1.5% w/v) and collagen (1% w/v) were prepared
separately by using distilled water. After the complete dissolution of polymers in distilled
water, both solutions were blended. The solution was distributed in four labeled beakers (B,
PC-20, PC-30, and PC-40), and concentrations of Tween 80, MOEO, and glycerol were added
in the film-forming solutions, as shown in Table 4. The resultant solutions were eventually
transferred into the respective Petri dishes and then subjected to drying at suitable room
temperature conditions. Finally, the films were peeled and stored for further analysis.
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Table 4. The composition of the film-forming solution for different samples.

Film Samples Film Forming Components

B/Control (1.5%) Pectin (w/v) + 1% Collagen (w/v) + (1.25%) Glycerol (v/v)

PC20 (1.5%) Pectin (w/v) + 1% Collagen (w/v) + (1.25%) Glycerol (v/v) + (0.2%) Tween 80 (v/v) + (0.1%)
MOEO (v/v)

PC30 (1.5%) Pectin (w/v) + 1% Collagen (w/v) + (1.25%) Glycerol (v/v) + (0.3%) Tween 80 (v/v) + (0.15%)
MOEO (v/v)

PC40 (1.5%) Pectin (w/v) + 1% Collagen (w/v) + (1.25%) Glycerol (v/v) + (0.4%) Tween 80 (v/v) + (0.2%)
MOEO (v/v)

4.3. Chromatographic (GC/MS) Analysis

Gas Chromatography–Mass Spectrometry (GCMS) analysis was performed to deter-
mine the composition of MOEO using GCMS-QP-2010 Plus Gas chromatograph Mass
Spectrometer, Shimadzu, Japan. Sample size and GCMS conditions such as oven temper-
ature, ramp rate, split ratio, the flow rate of Helium, and temperature of the ion source
and injector were used as reported in our previous study [31]. The analysis was performed
by similarity searches in the National Institute of Standards and Technology (NIST) mass
spectra database with the obtained pure mass spectrum of each component.

4.4. The Thickness of the Films

The sample thickness (in mm) was determined by digital micrometer (Yu-Su 150,
Yu-Su Tools, Shanghai, China). Five different measurements from different positions were
obtained from each film sample, and the mean value was calculated.

4.5. Mechanical Testing

A texture analyzer (XT plus, Stable Micro Systems, Godalming, UK) was used to assess
the mechanical strength of the films using the ASTM D882 standard method [32]. Tensile
strength (MPa) and elongation at break (%) of the prepared samples were evaluated. The
equations utilized in the determination of TS and EAB are as follows.

TensileStrength(TS) = (
F
A
) (1)

The variable F denotes the maximum force, while A stands for the cross-sectional area
of the film.

Elongationatbreak(EAB)(%) =
L f − Li

Li
× 100 (2)

The symbol Li represents the initial length of the film, while Lf denotes the length of
the film in millimeters at the point of break.

4.6. Water Vapor Permeability (WVP)

The WVP of the film samples was determined by Erdem et al. [33]. The measured
WVP of the films was calculated using Equation (3):

WaterVaporPermeability =
∆m

∆t × ∆P × A
× d (3)

The above equation involves the representation of ∆m/∆t, which denotes the amount
of moisture gained per unit of time. The variable A represents the surface area of the film
in square meters. The symbol ∆P denotes the disparity in water vapor pressure across the
film, measured in kPa. Lastly, the letter d signifies the thickness of the film in millimeters.
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4.7. Moisture Content (MC)

The gravimetric method was used to determine the MC of the film samples by subject-
ing them to drying at 105 ◦C. The weight variation among films was determined using the
following equation:

MoistureContent =
W1 − W2

W1
× 100 (4)

where W1 and W2 represent the weight before and after drying of the films.

4.8. Transparency and Color Analysis

The light transmission of the prepared films was quantified at 550 nm wavelength
using an ONDA-Vis spectrophotometer, V-10 Plus, ONDA, Padova, Italy. Film strips were
placed in a spectrophotometer test cell, and the transparency of the films was determined
as per the methodology described by Zhao et al. [34].

A Konica Minolta colorimeter (Konica Minolta, Tokyo, Japan) was utilized to perform
color analysis of the film samples. The L*, a*, and b* parameters were measured on a
reference plate with a lightness value of 100. The analysis was conducted at different points
on the surface of the films. The equation utilized for the computation of the overall color
variation is as follows:

∆E∗ = [(∆L∗) 2 + (∆a∗)2 + (∆b∗)2
]1/2

(5)

L: lightness, a*: green-red color, b*: blue-yellow color, and ∆E*: overall color variation.

4.9. Scanning Electron Microscopy (SEM)

The surface, as well as cross-sectional microstructural features of the films, was in-
vestigated using scanning electron microscopy (SEM) (JSM6510LA, Analytical SEM, Jeol,
Tokyo, Japan) following the procedure as per our previous study [31].

4.10. X-ray Diffraction (XRD) Analysis

The percentage of crystallinity of the samples was recorded by an X-ray diffractometer
(Bruker D8 Discover, Billerica, MA, USA) running with copper (Kα) radiation (1.5418 Å),
40 kV. Samples were analyzed between 2θ = 5◦ and 2θ = 50◦ at the rate of 0.500 s/point.

4.11. FTIR Spectra Analysis

The study employed an Infrared Tensor 37 instrument (InfraRed Bruker, Ettlingen,
Germany) to evaluate the chemical interaction among the constituents of the film matrix.
The Fourier Transform Infrared Spectroscopy (FTIR) instrument was configured to conduct
32 scans across a wide spectral region spanning from 400 to 4000 cm−1.

4.12. Antioxidant Activity

The free radical scavenging capability of the film samples was determined by using
the DPPH and ABTS radical scavenging activity. The antioxidant activity of DPPH was
studied as per the procedure described earlier by Brand-Williams et al. [35], utilizing 50 mg
of film samples. The measurement of absorbance was conducted at a wavelength of 517 nm
utilizing an ONDA Vis spectrophotometer. The outcomes were expressed as a percentage
of inhibition. The antioxidant potential was assessed by using the chromogenic compound
ABTS as per the procedure followed by Re et al. [36], with some minor modifications. The
sample amount of 25 mg was used in the ABTS assay. The measurement of absorbance was
conducted at a wavelength of 734 nm. The outcomes were expressed as a percentage of
inhibition and were derived from an average of three measurements.
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4.13. Statistical Analysis

The results were presented as mean ± SD of the triplicated determinations and were
analyzed through a one-way analysis of variance using a statistical software package (SPSS
ver. 17.0, SPSS Inc., Chicago, IL, USA). The current study presents results as the average
and standard deviation (SD) of three separate measurements. The means were compared
using Duncan’s test at a significant level of 5%.
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Abstract: Several studies have reported the advantages of incorporating essential oils in hydrogel-
based films for improving their physiochemical and antioxidant attributes. Cinnamon essential
oil (CEO) has great potential in industrial and medicinal applications as an antimicrobial and an-
tioxidant agent. The present study aimed to develop sodium alginate (SA) and acacia gum (AG)
hydrogel-based films loaded with CEO. Scanning Electron Microscopy (SEM), X-ray diffraction
(XRD), Fourier-transform infrared spectroscopy (FTIR), Differential scanning calorimetry (DSC), and
texture analysis (TA) were performed to analyze the structural, crystalline, chemical, thermal, and
mechanical behaviour of the edible films that were loaded with CEO. Moreover, the transparency,
thickness, barrier, thermal, and color parameters of the prepared hydrogel-based films loaded with
CEO were also assessed. The study revealed that as the concentration of oil in the films was raised,
the thickness and elongation at break (EAB) increased, while transparency, tensile strength (TS),
water vapor permeability (WVP), and moisture content (MC) decreased. As the concentration of CEO
increased, the hydrogel-based films demonstrated a significant improvement in their antioxidant
properties. Incorporating CEO into the SA–AG composite edible films presents a promising strategy
for producing hydrogel-based films with the potential to serve as food packaging materials.

Keywords: sodium alginate; hydrogel polymer; acacia gum; cinnamon essential oil; edible hydrogel-
based films; food packaging

1. Introduction

Recent developments in the food packaging industry have revealed that biopolymer-
based edible films have great potential to replace plastics. The different characteristics
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of edible films, such as their non-toxicity, biodegradability, and safety, make them a fea-
sible option for food packaging material [1]. Hydrogels are used in a broad range of
applications due to their characteristic properties such as hydrophilicity, non-toxicity, and
biocompatibility [2–4]. Sodium alginate (SA) is a natural hydrophilic polysaccharide and
has been used in the fabrication of biopolymer films due to its excellent film-forming
properties [5–7]. Sodium alginate-based edible films have demonstrated superior mechani-
cal properties along with good transparency [8]. Sodium alginate is a common hydrogel
polymer that tends to form hydrogel via substituting sodium ions of the guluronic acid
residues. Despite their good mechanical properties, edible films made from sodium alginate
are limited by their high hydrophilicity and poor heat stability [9]. Combining SA with
various other polymers is one approach that has been investigated extensively to overcome
these challenges.

Acacia gum, also known as gum Arabic, is a gummy exudate obtained from the
branches and trunk of the Acacia senegal and Acacia seyal plant species [10]. AG is a water-
soluble, highly branched polysaccharide extensively used as a thickener, stabilizer, and
emulsifier in the food industry [11]. It has been employed in the production of edible films
due to its biocompatibility, renewability, non-toxicity, pH stability, low cost, high solubility,
and gelling properties [12]. AG can be used to make edible films; however, it poses several
challenges, such as its poor mechanical attributes, its high hydrophilicity, and its poor
barrier features [13]. However, the preparation of composite films consisting of SA and AG
could be an option to enhance the physiochemical properties of the resulting films. Over
the past few years, numerous studies have highlighted the advantages of incorporating
bioactive compounds such as essential oils in edible films for improved physiochemical
and antioxidant attributes [14–16]. In the current study, cinnamon essential oil (CEO) was
incorporated in the SA–AG composite hydrogel-based films due to its vast industrial and
medicinal applications, such as antimicrobial and antioxidant agents [17]. The essential
oil of cinnamon has a variety of significant chemical constituents, the most prominent of
which are the compounds aldehyde and alcohol, along with trans-cinnamaldehyde and
eugenol [17–19]. Zhou et al. [20] studied the physiochemical properties of cassava starch-
based edible films that were loaded with cinnamon essential oil. After the assessment, it
was found that the films’ barrier properties, crystallinity, and elongation at break (EAB)
were considerably enhanced and that there was also an improvement in their thermal
stability [20].

Given its antimicrobial and antioxidant characteristics, cinnamon is widely acknowl-
edged as a safe food preservative [21]. The objective of the current study is to assess the
physiochemical and antioxidant properties of composite hydrogel-based films based on SA
and AG, which have been loaded with varying concentrations of cinnamon essential oil.

2. Results and Discussion
2.1. Visual Assessment of the Films

The visual assessment of edible films is necessary to determine the overall quality,
appearance, and uniformity of the film structure. This is a crucial aspect for visually
assessing hydrogel-based films in terms of their functionality and acceptance by consumers.
The visual appearance of the films can impact the consumer perception of the product’s
quality and visual defects such as tears, pores, poor mechanical strength, and inconsistencies
in thickness. The visual appearance of the SA–AG composite edible films loaded with
CEO is shown in Figure 1. In general, as the amount of CEO in the film increased, a less
transparent appearance of the film was observed in comparison with the control film. The
incorporation of oil resulted in a slightly yellow appearance of the films. The control
film sample showed good uniformity and was more transparent compared with film
samples that were loaded with oil. However, the CEO-loaded films had good flexibility and
physical attributes compared with the control. Moreover, different factors can impact the
visual characteristics of the films such as the film composition, the preparation technique,
handling, and storage conditions.
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Figure 1. Visual assessment of SA–AG-based composite edible films; AC-1/Control, AC-2 contains
15 µL of CEO, AC-3 contains 20 µL of CEO, and AC-4 contains 30 µL of CEO.

2.2. Thickness of the Films

The thickness of edible films can vary depending on the type of material and the
process used for the preparation. The composite hydrogel-based films based on SA and AG
were examined for thickness measurement and the results are presented in Table 1. The
control (AC-1) showed minimum thickness (0.065mm) compared with the samples loaded
with CEO. The incorporation of the CEO in films significantly increased the thickness from
0.065 to 0.11 mm, with the maximum thickness in the AC-4 sample containing the maximum
concentration (30 µL) of the CEO, followed by AC-3 and AC-2. The increase in the thickness
could be due to the increase in the viscosity of the film-forming solution with the addition
of CEO. Zhou et al. [20] also reported similar results, where the thickness of cassava starch-
based films increased when the concentration of the CEO increased. Thickness also affects
other parameters, such as mechanical and barrier properties, as well as the transparency
and visual appearance of the films. Therefore, the thickness of biopolymer-based edible
films is an important factor that needs to be carefully controlled during the preparation of
the films to achieve optimal properties for their intended application.

Table 1. The thickness, tensile strength, elongation at break, moisture content and water vapor
permeability of SA–AG hydrogel-based films.

Film
Sample

Thickness
(mm)

Tensile
Strength

(Mpa)

Elongation
at Break (%)

Moisture
Content (%)

Water Vapor
Permeability

((g * mm)/(m2 *
h * kPa))

AC-1 0.065 ± 0.006 a 9.82 ± 0.41 a 7.57 ± 0.45 a 18.52 ± 0.41 a 0.424 ± 0.018 a

AC-2 0.075 ± 0.006 a 7.31 ± 0.65 b 12.24 ± 0.60 b 18.18 ± 0.39 ab 0.405 ± 0.007 a

AC-3 0.098 ± 0.005 b 5.59 ± 0.27 c 14.94 ± 0.79 c 17.89 ± 0.59 bc 0.390 ± 0.015 b

AC-4 0.110 ± 0.006 c 3.49 ± 0.02 d 18.41 ± 0.60 d 17.03 ± 0.08 c 0.353 ± 0.004 c

Means carrying the same letters are significantly identical (p > 0.05).

2.3. Mechanical Properties of the SA–AG-Based Films

Hydrogel-based films can be prepared from various materials such as proteins, carbo-
hydrates, and lipids that have different mechanical properties. The mechanical properties
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of the edible film can be modified by changing the composition of the film or the processing
conditions. In the current study, TS and EAB parameters were assessed to evaluate the
mechanical properties of the SA–AG composite edible films. The TS of the edible films
showed a significant decrease (9.82–3.49 Mpa) when increasing the concentration of the
CEO. The minimum TS (3.49 Mpa) was observed in the AC-4 film sample with a maximum
concentration (30 µL) of CEO, while the blank AC-1 had the maximum value (9.82 Mpa)
(Table 1). Wu et al. [22] showed similar results, where the TS of the gelatin-based films
decreased when increasing the concentration of the CEO. The tensile strength can be influ-
enced by several factors such as polymer/plasticizer/other additive type and proportion,
as well as their respective interaction with each other.

The results of the EAB of the analyzed SA–AG-based film samples are shown in Table 1.
The EAB of the SA–AG-based films significantly increased from 7.57 to 18.41% with the
addition of the CEO. The maximum and the minimum EAB values were found in AC-4
and AC-1, respectively. The increase in the EAB of the hydrogel-based films could be due
to the addition of the CEO, as the oil acts as a plasticizer and makes films more flexible and
less brittle. The results of the present study are in line with Wu et al. [23], who reported an
increase in the EAB with the addition of CEO nanoliposomes in the gelatin films. Moreover,
different factors affect the EAB of the edible films such as the concentration of the added
bioactive compounds, the composition of the film-forming solution, and the conditions and
method used for the preparations of films.

2.4. Moisture Content

The moisture content in edible films is an important factor to consider as it can affect
the quality, safety, and shelf life of the food. Generally, the moisture content should be low
to prevent microbial growth and maintain the structural integrity of the film. In the current
study, the SA–AG-based film samples showed a slight decrease from 18.52% to 17.03% in
moisture content with the addition of the CEO. The minimum MC (17.03%) was found
in the AC-4 sample, followed by AC-3 (17.89%) and AC-2 (18.18%), while the maximum
value for MC was observed in the control. The decrease in the moisture content of the films
when increasing the concentration of the CEO could be due to the hydrophobic nature
of the added oil. Jamróz et al. [24] reported a decrease in the moisture content of edible
films, based on starch-turbellarian-gelatin, when incorporated with tea tree essential oil.
Furthermore, sodium alginate-chitosan-based edible films showed similar behaviour when
loaded with bitter orange oil [25].

2.5. Water Vapor Permeability

In edible films, water vapor permeability (WVP) significantly impacts the shelf life
and the quality of the packed food product. The WVP of an edible film is dependent on
the properties of the film-forming material, such as its composition and structure. The
environmental conditions, such as the temperature and humidity of the storage environ-
ment, can also affect the WVP of the hydrogel-based films. A lower WVP is desirable for
certain applications as it slows down moisture migration and increases the shelf life of
the product. The water vapor permeability of the SA–AG composite films significantly
decreased with the addition of the CEO (Table 1). The maximum WVP (0.424) was ex-
hibited by the control compared with the film samples loaded with the CEO. The AC-4
sample showed the minimum WVP (0.353), followed by the AC-3 (0.390) and AC-2 (0.405)
samples. The decrease in the WVP could be due to the hydrophobicity of the CEO, which
resulted in better barrier properties for the hydrogel-based films regarding water vapor
permeability. The results of the current study are in line with the findings of Suput et al. [26]
and Sánchez-González et al. [27]. Furthermore, the WVP of the edible films also depends
on the type of polymers used, the concentration of the oil, and the preparation technique
and conditions.
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2.6. Transparency and Color Parameters

Transparency and color parameters are important factors as they affect the visual
appearance, freshness, and quality parameters of food products. In the current study,
the SA–AG composite hydrogel films incorporated with the CEO were examined for
transparency and color parameters, including Lightness (L), a*, b*, and delta E. The addition
of oil had a significant impact on the transparency of the films (Table 2). The transparency
decreased from 79 to 21% with the addition of oil; the maximum was observed in the
control (AC-1) and the minimum was shown by the AC-4 sample, which contained the
maximum concentration of the CEO. The results of the current study are in accord with
the findings of a previous study, in which the transparency of starch-based films decreased
with the addition of oregano and black cumin essential oil [26].

Table 2. Transparency and color parameters of SA–AG hydrogel-based films.

Film Sample Transparency (%) L a* b* ∆E*

AC-1 79.99 ± 0.62 a 96.05 ± 0.12 a −0.08 ± 0.02 a 0.94 ± 0.08 a 0.85 ± 0.09 a

AC-2 73.85 ± 2.04 b 94.40 ± 0.07 b 0.03 ± 0.03 b 2.68 ± 0.11 b 2.98 ± 0.10 b

AC-3 64.02 ± 1.05 c 92.39 ± 0.30 c 0.05 ± 0.02 b 3.42 ± 0.47 c 4.36 ± 0.43 c

AC-4 21.23 ± 2.27 d 91.64 ± 0.15 d 0.26 ± 0.05 c 4.97 ± 0.52 d 5.04 ± 0.54 c

Means carrying the same letters are significantly identical (p > 0.05). L: lightness, a*: green-red color, b*: blue-
yellow color, ∆E*: overall color variation.

The SA–AG based films showed a slight decrease in Lightness (L), from 96.05 to 91.64%,
with the addition of oil. The b* value of the films varied from 0.94 to 4.97, whereases the a*
value ranged from 0.08 to 0.26. As mentioned in Table 2, the films showed (b*) yellowness
as the concentration of the CEO increased, with a maximum b* value (4.97) in the AC-4
sample. The significant variation of ∆E values (0.85–5.04) also validates the overall color
alterations in the films with the addition of oil. Essential oils contain a complex mixture of
polyphenolic components that tends to absorb light, which can ultimately impact the color
attributes of the film. Zhou et al. [20] reported a similar behavior in which the color of the
cassava starch-based films changes to yellow with the addition of cinnamon essential oil.
Furthermore, Tongnuanchan et al. [28] and Atarés et al. [29] reported similar results.

2.7. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a technique that is used to observe the surface
structure of materials at high magnification. In the case of edible films, SEM is used to study
their physical characteristics, such as their microstructure, uniformity, compactness and
surface texture. SEM imaging can also help to identify any defects in the film, such as cracks,
pores, or voids, that could impact its functionality and performance as food packaging. The
SEM results of the SA–AG film samples with the added CEO are shown in Figure 2. The
control film (AC-1) containing SA and AG without the CEO showed a structure with some
pores on the film surface, compared with the films loaded with CEO. The protrusion can
also be observed in the cross-section image of the AC-1 sample. The randomly distributed
oil drops can be observed on the film surface of the AC-2 sample. The roughness of the
AC-2 film samples could be linked to the agglomeration that resulted from the irregular
distribution of hydrophobic components during the film-forming procedure. The most
uniform dispersion was observed in the AC-4 sample, which contained the maximum
concentration of the CEO. The film samples incorporated with the CEO showed smooth
surfaces with a fewer number of particles, homogeneous structures, and no pores and cracks.
Zhou et al. [20] also reported similar results, in which the CEO distributed homogeneously
in the polymer matrix of cassava starch-based films. Moreover, the interaction between oil
and the film-forming polymers can also influence the SEM appearance, as some polymers
may be more compatible with oil than others.
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Figure 2. Scanning Electron Microscopy of SA–AG hydrogel-based edible films; AC-1/Control, AC-2
contains 15 µL of CEO, AC-3 contains 20 µL of CEO, and AC-4 contains 30 µL of CEO.

2.8. X-ray Diffraction Analysis

XRD analysis of edible films is important because it provides important information
about the structure and composition of the material. XRD provides information about the
crystalline structure of edible films, which provides insight into their mechanical properties,
such as their tensile strength and flexibility. The SA–AG hydrogel-based composite films
loaded with the CEO were examined for their structural characteristics and the resulting
spectrum is shown in Figure 3. A Diffract Eva software package was used to calculate
the crystallinity percentages of the film samples, and the crystallinity percentages of the
AC-1, AC-2, AC-3, and AC-4 samples were found to be 38.1%, 38.7%, 35.4%, and 38.6%,
respectively. All the samples showed characteristic peaks at similar positions with different
intensities due to the variations in the concentration of the oil. However, there was no
difference observed in the crystallinity of the SA–AG composite hydrogel films with the
addition of the CEO. Overall, the XRD patterns showed good compatibility between the
film-forming polymers including SA, AG and CEO.
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2.9. Fourier Transform Infrared Spectroscopy

FTIR provides information about the molecular structure and composition of the film,
it also provides valuable information about the degree of cross-linking in the film, which
affects its mechanical properties and durability. SA and AG composite edible films loaded
with the CEO were analyzed for FTIR and the absorption spectrum is shown in Figure 4.
The broad spectrum at 3305 cm−1 indicates the stretching vibration of the secondary
N-H amide bonds [30]. The characteristic peaks identified at 1410 cm−1 and 1600 cm−1

could have been due to the presence of sodium alginate in the film matrix, representing
the symmetric and asymmetric stretching vibration of the COO-group respectively [31].
Additionally, studies have also reported that characteristic peaks identified at 1400 cm−1

and 2925 cm−1 positions could be due to the presence of sodium alginate [25]. In a previous
study, it was reported that AG exhibited a characteristic peak at 2929 cm−1 in the FTIR
analysis [32]. A study reported the -C=O stretching vibration of the tween 80 carbonyl
group at 1735 cm−1 and 1736 cm−1 during the FTIR analysis [20]. In our current study,
the film matrix exhibited a characteristic peak at 1733 cm−1 that could be ascribed to the
presence of tween 80 in the film matrix; however, a little variation (from 1735 cm−1 to
1733 cm−1) could have been due to the difference in the concentration. A distinctive peak
at 1456 cm−1 corresponding to the phenolic group of cinnamaldehyde was observed in the
FTIR spectrum that indicates the presence of CEO in the film matrix [20]. Overall, the FTIR
analysis showed a good intermolecular interaction between the CEO, SA and AG.
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Figure 4. FTIR spectrum of SA–AG hydrogel-based edible films; AC-1/Control, AC-2 contains 15 µL
of CEO, AC-3 contains 20 µL of CEO and AC-4 contains 30 µL of CEO.

2.10. DSC Analysis

The thermal stability of edible films refers to their ability to maintain their physical,
chemical, and structural properties when exposed to elevated temperatures. Thermal
stability is a critical factor for the performance and functionality of edible films, as it affects
their shelf life and suitability for various food packaging applications. DSC analysis can be
used to evaluate the thermal stability of edible films by measuring the temperature and
heat flow during heating or cooling cycles. The DSC thermograms of the SA–AG-based
composite films are shown in Figure 5. The AC-2, AC-3, and AC-4 films incorporated
with CEO presented one broad endothermic peak at 70–128 ◦C, 72–126 ◦C, and 51–118 ◦C,
respectively. This endothermic peak can be attributed to the evaporation of the residual
solvent (water) that was used during the production of composite films [33,34]. After the
incorporation of oil into the films, the temperature of the endothermic peak increased
significantly in AC-2 and AC-3 samples, but the temperature slightly reduced in the AC-4
sample with a maximum (30 µL) of CEO. As the concentration of CEO was increased, the
peak area of the AC-2, AC-3, and AC-4 samples also increased, indicating that the thermal
stability of the composite films improved due to the addition of EOs. This shift could have
been due to the plasticization effect of oil, which would have raised the free volume within
the polymeric network and mobility of the polymeric chains as reported in the previous
studies [35].
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of CEO, AC-3 contains 20 µL of CEO, and AC-4 contains 30 µL of CEO.

The improved thermal stability of the composite hydrogel-based films indicates that
there were strong intermolecular interactions between the CEO and composite material,
which could potentially influence the mechanical properties of the films. The previous
studies suggested that the incorporation of Origanum vulgare L. and Matricaria recutita
essential oil caused a change in endothermic peaks, indicating the thermal stability of the
polymeric films [36,37].

As per previous reports, the incorporation of Origanum onites L. essential oil reduced
the heat transitions due to evaporation, as evidenced by changes in endothermic peaks.
This could be due to the molecular structure of the essential oil that caused the changes in
the overall chain mobility of the polymer matrix, as reported in previous studies [38,39].

2.11. Antioxidant Potential

The antioxidant activity of hydrogel-based films can help to protect the food packaged
within the film from oxidation, which can cause the food to spoil or lose quality. The
addition of essential oils to edible films can increase their antioxidant potential, and can
help to protect the packaged food from oxidation and extend its shelf life. Essential oils
are concentrated plant extracts that contain a variety of antioxidants, such as phenolic
compounds, terpenes, and flavonoids [40]. In the current study, the antioxidant activity of
the different samples of edible films based on SA and AG was assessed and the results are
shown in Figure 6. The hydrogel-based films showed a significant increase in the DPPH
radical scavenging activity with increasing the concentration of the CEO. Similar results
were obtained for the ABTS radical scavenging activity of the SA–AG-based composite film
samples. The films incorporated with CEO exhibited more antioxidant activity compared
with the control. This could have been due to the presence of different bioactive compounds
in the CEO, primarily cinnamaldehyde, contributing to the overall antioxidant potential
of the edible films [41]. Xu et al. [42] found similar results in which the antioxidant
activity of the chitosan-gum arabic films increased with the addition of CEO. Furthermore,
many studies have reported an increase in the antioxidant activity of edible films when
incorporated with essential oils [43–45].
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Figure 6. Antioxidant activity of SA–AG-based composite edible films; AC-1/Control, AC-2 contains
15 µL of CEO, AC-3 contains 20 µL of CEO, and AC-4 contains 30 µL of CEO.

3. Conclusions

The current study revealed that CEO has the potential to be used for the development
of sodium alginate and acacia gum-based composite films with improved physicochemical
properties at optimal concentrations. The findings of the study are likely to be a valu-
able resource for the development of future edible packaging formulations, as well as for
identifying potential applications for different food products. However, further investiga-
tions can reveal the impact of adding the CEO on the antimicrobial properties of sodium
alginate-acacia gum-based films.

4. Materials and Methods
4.1. Film-Formation

SA and AG were provided by Sisco Research Laboratories (SRL), Mumbai, India.
1.5% (w/v) solution of SA and a 0.5% (w/v) solution of AG were prepared separately
by dissolving the polymers in distilled water and stirring them overnight for complete
solubilization at the magnetic stirrer. After complete solubilization, both solutions were
subjected to mixing with the gradual addition of 1% glycerol (BDH Laboratory, London,
England) as a plasticizer. The resultant solution was subjected to stirring for 3 h at a
magnetic stirrer. The obtained film-forming solution was divided equally into four beakers
and labelled as AC-1, AC-2, AC-3, and AC-4. Subsequently, different concentrations (15 µL,
20 µL and 30 µL) of the CEO (Nature Natural, Ghaziabad, India) were added to AC-2,
AC-3, and AC-4 samples, respectively, while the AC-1 sample without the addition of the
CEO was used as a control sample. Additionally, different concentrations of 30 µL, 40 µL,
and 80 µL of tween 80 (Sisco Research Laboratories, Mumbi, India) were also added as a
surfactant to AC-2, AC-3, and AC-4 samples, respectively, for the uniform dispersion of oil
in the film-forming solution. The obtained solutions were poured onto the labelled petri
plates and left to dry for 48 h at room temperature. After drying, the films were evaluated
visually and subjected to further examination.

4.2. Thickness

To determine the thickness of the films produced, a digital micrometre (Yu-Su 150,
Yu-Su Tools, China) was utilized. The thickness measurements were taken at 5 distinct
positions of the film and an average was calculated.
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4.3. Mechanical Properties

The mechanical properties of the hydrogel films, specifically their tensile strength
(TS) and percentage elongation at break (EAB), were determined using a texture analyzer
(XT plus, Stable Micro Systems, Godalming, England) following the standard ASTM D882
method [46]. For the present test, film strips that were 60 mm long and 7 mm wide were
used. The equations presented below were used to determine the values of the TS and EAB
for the film samples.

TS =

(
F
A

)
(1)

F is the maximum force,
A is the cross-sectional area of the film.

EAB (%) =
Lf − Li

Li
× 100 (2)

Lf is the final length at a break,
Li is the initial length of the film.

4.4. Moisture Content

The hydrogel film strips (3 cm × 4 cm) were examined for their moisture content (MC).
The film strips were dried at 105 ◦C and the difference in weight was calculated before (W1)
and after drying (W2), according to Equation (3).

MC =
W1 − W2

W1
× 100 (3)

4.5. Water Vapor Permeability

The procedure followed by Erdem et al. [47] was used to measure the water vapor per-
meability (WVP) of the films. The relative humidity (RH) of the apparatus was adjusted to
100% and 0% by using water and silica gel, respectively. Hydrogel films were sealed firmly
over the glass test cups (5cm of internal diameter and 3 cm depth) containing silica gel. The
cups were weighed at specific intervals to calculate the weight-gain within a day. Equation
(4) was used to calculate the WVP of the films and represented in g mm/(m2)(d)(kPa).

WVP =
∆m

∆t × ∆P × A
× d (4)

In Equation (4), the ∆m/∆t is the weight of moisture-gain per unit of time. A is the
film area in m2; ∆P is the water-vapor pressure difference between the two sides of the film
in kPa; d is the film thickness in mm.

4.6. Transparency and Color Parameters

The transparency of the SA–AG hydrogel film samples was measured at a wavelength
of 550 nm by using a spectrophotometer (ONDA-Vis spectrophotometer, V-10 Plus, ONDA,
Padova, Italy) according to the method described by Zhao et al. [48].

The surface color analysis of the SA–AG-based films was carried out by using a col-
orimeter (Konica Minolta, Tokyo, Japan), and represented as L* (lightness), a* (red/green),
and b* (yellow/blue). The film samples were placed on the surface of a standard plate
(L* = 100) and the color parameters L*, a*, and b* were calculated. Equation (5) was used to
calculate the ∆E (the overall color difference).

∆E∗ = [(∆L∗)2 + (∆a∗) 2 + (∆b∗)2]
1/2

(5)

4.7. Microstructure of the Films

The microstructure analysis of the prepared hydrogel film samples based on SA–AG
was carried out by using Scanning Electron Microscopy (SEM) (JSM6510LA from Analytical
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SEM, Jeol, Tokyo, Japan). The films were initially mounted on double-sided tape on an
aluminum stub that was coated with a thin layer of gold before the analysis.

4.8. X-ray Diffraction (XRD) Analysis

To determine the crystallinity of the samples, X-ray diffractometer (Bruker D8 Dis-
cover) was used by applying 40 kV voltage with 2 theta ranging from 5–50◦ at a rate of
0.500 s/point, employing copper (Kα) radiation (1.5418 Å).

4.9. Fourier Transforms Infrared Spectroscopy (FT-IR)

FTIR analysis of the SA–AG hydrogel-based films was performed by using an InfraRed
Bruker Tensor 37, Ettlingen, Germany. The obtained spectrum was used to examine the
functional groups and the interactions between film-forming components. The test was
performed with an average of 32 scans, with a wavenumber range from 400 to 4000 cm−1.

4.10. Differential Scanning Calorimetry

DSC measurements were performed using DSC-Q20 instrument (TA instruments,
New Castle, DE, USA). 10 mg of film was hermetically encapsulated in aluminum capsules
and placed in the sampling unit. The sample was heated from 25 ◦C to 200 ◦C at a heating
rate of 10 ◦C/min in a nitrogen-rich atmosphere.

4.11. Antioxidant Analysis

The antioxidant potential of the SA–AG-based films was analyzed using DPPH and
ABTS radical scavenging activities. For the DPPH assay, the method described by Brand-
Williams et al. [49] was followed to carry out the analysis for 50 mg of film samples.
The absorbance was recorded at 517 nm using an ONDA-Vis spectrophotometer. The
obtained results were presented as % inhibition. For the ABTS assay, the methodology of
Re et al. [50] was employed to evaluate the antioxidant activity of the 25 mg of film samples.
The absorbance was recorded at 734 nm and the results that were obtained were presented
as % inhibition as an average of three measurements. The films were directly treated with
radical solutions, vortexed for 30 s and incubated for radical scavenging activity.

4.12. Statistical Analysis

All data in the current study are reported as the mean and standard deviation (SD) of
three distinct assessments. A one-way analysis of variance was conducted using statistical
analysis software, followed by Duncan’s test with a 5% significant level. The purpose of
these analyses was to examine whether the mean values differed significantly.
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Abstract: This work focuses on studying the preparation, characterization (physical, mechanical, op-
tical, and morphological properties as well as antioxidant and antimicrobial activities) and packaging
application of chitosan (CH)-based gel films containing varying empty green pea pod extract (EPPE)
concentrations (0, 1, 3, and 5% w/w). The experiments revealed that adding EPPE to CH increased
the thickness (from 0.132 ± 0.08 to 0.216 ± 0.08 mm), density (from 1.13 ± 0.02 to 1.94 ± 0.02 g/cm3),
and opacity (from 0.71 ± 0.02 to 1.23 ± 0.04), while decreasing the water vapour permeability,
water solubility, oil absorption ratio, and whiteness index from 2.34 to 1.08 × 10−10 g−1 s−1 pa−1,
from 29.40 ± 1.23 to 18.75 ± 1.94%, from 0.31 ± 0.006 to 0.08 ± 0.001%, and from 88.10 ± 0.43 to
77.53 ± 0.48, respectively. The EPPE films had better tensile strength (maximum of 26.87 ± 1.38 MPa),
elongation percentage (maximum of 58.64 ± 3.00%), biodegradability (maximum of 48.61% after
3 weeks), and migration percentages than the pure CH-gel film. With the addition of EPPE, the
antioxidant and antibacterial activity of the film improved. SEM revealed that as EPPE concentration
increased, agglomerates formed within the films. Moreover, compared to control samples, packing
corn oil in CH-based EPPE gel films slowed the rise of thiobarbituric acid and peroxide values. As an
industrial application, CH-based EPPE films have the potential to be beneficial in food packaging.

Keywords: green pea pods; corn oil; chitosan; films; gel

1. Introduction

Packaging is a crucial part of the food industry because it helps with food handling,
storage, transportation, and preservation, as well as protecting against external contami-
nants, preventing substances inside the food from escaping into the surrounding environ-
ment, and reducing food waste [1,2]. Plastic polymers are commonly used for packaging
because they are easy to manufacture, inexpensive, printable, and highly resistant to vari-
ous mechanical and environmental variables [3]. Nevertheless, these packaging substances
are harmful to the environment since they take a long time to disintegrate and present the
danger of releasing chemicals that might affect food quality [4].

Therefore, the use of biodegradable packaging rather than plastic packaging is en-
couraged due to environmental and health concerns. Nowadays, the basic substance
in biodegradable packaging films is usually derived from natural bio-polymers, such as
polysaccharides, lipids, and proteins [5]. These may be recycled, degrade quickly, are
non-toxic, and are environment-friendly [6,7].

Chitosan (CH) is the deacetylated chitin derivative and the second most frequent
polysaccharide found naturally after cellulose. It is a linear polysaccharide composed of
(1,4)-linked 2-amino-deoxy-β-D-glucan [8]. CH has demonstrated benefits in the creation
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of biodegradable films because of its unique characteristics, including ease of film forma-
tion, nontoxicity, good mechanical strength, excellent barrier capacity, antioxidant activity,
biodegradability, and antimicrobial activity [9]. Despite the benefits mentioned above, a
pure CH film is frequently fragile, has low force resistance, and is relatively susceptible to
moisture [10]. Furthermore, continued development of its antioxidant and antibacterial
characteristics is required for active packaging, and therefore, that becomes the focus of
attention over time. Many modification procedures have been presented so far, such as
the addition of antioxidants, antibacterial compounds, and reinforcing agents to either
transmit or enhance certain characteristics of CH-based films [11]. The use of antioxidants
in packaging films has grown in popularity since oxidation is a key issue impacting the
quality of food. Butylated hydroxyl-toluene (BHT) and butylated hydroxy-anisole (BHA)
are the most commonly added antioxidants to active packaging films nowadays [12]. Even
though the great stability, low cost, and efficiency of these artificial antioxidants make
them an effective choice for active food packaging, there are serious concerns about their
toxicological properties [13].

Furthermore, due to the possible health risks posed by these substances, the consumption
of artificial antioxidants is strictly regulated. In order to replace artificial antioxidants with
natural ones, such as polyphenolic compounds, extensive investigations have been done
in this area [14,15]. Several plant extracts have been incorporated into the CH film as a
source of antioxidants, such as murta leaf extract [16], sweet potato extract [17], grape seed
extract [18], banana peels extract [19], soybean seed coat extract [20], pomegranate peel
extract [21], chestnut extract [22], etc., resulting in a boost in the film’s antioxidant properties.

Pea (Pisum sativum), sometimes referred to as “Besela” in Egypt, is an annual crop
grown during the winter [23]. It is one of Egypt’s most significant vegetable crops, and
cooked green seeds are one of the most popular foods consumed. Empty pea pods (EPP),
which make up between 30 and 67% of the entire weight of the pod, are a by-product of
the pea processing sector [24]. Several high-value compounds are abundant in these EPP.
They include a high amount of proteins, dietary fibre (over 50%, mostly water-insoluble),
iron, potassium, and phenolic components [25]. The latter has significant promise and may
be used in the feed, food, pharmaceutical, and cosmetic sectors if it is made from a cheap
resource such as EPP [26]. Although the chemical composition of EPP has been extensively
studied, little is currently known about its polyphenol compounds. Catechin, epicatechin,
gallic acid, and other phenolic components found in abundance in empty pea pod extract
(EPPE) provide EPP with a high antioxidant capacity [25,26].

To the best of our knowledge, no studies have been performed on the use of EPP or
EPPE as a possible natural addition to boost the antioxidant activity of biodegradable film.
Scientific research with the aim of developing active food packaging sheets incorporating
EPPE might provide the pea processing sector with a new functionality and turn EPP
into a very precious resource. Thus, the current study intended to develop an innovative
CH-based active packaging gel film for the first time by incorporating EPPE and to assess
the physical, optical, mechanical, morphological, and biological characteristics of the CH
films produced. The gel films produced were also assessed as a package for oil storage
because of their potential use in slowing the oxidation of corn oil.

2. Results and Discussion
2.1. Physical Properties
2.1.1. Film Thickness and Density

The thickness and density of a formulation are signs of its reliability and the quality
preparation process. The film thickness and density values rose as the concentration of
EPPE in the gel films increased, as indicated in Table 1. The film density and thickness
both changed significantly (p < 0.05). Chitosan gel films that had been supplemented
with 5% EPPE (Ch-5% EPPE) had the maximum film thickness (0.216 ± 0.08 mm) and
density (1.94 ± 0.02 g cm−3), whereas control films had the lowest values of thickness
(0.132 ± 0.08 mm) and density (1.13 ± 0.02 g cm−3) (Table 1). Riaz et al. [27] found a
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similar result, reporting that increasing the amount of apple peel polyphenolic extract in
the chitosan gel matrix enhances film thickness and density. Peng et al. [28] discovered that
with an increased amount of extract added to the film, the interaction between polyphenol
components and CH increases. This increasing interaction causes stronger composite bind-
ing as the space between both the interacting molecules becomes smaller, enhancing film
thickness and density with a rise in the applied EPPE’s concentration in the CH-gel matrix.

Table 1. Thickness (T), density (D), water vapour permeability (WVP), solubility in water (S), and oil
absorption ratio (OAR %) of the chitosan films modified with different percentages of EPPE.

Film Samples
Film Properties

T (mm) D (g/cm3) WVP
(×10−10 g−1 s−1 pa−1) S (%) ORA (%)

Control
(Ch-0% EPPE) 0.132 ± 0.08 d 1.13 ± 0.02 d 2.34 ± 0.04 a 29.40 ± 1.23 a 0.31 ± 0.006 a

Ch-1% EPPE 0.167 ± 0.09 c 1.52 ± 0.03 c 1.58 ± 0.09 b 28.17 ± 1.78 a 0.26 ± 0.004 b

Ch-3% EPPE 0.189 ± 0.06 b 1.75 ± 0.02 b 1.32 ± 0.07 b 22.43 ± 2.11 b 0.15 ± 0.003 c

Ch-5% EPPE 0.216 ± 0.08 a 1.94 ± 0.02 a 1.08 ± 0.06 c 18.75 ± 1.94 c 0.08 ± 0.001 d

Data are presented as mean ± SD. Means with different superscripts (a–d) in lowercase letters in a column are
significantly different at p < 0.05.

2.1.2. Film Water Vapour Permeability (WVP)

A film’s WVP coefficient is a constant value for water vapour permeability at a specific
temperature. A film’s permeability is influenced by its chemical composition, morphology,
type of permanence, and ambient temperature. WVP is a metric that measures how much
moisture may pass through a film. It is more crucial in food preservation to protect a
substance from moisture. The results of an investigation into the water vapour permeability
of CH-gel films containing various EPPE concentrations are shown in Table 1. The results
revealed that raising the EPPE concentration in the CH-gel matrix lowered the film’s WVP.
Significant changes (p < 0.05) were seen between all prepared films. The control film (Ch-0%
EPPE) had the maximum WVP (2.34 ± 0.14 × 10−10 g−1 s−1 pa−1), followed by Ch-1%
EPPE (1.58 ± 0.09 × 10−10 g−1 s−1 pa−1), Ch-3% EPPE (1.32 ± 0.07 × 10−10 g−1 s−1 pa−1),
and Ch-5% EPPE (1.08 ± 0.06 × 10−10 g−1 s−1 pa−1). The lower WVP might be attributed
to the restricted interaction between water molecules in the film as a result of the cross-
linking action of chitosan, glycerol, and EPPE, culminating in less available free water [29].
The low WVP value for food packaging sheets is extremely desirable to reduce moisture
transfer between the food and its immediate environment. The films’ thickness is an
important factor in defining their water barrier characteristics. WVP values are lower in
thicker films, as water molecules take longer to flow through the film. Kurek et al. [30]
observed comparable behaviour after incorporating blueberry and blackberry extracts into
chitosan-based gel films.

2.1.3. Film Water Solubility (WS)

Greater solubility in water can increase film biodegradability by decreasing its degra-
dation period in the environment. Furthermore, it will lessen the application of film on
foods with high water content [29]. An increase in EPPE’s addition percentage resulted in a
decrease in EPPE films’ WS values. Ch-1% EPPE film did not vary significantly (p < 0.05),
while Ch-3% EPPE and Ch-5% EPPE films demonstrated a substantial reduction (p < 0.05)
in WS in comparison to the control (Ch-0% EPPE). The WS of the EPPE films decreased,
as demonstrated in Table 1, as a result of the extract’s polyphenolic components forming
strong hydrogen bonds with the CH matrix. Both Uranga et al. [31] and Riaz et al. [32]
observed similar findings.

2.1.4. Film Oil Resistance Ability

The oil absorption ratio was used to assess Ch-EPPE gel films’ capacity for oil resistance
in possible food packaging use (OAR). The findings revealed that the Ch-5% EPPE film
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had a lower OAR percentage (0.08 ± 0.001%) than the control film (Ch-0%EPPE), which
had an OAR percentage of 0.31 ± 0.006% (Table 1). Ch-1% EPPE, Ch-3% EPPE, and Ch-5%
EPPE films all showed a substantial reduction in OAR percentages, from 0.26 ± 0.004
to 0.08 ± 0.001%. This reduction may be due to the fact that CH contains a hydrophilic
hydroxyl group in its structure, which acts with EPPE to increase the film thickness, making
it more difficult for oil molecules to cross through them. As a result, low OAR values
demonstrated greater oil resistance capacity, which is a favourable attribute for packaging
materials for oil goods. Riaz et al. [32] observed similar findings.

2.2. Film Colour and Opacity

The nutritional and flavour protection of food once exposed to visible and ultravi-
olet light are both determined by the optical properties of food packaging films [33,34].
These properties also impact how well the film is tolerated by a user. Colour parameters,
whiteness index (WI), and opacity measurements were used to assess the prepared gel
films’ optical properties. Compared with the control gel film (Ch-0% EPPE), Ch-EPPE films
showed significantly (p < 0.05) lower levels of L*. This demonstrated that the darkness
intensity of Ch-EPPE gel films increases as their EPPE content increases. The films were
darker as a result of light scattering and refraction produced by phenolic EPPE compo-
nents [35]. Ch-5% EPPE film showed a maximum 11.94% reduction in lightness compared
to the control film (Ch-0% EPPE).

Chitosan gel films’ b* (yellowness/blueness) and a (redness/greenness) values were
considerably (p < 0.05) impacted by the addition of EPPE. As the EPPE concentrations
climbed from 0 to 5%, the gel films’ b* values increased from (1.03 ± 0.01) to (1.98 ± 0.04)
(an indication of the trend towards yellowness) and their a* values from 0.84 ± 0.01 to
1.12 ± 0.03 (an indication of the trend towards redness).

Based on these results, the existence of phenolic components and coloured compounds
inside the integrated EPPE as well as the inner structure formed during film drying might
be responsible for the addition of EPPE’s remarkable effect on the colour of the resultant
Ch-EPPE gel films [35,36]. Similar colour measurement findings were achieved when green
tea extract and CH were combined, producing films that were a deeper shade of greenish
yellow [29]. The films’ level of whiteness and opacity were determined using opacity tests
and a WI estimate. The WI of the Ch-EPPE was substantially different (p < 0.05) from that
of the pure CH- film, as indicated in Table 2.

Table 2. Colour parameters and optical index of chitosan films modified with different percentages
of EPPE.

Film Samples L* b* a* Whiteness Index Opacity

Control
(Ch-0% EPPE) 88.17 ± 0.55 a 1.03 ± 0.01 a 0.84 ± 0.01 a 88.10 ± 0.43 a 0.71 ± 0.02 a

Ch-1% EPPE 85.40 ± 0.72 b 1.19 ± 0.07 b 0.87 ± 0.01 a 85.33 ± 0.51 b 0.80 ± 0.03 b

Ch-3% EPPE 80.35 ± 0.61 c 1.47 ± 0.05 c 0.94 ± 0.03 a 80.27 ± 0.60 c 0.97 ± 0.03 c

Ch-5% EPPE 77.64 ± 0.66 d 1.98 ± 0.04 d 1.12 ± 0.03 b 77.53 ± 0.48 d 1.23 ± 0.04 d

Data are presented as mean ± SD. Means with different superscripts (a–d) in lowercase letters in a column are
significantly different at p < 0.05.

The reduced WI for Ch-EPPE films suggested that the film was beginning to become
darker, allowing for the preservation of light-sensitive food items [36]. Opacity measure-
ments revealed that the Ch-EPPE films were significantly (p < 0.05) impenetrable, with
the Ch-5% EPPE film having a 73.24% increase in opacity over the control (Ch-0% EPPE).
Because the chitosan polymer backbone has a mostly linear structure and offers the least
resistance to light penetration compared to globular plasticizers, a comparison of the WI
and opacity values of all the Ch-EPPE films with the control reveals a small quantitative
drop in whiteness and a small rise in opacity [37]. Siripatrawan and Harte [29] obtained
similar results.
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2.3. Mechanical Properties

A film’s greatest ability to endure applied tensile stress is measured by its tensile
strength (TS), while its capacity to stretch is shown by its elongation percentage (EB%) [38].
Films with good mechanical characteristics are advantageous in industrial manufacturing,
packing, transporting, and end-use applications. A comparative statistical analysis was
done on the mechanical characteristics of chitosan gel films that contained various EPPE
concentrations (Table 3). When the EPPE percentage rose from 0 to 5%, the TS and EB%
both improved considerably, from 21.30 ± 1.191 to 26.87 ± 1.38 MPa and from 53.42 ± 3.02
to 58.64 ± 3.00%, respectively. The interaction between both the CH matrix and the
polyphenolic components from EPPE may be responsible for the impact of EPPE inclusion
on the enhancement in the mechanical characteristics of the related films. These interactions
may result in tighter polymer chain-to-chain connections and better interfacial bonding
between the CH monomers and the EPPE in the gel film layer, both of which increase the
resistance against mechanical stress [39]. Similar findings were made by Balti et al. [40] and
Siripatrawan and Harte [29], who noted that TS and EB increased as spirulina extract or
green tea content increased from 0 to 5%.

Table 3. Mechanical properties of chitosan films modified with different percentages of EPPE.

Film Samples Tensile Strength (MPa) Elongation at Break (EB) %

Control
(Ch-0% EPPE) 21.30 ± 1.19 d 53.42 ± 3.02 d

Ch-1% EPPE 23.16 ± 1.23 c 54.17 ± 2.98 c

Ch-3% EPPE 25.92 ± 1.40 b 56.83 ± 2.77 b

Ch-5% EPPE 26.87 ± 1.38 a 58.64 ± 3.00 a

Data are presented as mean ± SD. Means with different superscripts (a–d) in lowercase letters in a column are
significantly different at p < 0.05.

2.4. Bioactivities of CH-EPPE Film
2.4.1. Biodegradation Evaluation

The high biodegradability of a film by reducing its time of degradation in the envi-
ronment is an important property that the new packaging must have because it reduces
environmental problems [28]. The biodegradation of CH and Ch-EPPE gel films is de-
picted in Figure 1A. The weight loss of the Ch-EPPE and control (ch-0% EPPE) gel films
increased (p < 0.05). As the duration for ground dumping was extended to 3 weeks, the
weight loss rapidly accelerated for all the films examined. After three weeks, the Ch-5%
EPPE film had the maximum weight reduction of 48.61%, compared to 27.35% for the
control film (Ch-0%EPPE). A similar tendency towards biodegradation was observed when
Chinese chive root extract was added to the CH-based sheet [32]. The main finding of
the biodegradation assessment in this study was that adding EPPE to CH films enhance
biodegradability by creating new polymer composites and reducing the environmental
load through rapid breakdown.
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2.4.2. Antioxidant Properties

Total phenolic content (TPC) and two other types of tests were used to assess the
synthetic films’ antioxidant activity (DPPH and ABTS). Figure 1 displays the results of
the antioxidant activity. For active packaging sheets, TPC was utilized as a preliminary
antioxidant evaluation [41]. Due to their capacity for free electron delocalization and
H+ ion (of the hydroxyl group) donation, phenolic substances have been shown to have
antioxidant action [42]. Figure 1B displays the TPC of CH edible films combined with EPPE.
The findings revealed that as EPPE concentration increased, the total phenolic content of
the CH films increased significantly (p < 0.05) (Figure 1B). In addition, CH films that did not
have EPPE had a low TPC of 0.18 ± 0.003 mg GAE/g film. This finding may be explained
by the generation of chromogens as a result of the Folin and Ciocalteu reagents reacting
with non-phenolic reducing agents that may be identified spectrophotometrically [43].
Along with its phenolic components, EPPE’s antioxidant action may also be attributed to
other possible constituents, including the flavonoids that are present [25]. The DPPH and
ABTS tests are therefore critically important in evaluating these components’ antioxidant
activity. As can be seen in Figure 1C, the CH- EPPE films’ %DPPH radical scavenging was
significantly (p < 0.05) greater than that of the pure CH films. The DPPH radical scavenging
of the Ch-5% EPPE film was 49.71%, which was 4.83 times higher than that of the control
(Ch-0% EPPE) film. The conclusions of the DPPH investigation followed a trend similar
to the ABTS radical scavenging findings (Figure 1D). Films containing EPPE revealed
significantly higher ABTS scavenging activity than the control (p < 0.05). The highest ABTS
cation elimination (59.89%) was seen in the Ch-5% EPPE film as a result of its improved
availability of antioxidant content. This increment was 4.40 times greater than the control
group. When the antioxidant evaluations for the Ch-EPPE films were compared to one
another, each antioxidant assay indicated a significant (p < 0.05) rise. This demonstrated
how little the CH polysaccharide chain contributed to the antioxidant action [44].

2.4.3. Migration Test

Active packaging emits the active component via migration through the headspace or
direct contact with the food’s surface. Hence, it is crucial to assess the active packaging’s
capacity for releasing the active component using a migration experiment. For the migration
experiment, the Food and Drug Administration of the United States has advised using food
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mimics, such as water (to simulate an aqueous medium) and 95% ethanol (to represent a
fatty medium) [45]. The polyphenol data revealed that there is a movement of polyphenolic
compounds that is greater in ethanol than in water (Table 4). Kurek et al. [46] maintain
that if the structural integrity of the film is preserved, the active ingredient will continue to
be present. This also has an impact on the increased GAE observed in ethanol compared
with water. The Ch-5% EPPE film has the greatest migration value (5.09 ± 0.06 mg gallic
acid/mL water and 9.12 ± 0.08 mg gallic acid/mL ethanol), which differs substantially
(p < 0.05) from all other measures of polyphenol migration. It is preferable for active
ingredients to migrate, such as polyphenols and antioxidants, since they can enhance the
qualities of packed food items, prevent oxidation, increase their shelf life, and serve as a
package having active characteristics [47].

Table 4. Migration test of chitosan films modified with 0 to 5% EPPE.

Film Samples
Simulant Type

Total Phenolic Content
(mg gallic acid/mL Water)

Total Phenolic Content
(mg gallic acid/mL Ethanol)

Control
(Ch-0% EPPE) 0.002 ± 0.000 a 0.004 ± 0.001 a

Ch-1% EPPE 1.04 ± 0.05 c 1.92 ± 0.09 c

Ch-3% EPPE 3.19 ± 0.03 b 5.06 ± 0.06 b

Ch-5% EPPE 5.09 ± 0.06 a 9.12 ± 0.08 a

Data are presented as mean ± SD. Means with different superscripts (a–d) in lowercase letters in a column are
significantly different at p < 0.05.

2.4.4. Antimicrobial Activity

For the food to be shielded from microbial development and kept fresh for a long
time, the active food packaging sheet must have strong antimicrobial activity [48]. Table 5
displays the antibacterial activity of four Gram-positive and Gram-negative bacteria against
CH edible gel films combined with EPPE at various percentages.

Table 5. Antibacterial activity of chitosan films modified with different percentages of EPPE.

Film Samples
Inhibition Zone Diameter (mm)

Salmonella
typhimurium E. coli Bacillus subtilis Pseudomonas

aeruginosa

Control
(Ch-0% EPPE) NA NA NA NA

Ch-1% EPPE 7.89 ± 0.10 c 8.12 ± 0.15 c 10.67 ± 0.13 c 10.35 ± 0.16 c

Ch-3% EPPE 11.38 ± 0.17 b 12.63 ± 0.12 b 15.94 ± 0.14 b 15.41 ± 0.11 b

Ch-5% EPPE 15.66 ± 0.14 a 16.25 ± 0.10 a 19.42 ± 0.20 a 18.98 ± 0.18 a

Data are presented as mean ± SD. Means with different superscripts (a–d) in lowercase letters in a column are
significantly different at p < 0.05. NA means non-active.

As shown in Table 5, the control films (Ch-0%-EPPE) were ineffective against either
of the four bacterial strains, but with the addition of EPPE, all the tested films showed
antimicrobial activity on the contact area beneath the film discs. Our results were in
accordance with those of Wang et al. [49], who found no significant inhibitory zone for the
pure CH-gel film towards both Gram-positive and Gram-negative bacteria. This impact of
CH may be connected to the fact that in the agar diffusion test method, chitosan does not
diffuse across the neighbouring agar medium, meaning that only bacteria in direct contact
with the active discs of CH are inhibited. The positively charged amino groups of the CH
molecules, which may interact with the anionic groups on the microbial cell membrane,
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are also necessary for the antibacterial efficacy of chitosan [49]. In such instances, CH
has been shown to exhibit intrinsic antibacterial activity against both Gram-positive and
Gram-negative bacteria [22]. The Ch-EPPE films, in general, showed inhibitory effects
(p < 0.05) on both Gram-positive and Gram-negative bacteria, and inhibition zones grew
larger as the EPPE percentage rose in the film. According to the data reported in the
same table, Salmonella typhimurium is the most sensitive to the films, followed by E. coli,
Pseudomonas aeruginosa, and Bacillus subtilis. According to this study, EPPE worked better
against Gram-positive bacteria than it did against Gram-negative bacteria. This could be
due to variations in cell wall structure, as the cell walls of Gram-negative bacteria have
lipopolysaccharides, which may prevent active constituents from entering the cytoplasmic
membrane [50,51]. The primary location of contact for polyphenols with bacteria is the
outer cell membrane [52]. In the polyphenols, the hydroxyl groups, conjugated double
bonds, and galloyl groups are the active groups in charge of this interaction. The bacteria
may die if the membrane, which protects the cell’s integrity, is damaged as a result of
this contact.

2.5. Films SEM Photographs

Figure 2A–D depict the results from a prepared film SEM study. The control gel film
(ch-0%-EPPE) has a smooth, uniform surface. There were no impurities, delamination,
or precipitates (Figure 2A). The studied films’ surface morphology was unaffected by the
addition of 1% EPPE, it appears (Figure 2B). Small agglomerates were seen when CH was
added with 3% EPPE (Figure 2C). A more heterogeneous surface was produced as a result
of the structure being disturbed by the rise in EPPE concentration from 3% to 5%, which
led to the appearance of more and more white patches (Figure 2D). This could be because
EPPE contains hydrophilic polyphenolic components.
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2.6. Application of Films in Packaging Edible Oil

Edible oil oxidation occurs as a result of the effects of temperature, oxygen, and
light [53]. In this context, oxidation stability is regarded as a crucial indicator of edible oil
quality. Corn oil packed in four CH-based EPPE films (0, 1, 3, and 5%) and unpackaged
corn oil (open control) were both evaluated for oxidation stability over a 10-day period at
50 ◦C. During oil storage, the values of peroxide value (PV) and thiobarbutic acid (TBA)
steadily rose (Figure 3).

The oil’s PV and TBARS levels were significantly reduced in the CH-based EPPE films.
All treatments produced higher PV and TBARS values independent of duration; however,
this increase was slower for CH-based EPPE films than with open control and Ch-0% EPPE
films. The open control had the greatest values of PV (5.26 ± 0.41 mil-equivalent O2/kg oil)
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and TBARS (4.13 ± 0.38 mg malondialdhyde/kg oil) on the 10th day of storage, whereas
Ch-5% EPPE had the lowest values of PV (2.73 ± 0.24 mil-equivalent O2/kg oil) and TBA
(2.10 ± 0.07 mg malondialdhyde/kg oil). The bio-composite film’s tight structure has
an important role in reducing oxidation by making oxygen harder to get through [54].
Additionally, the inclusion of phenolic compounds in the film boosted the antioxidant
potential of the sheet, which also aided in slowing the oxidation of the oil. Therefore, it may
be assumed that CH-based EPPE films could be utilized as packaging films for foodstuffs
that are extremely vulnerable to oxidation.
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Figure 3. Changes in the PV (A) and TBARS (B) levels in corn oil stored in Ch-EPPE films at 50 ◦C
for 10 days. Data are presented as means ± SD of triplicates. Different lowercase letters indicate the
statistically significant difference (p < 0.05) within the same treatment group at different storage times.
Different uppercase letters indicate the statistically significant difference (p < 0.05) among different
treatment groups at the same storage time.

3. Conclusions

The empty pea pods resulting as residue from food factories are one of the sources
that can be used in the separation of many important biological compounds, including
phenolic compounds. The phenolic compounds present in EPPE have antioxidant and
antimicrobial properties. In this study, active food films were prepared from chitosan-
containing EPPE. The properties of these films were evaluated, and they were used to
extend the shelf life of corn oil and protect it from oxidation. The results obtained showed
that the addition of EPPE increased the physical parameters of the CH-gel film in terms of
T and D. Furthermore, the overall colour characteristics improved from transparency to
impenetrability. These films had an additional amount of EPPE in them, which resulted
in a substantial (p < 0.05) improvement in TS. Increases in EPPE levels, on the other hand,
resulted in substantial (p < 0.05) decreases in WVP, S, OAR%, and EB%. The SEM analysis
confirmed the interactions between EPPE and CH by revealing a consistent structure for
all Ch-EPPE films. The EPPE films demonstrated a significant (p < 0.05) enhancement in
antioxidant and antimicrobial activity. The corn oil PV and TBA values were much lower in
the CH-based EPPE gel films throughout the storage experiment. These findings indicate
that EPPE films offer an environment-friendly active packaging alternative to synthetic
polymers for use in the food industry.

4. Materials and Methods
4.1. Materials

The empty pea pods were bought from the Kaha Food Canning Company in Kaha,
Egypt. They were cleaned and disinfected with sodium hypochlorite at a 50 ppm con-
centration after they arrived at the lab. They were then cut into small pieces (strips) that
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were about 2 cm long, placed in a single layer on stainless steel trays, and dried for 12 h at
55 ◦C in a hot-air oven (Memmert, UF). Then, the dried materials were ground in a FX1000
electrical grinder (Black & Decker, London, England) to pass through a 150 m sieve [25].
Each sample’s dried powder was stored at 4 ◦C and sealed inside an airtight Kilner jar.

4.2. Empty Pea Pods Extract (EPPE)

Following the method outlined by Pinchao-Pinchao et al. [55], ultrasonic-assisted
extraction (Elmasonic, Singen, Germany) was used to extract polyphenol components from
powdered EPP. The best conditions (30 ◦C, 20 min, 50% ethanol concentration, and a liquid
solid ratio of 1:40) were utilized to prepare EPPE with ethanol as the solvent. The extracted
material was wrapped in aluminium foil and kept at −18 ◦C. Under the influence of a
nitrogen gas stream, the solvent was eliminated.

4.3. Gel Film Preparation

The CH-gel film-forming solution was made in the manner described by Siripatrawan
and Harte [29], with minor modifications. A number of initial experiments were carried
out to determine the best type and amount of acid solvent and plasticizer to be utilized
in the preparation of CH-based gel films. The findings showed that 2% CH in 1% acetic
acid might be used to create the best CH-gel films. The findings also showed that the
addition of glycerol as a plasticizer at a percentage of 30% w/w of CH powder enhanced
the mechanical characteristics of the films. Hundred millilitres of glacial acetic acid solution
(1%) and CH powder (2 g) (deacetylation degree: 75%, Sigma Aldrich Company, Darmstadt,
Germany) were combined to create a film-forming solution. The film-forming solution was
supplemented with glycerol (El-Gomhoria Chemical Co., Tanta, Egypt), a plasticizer, at a
fixed percentage of 30% weight/weight of CH. The resulting solution was then heated in a
water bath shaking incubator for 30 min at 60 ◦C and 100 rpm. To get rid of undissolved
contaminants, the chitosan solution was then filtered using a coarse sintered glass filter.
After being cooled to ambient temperature, the EPPE was mixed into the film-forming
solution to produce percentages of 0, 1, 3, and 5% (w/v). The resultant solutions were
homogenized with a Moulinex homogenizer (Courneuve, France). After that, a sonicator
(Singen, Germany) was used to degas the film-forming solutions to get rid of air bubbles. A
ceramic plate was used to cast each film-forming solution, and it was allowed to dry there.
Prior to testing, the films were conditioned for 48 h at 25 ◦C and 50% RH in a chamber.

4.4. Physical Properties
4.4.1. Film Thickness (T)

A digital Mitutoyo Absolute Micrometer (Tokyo, Japan) was used to measure the T of
the film. For every film sample, 10 replications were carried out. The mean values were
obtained after the measures were conducted at random locations all over the film sample.

4.4.2. Film Density (D)

The film’s weight and volume were used to calculate the D value of each film. The
film’s thickness and area were used to compute its volume.

4.4.3. Film WVP

The WVP was determined using the Zhang et al. [56] technique with the necessary
changes. In total, 10 g of anhydrous CaCl2 was placed in a glass cup with a diameter of
4 cm, and a film measuring 10 × 10 cm was placed on top, supported by rubber strands.
The cups were then piled inside the desiccator and filled with sodium chloride saturation
solution (75 RH). For up to seven hours, the cup’s weight was registered every hour. Using
linear regression, the slope of each line (K) (g/h) was determined. Equation (1) was used to
calculate the WVP values.

WVP =
(Film thickness)× K

(Vapor pressure difference)× (Film area)
(1)
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4.4.4. Film Water Solubility(S)

The technique of Rambabu et al. [37] was used to determine the film S percentage. The
samples were cut into thin strips (20 × 20 mm) and dried in a hot-air oven for 24 h at 105 ◦C
to a consistent weight. Each dried film sample was submerged for 24 h in 70 mL of distilled
water. The film samples were then taken out of the solution and allowed to dry again at
100 ◦C for 24 h. Final weights were noted, and solubility was determined as follows:

S (%) =
(Initial dry wieght − Final dry wieght )

Initial dry wieght!
× 100 (2)

4.4.5. Films’ ORA

The Wang et al. [49] technique was slightly modified to determine the ORA of the
films. In a hot-air oven set at 50 ◦C, the filter paper (6 cm in diameter) was dried to a
consistent weight. The film samples (4 cm × 4 cm) were placed upside down on the filter
paper for 48 h while being secured with ropes on the top of glass test tubes containing
5 mL of oil. After 48 h, the filter paper was weighed, and the oil absorption rate (OAR) was
determined using the equation

OAR (%) =
W − W1

W1
× 100 (3)

where W is the weight of filter paper after 48 h and W1 is the weight of dried filter paper.

4.5. Optical Characteristics

Colour measurement and opacity estimates were used to conduct an optical investi-
gation of the Ch-EPPE films. Using a Miniscan EZ colorimeter (HunterLab), the values of
the Hunter colour (L*, a*, and b*) were calculated. Equation (2) was used to calculate the
film’s whiteness index using these values [57]. Six readings were taken at various locations
on each film. Five film samples were utilized in each replication, which involved five
replications for each treatment.

Whiteness index = 100 −
√

a2 + (100 − L)2 + b2 (4)

Utilizing the technique developed by Rambabu et al. [37], the opacity of the film was
determined by measuring the absorbance of a rectangular film sample (1 × 4 cm in size)
using a UV-Vis spectrophotometer (UV-3600, Shimadzu, Baltimore, MD, USA) with an
absorbed wave length of 600 nm. The film’s opacity was calculated using Equation (5).

Opacity =
Absorbance at 600 nm
Film thickness (mm)

(5)

High transparency values, based on this equation, indicate poorer transparency and a
greater level of opacity.

4.6. Mechanical Properties

The percentages of EB and TS, among other mechanical parameters according to
ASTM [58], were assessed using a TA.XT Plus texture analyzer (Stable Micro-Systems,
British). A dimension of 1.5 × 10 cm was made from films that had the same thickness.
Forced paper was positioned between the two metal grips to support the ends of the film
samples. Following machine calibration, the speed was set at 50 mm/min for initial grip
separation and 100 mm/min for detection speed. Following the creation of the stress-strain
curves, the TS and EB were determined using the following equations:

TS(MPa) =
Maximum extension force
Initial crosssectional area

× 100 (6)
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EB(%) =
Film extension ratio

Initial length
× 100 (7)

4.7. Bioactivities of CH-EPPE Film
4.7.1. Biodegradation Test

The composting experiment described by Riaz et al. [32] was used to measure the
biodegradation capability of the films produced. The topsoil was obtained from Kafrelshiekh
University’s experimental field (Kafr El-Shiekh, Egypt). The topsoil was put in a plastic
container, and samples of each sheet (2 × 2 cm) were buried at a depth of 2 cm for three
weeks. Twice a day, water was sprayed on the soil. The film samples were removed at the
end of each week, and the weight loss of each film was recorded.

4.7.2. Antioxidant Properties
TPC Measurement

The Folin Ciocalteu reagent was used to estimate the EPPE films’ TPC, as mentioned
by Ruiz-Navajas et al. [59]. In order to partially dissolve the films and release the EPPE for
the next tests, the film samples (25 mg) were soaked in ethanol (3 mL). The gel film’s total
phenolic content was determined.

Antioxidant Activity Measurement

The antioxidant activity % of the CH film was measured using the DPPH and ABTS
tests outlined by Liu et al. [60]. In brief, 1.5 mL of the film extract was combined with
0.5 mL of a 0.1 mM ethanolic DPPH solution and stored in the dark for half an hour. The
DPPH scavenging capacity % was determined from Equation (8) based on the absorbance
at 515 nm.

DPPH scavenging (%) =

[
1 − film extract absorbation

control absorbation

]
× 100 (8)

For the test of ABTS scavenging %, the film samples (10 mg) and 3 mL of ABTS stock
solutions were combined, absorbance at 734 nm was measured, and scavenging activity
was estimated using the following equation:

ABTS scavenging (%) =

[
1 − film extract absorbation

control absorbation

]
× 100 (9)

Migration Test

The migration assessment was carried out in accordance with the method of
Oliveira et al. [61]. CH-gel film specimens were chopped into small (2 × 2 cm) pieces
and soaked in 5 mL water (to imitate an aqueous medium) and 95% ethanol (to simulate
a fatty medium). Seven days were spent shaking it at 125 rpm at 25 ◦C. The TPC
approach described in Section 4.7.2 was used to determine the migration of active
molecules into food simulants.

Antimicrobial Activity

According to the method outlined by Elsebaie and Essa [62], the antimicrobial ac-
tivity of the prepared gel films was assessed against two Gram-positive, Bacillus sub-
tilis ATCC21331 and Pseudomonas aeruginosa (CGMCC1.8721), and two Gram-negative,
Escherichia coli ATCC25921 and Salmonella typhimurium (CGMCC 1.10754), bacteria. A
movable calliper was used to measure the inhibitory zone.

4.8. SEM Scanning

A Carl Zeiss SEM (EVO-LS-10, Hamburg, Germany) was used to examine the films
created at 10 kV. Film sections with dimensions of 1 × 1 cm were cut out, fastened on
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aluminium stubs with carbon tape, and coated with gold on the outside. Additionally, the
image was adjusted to ×5000.

4.9. Film Application in Corn Oil Packaging

The film specimens were stored at 50 ◦C for 10 days after being wrapped in line rope
and placed on top of glass bottles containing corn oil. On days 0, 2, 4, 6, 8, and 10, a sample
of 5 mL was removed from each glass tube in order to calculate the PV and TBA values
using the technique outlined by Elsebaie et al. [63]. The analysis was carried out three
times, and the average values were provided. A glass container with no film was applied
as a control.

4.10. Statistical Analysis

To analyze differences between values, an ANOVA was performed using SPSS (Ver.
16.0, 2007)’s general linear regression model. For statistical testing, the probability degrees
of p < 0.05 were substantially considered. Triplicates for each measurement and experiment
were carried out.

Author Contributions: Conceptualization, S.A.A., G.A.A., H.A.Y.S.( Heba Ali Yousef Shaat) and
H.S.E.E.; methodology, E.M.E.; software, M.M.M. and A.A.F.; validation, M.M.M., G.A.A. and H.A.Y.S.
(Heba Ali Yousef Shaat); formal analysis, S.A.-E.E. and A.L.A.A.; investigation, E.M.E. and M.R.B.;
resources, S.A.A., S.A.-E.E., H.S.E.E. and A.L.A.A.; data curation, H.A.Y.S. (Hala Ali Yousef Shaat)
and W.M.A.E.; writing—original draft preparation, E.M.E.; writing—review and editing, E.M.E.;
visualization, H.A.Y.S. (Hala Ali Yousef Shaat), M.R.B. and W.M.A.E. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The authors confirm that the data supporting the findings of this study
are available within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pauer, E.; Wohner, B.; Heinrich, V.; Tacker, M. Assessing the environmental sustainability of food packaging: An extended life

cycle assessment including packaging-related food losses and waste and circularity assessment. Sustainability 2019, 11, 925.
[CrossRef]

2. Wohner, B.; Pauer, E.; Heinrich, V.; Tacker, M. Packaging-related food losses and waste: An overview of drivers and issues.
Sustainability 2019, 11, 264. [CrossRef]

3. Bumbudsanpharoke, N.; Ko, S. Nanoclays in food and beverage packaging. J. Nanomater. 2019, 2019, 8927167. [CrossRef]
4. Horodytska, O.; Valdés, F.J.; Fullana, A. Plastic flexible films waste management—A state of art review. Waste Manag. 2018, 77,

413–425. [CrossRef] [PubMed]
5. Talukdar, M.; Nath, O.; Deb, P. Enhancing barrier properties of biodegradable film by reinforcing with 2D heterostructure. Appl.

Surf. Sci. 2021, 541, 148464. [CrossRef]
6. Yao, Q.; Song, Z.; Li, J.; Zhang, L. Micromorphology, mechanical, crystallization and permeability properties analysis of

HA/PBAT/PLA (HA, hydroxyapatite; PBAT, poly (butylene adipate-co-butylene terephthalate); PLA, polylactide) degradability
packaging films. Polym. Int. 2020, 69, 301–307. [CrossRef]

7. Zhao, L.; Duan, G.; Zhang, G.; Yang, H.; He, S.; Jiang, S. Electrospun functional materials toward food packaging applications: A
review. Nanomaterials 2020, 10, 150. [CrossRef]

8. Dehghani, S.; Hosseini, S.V.; Regenstein, J.M. Edible films and coatings in seafood preservation: A review. Food Chem. 2018, 240,
505–513. [CrossRef]

9. Manigandan, V.; Karthik, R.; Ramachandran, S.; Rajagopal, S. Chitosan applications in food industry. In Biopolymers for Food
Design; Elsevier: Amsterdam, The Netherlands, 2018; pp. 469–491.

10. Bourtoom, T. Edible films and coatings: Characteristics and properties. Int. Food Res. J. 2008, 15, 237–248.
11. Nura, A. Advances in food packaging technology-a review. J. Postharvest Technol. 2018, 6, 55–64.
12. Quezada-Gallo, J. Delivery of food additives and antimicrobials using edible films and coatings. In Edible Films and Coatings for

Food Applications; Embuscado, M.E., Huber, K.C., Eds.; Springer: New York, NY, USA, 2009; pp. 315–333.

45



Gels 2023, 9, 77

13. Pokorný, J. Are natural antioxidants better–and safer–than synthetic antioxidants? Eur. J. Lipid Sci. Technol. 2007, 109, 629–642.
[CrossRef]

14. Jongjareonrak, A.; Benjakul, S.; Visessanguan, W.; Tanaka, M. Antioxidative activity and properties of fish skin gelatin films
incorporated with BHT and α-tocopherol. Food Hydrocoll. 2008, 22, 449–458. [CrossRef]

15. Yen, M.-T.; Yang, J.-H.; Mau, J.-L. Antioxidant properties of chitosan from crab shells. Carbohydr. Polym. 2008, 74, 840–844.
[CrossRef]

16. Nguyen, T.T.; Dao, U.T.T.; Bui, Q.P.T.; Bach, G.L.; Thuc, C.H.; Thuc, H.H. Enhanced antimicrobial activities and physiochemical
properties of edible film based on chitosan incorporated with Sonneratia caseolaris (L.) Engl. leaf extract. Prog. Org. Coat. 2020,
140, 105487. [CrossRef]

17. Yong, H.; Wang, X.; Bai, R.; Miao, Z.; Zhang, X.; Liu, J. Development of antioxidant and intelligent pH-sensing packaging films by
incorporating purple-fleshed sweet potato extract into chitosan matrix. Food Hydrocoll. 2019, 90, 216–224. [CrossRef]

18. Sogut, E.; Seydim, A.C. The effects of Chitosan and grape seed extract-based edible films on the quality of vacuum packaged
chicken breast fillets. Food Packag. Shelf Life 2018, 18, 13–20. [CrossRef]

19. Zhang, W.; Li, X.; Jiang, W. Development of antioxidant chitosan film with banana peels extract and its application as coating in
maintaining the storage quality of apple. Int. J. Biol. Macromol. 2020, 154, 1205–1214. [CrossRef]

20. Wang, X.; Yong, H.; Gao, L.; Li, L.; Jin, M.; Liu, J. Preparation and characterization of antioxidant and pH-sensitive films based on
chitosan and black soybean seed coat extract. Food Hydrocoll. 2019, 89, 56–66. [CrossRef]

21. Cui, H.; Surendhiran, D.; Li, C.; Lin, L. Biodegradable zein active film containing chitosan nanoparticle encapsulated with
pomegranate peel extract for food packaging. Food Packag. Shelf Life 2020, 24, 100511. [CrossRef]
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Kiwi Fruits Preservation Using Novel Edible Active Coatings
Based on Rich Thymol Halloysite Nanostructures and
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Abstract: The concept of this study is the replacement of previous fossil-based techniques for food
packaging and food shelf-life extension, with novel more green processes and materials following
the spirit of circular economy and the global trend for environmentally positive fingerprints. A
novel adsorption process to produce thymol-halloysite nanohybrids is presented in this work. The
high dispersion of this thymol-halloysite nanostructure in chitosan biopolymer is one of the goals of
this study. The incorporation of this biodegradable matrix with poly-vinyl-alcohol produced a very
promising food-packaging film. Mechanical, water-oxygen barrier, antimicrobial, and antioxidant
properties were measured. Transparency levels were also tested using a UV-vis instrument. Moreover,
the developed films were tested in-vivo for the preservation and the extension of the shelf-life of kiwi
fruits. In all cases, results indicated that the increased fraction of thymol from thyme oil significantly
enhances the antimicrobial and antioxidant activity of the prepared chitosan-poly-vinyl- alcohol gel.
The use of the halloysite increases the mechanical and water-oxygen barrier properties and leads to
a control release process of thymol which extends the preservation and the shelf-life of kiwi fruits.
Finally, the results indicated that the halloysite improves the properties of the chitosan/poly-vinyl-
alcohol films, and the thymol makes them further advantageous.

Keywords: thyme oil; halloysite; chitosan; polyvinyl alcohol; gel; active coatings; nanostructures;
kiwi fruits

1. Introduction

Nowadays, the prevalence of the circular economy spirit requires the replacement of
conventional packaging plastics, which are derived from fossil resources, with biopolymers
which are produced via the valorization of food and/or agricultural by-products [1,2].
Moreover, the greenhouse effect imposes the turn to more environmentally friendly ac-
tivities in all life sectors. Finally, the food shortage and rising prices could be handled
via the extension of food shelf-life. Under this spirit, this study aimed at the valorization
of some food byproducts and the use of natural biodegradable raw materials to improve
the preservation of foods. Some of the most frequently used and promising biopolymers
for packaging applications are cellulose, starch, gelatin, and chitosan [3–7]. Chitosan is
produced by the deacetylation reaction of chitin. Chitin can be extracted via chemical
or biotechnological processes from seafood waste such as shrimp, lobster, and crayfish
shells [7–10]. Chitosan has been extensively studied as a promising biopolymer to be
used in active packaging films, coatings, and other industrial applications due to its an-
tioxidant and antimicrobial properties [11–16]. Its poor mechanical properties can be
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enhanced by blending with other polymers [17,18] biopolymers [19–21] and/or incorporat-
ing nano-reinforcements such as nanoclays to give promising chitosan-based biopolymeric
nanocomposite gels ready for film preparation [22]. Due to CS’s water swelling, it has
lower water barrier properties than other packaging materials but is well known for its
good gas barrier properties [23].

Moreover, modern food packaging technologies follow the incorporation of natural
preservatives, antioxidants, and antimicrobials such as essential oils (EOs) into the poly-
mer matrix of the biopolymer, targeting the development of gels exhibiting controlled
release properties of EOs into the food, and sequentially to the increase of food self-life and
food safety [24–29]. Various procedures have been developed to protect the antioxidant
and antimicrobial activity of EOs. One of them suggests the encapsulation of EOs into
microemulsion or nanoemulsion nanostructures [30–32]. Another one suggests the adsorp-
tion of such EOs into cheap and naturally abundant adsorbents such as nanoclays and
zeolites [33–36]. The excellent gas barrier properties combined with the intermediate mois-
ture barrier can reduce fruits respiration rate without interrupting the supply of moisture
on them. This makes CS a promising coating material to extend the shelf-life of fruits [37].

The kiwifruit is cultivated in many places in Greece. However, Pieria remains the
main area of production [38]. Kiwifruit is unique because of its high nutritional content [39].
In our days there is a major effort from researchers and farmers to find low cost ways to
produce, keep in storage, and deliver onto the market, fruits of high quality [38].

During our previous work, we developed a chitosan/polyvinyl alcohol (CS/PVOH)
gel which led to composite films and exhibited improved mechanical, gas barrier, and
antimicrobial properties compared to the relevant properties of pure CS film [18,40]. Fur-
thermore, we developed a procedure for the adsorption of EOs such as thyme, oregano,
and basil oil in montmorillonite and organophilic montmorillonite. The incorporation
of these nanohybrids in Low-Density Poly-Ethylene (LDPE), Polystyrene (PS), and Poly-
Lactide-Acid (PLA) active packaging films was also studied previously [27,36,41–43]. A
modified method for the adsorption of a fraction rich in thymol from thyme oil (TO) in
halloysite nanotube nanoclay (HNT) was applied in this work. The obtained TO@HNT
nanohybrids dispersed at 5, 10, and 15 wt.%. nominal content into CS/PVOH matrix via
a solution blending method. Pure HNT was also dispersed into CS/PVOH matrix at the
same nominal contents and used as reference material. The obtained CS/PVOH/HNT and
CS/PVOH/TO@HNT films were characterized via XRD analysis, FTIR spectroscopy, and
SEM microscopy. They were also tested for their tensile properties, water/oxygen barrier
properties, antioxidant activity, and antimicrobial capacity against food pathogens. Finally,
the most active films are applied as a coating to enhance the preservation of kiwi fruits.

2. Results and Discussion

The significance of the result of this work could be summarized as the development of a
novel active food packaging film using natural raw materials and food industry byproducts
and avoiding the use of chemicals and fossil fuel-originated polymers. Two specific goals
were achieved in this study, the first is the greener packaging film development and
the second is the extension of kiwi fruit shelf-life and beyond this the improved food
preservation using such packaging films.

2.1. Physicochemical Structural Characterization of TO@HNT Hybrid Nanostructure

The obtained TO@HNT hybrid nanostructure as well as the pure HNT were charac-
terized with TG experiments, FTIR spectra, XRD analysis, and DSC measurements. TG,
FTIR, XRD, and DSC plots of pure HNT and TO@HNT hybrid are shown in Figure 1a–d
respectively. TGA plots of both materials in Figure 1a indicate that in both cases exist two
mass loss steps. The first one starts at around 50 ◦C and ends at around 400 ◦C. The second
mass loss step which is attributed to the HNT dehydration process starts at around 450 ◦C
and ends at around 600–700 ◦C [44–46]. In the case of pure HNT, the first mass loss step
represents the mass loss of superficially adsorbed water and the second step represents the
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mass loss of structural/trapped water. In the case of the TO@HNT hybrid, the first step
represents the loss of both water and TO molecules. Hence, by subtracting the mass lost
from the first mass loss step of pure HNT from the mass lost from the first mass loss step of
the TO@HNT hybrid, we calculated an average TO loading on HNT equal to 34.5 wt.%.
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Figure 1. (a) TG plots of (1) pure HNT and (2) TO@HNT hybrid nanostructure, (b) FTIR plots of
(1) TO, (2) pure HNT, and (3) TO@HNT hybrid nanostructure, (c) XRD plots of (1) pure HNT, and
TO@HNT hybrid nanostructure, and (d) DSC plots of pure HNT (line 1) and modified TO@HNT
(line 2).

In Figure 1b the FTIR spectra of both pure HNT and modified TO@HNT hybrid nanos-
tructure are plotted. In the FTIR plot of TO, a broad peak in the range of 3530 to 3433 cm−1

was assigned to the stretching vibration of O-H groups [45]. The bands at ~3100–3000 cm−1

are corresponded to aromatic and alkenic -CH=CH- stretch vibrations [36]. The absorp-
tion bands in the range 2958 to 2868 cm−1 are assigned to the stretching mode of C-H
groups [45]. The bands between 1500 cm−1 and 1300 cm−1 are assigned to the C-H bending
of the C-O-H and aliphatic CH2 groups bending [36].

In the FTIR plot of pure HNT, the bands at 3700 and 3620 cm−1 are assigned to
hydroxyl groups in the internal HNT’s surface. The weak band at 3540 cm−1 is assigned to
the Si–O–Si (Al) groups. The intense absorption bands in the region of 1100–1000 cm−1 and
at 790 cm−1 are assigned to Si–O group. The band at 910 cm−1 is assigned to the hydroxyl
groups bending vibration. The band at 745 cm −1 is assigned to the Si–O–Al bonds [44,45].
In the FTIR plot of hybrid TO@HNT are assigned the same bands with pure HNT and
additionally the characteristic bands of TO mentioned hereabove. The characteristic bands
of TO in the FTIR plot of TO@HNT imply the adsorption of TO on the HNT surface. No
shift peak of HNT bands was obtained in the FTIR plot of the TO@HNT hybrid implying
rather physisorbed than chemisorbed adsorption of TO on the HNT surface.

In Figure 1c the XRD plot of pure HNT and modified TO@HNT powders are shown. In
both XRD plots which were obtained, the halloysite’s distinct diffraction peaks at 2θ = 12.0,
20.1, and 24.6 are obvious, and correspond to (001), (100), and (002) planes respectively
due to the crystalline property of the HNT [47]. In the case of pure HNT, the presence
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of the (001) peak at 2θ of 12.1◦ corresponds to a layer spacing of 0.73 nm. In the case of
modified TO@HNT hybrid nanostructure, the peak at 2θ of 11.7◦ corresponds to a layer
spacing of 0.76 nm. This difference of approx. 0.03 nm is too small and indicates probably
the insertion of small water molecules in HNT’s interlayer space. In the case of thymol
molecules insertion in the HNT’s interlayer space, it should be expected a larger opening
of HNT’s interlayer space as the thymol molecule size is bigger than that of phenol size
(0.4 nm) [36]. So, XRD results indicated that adsorption of thymol took place on the external
surface of HNT and no changes in the crystal structure of HNT are obtained due to the TO
adsorption process. This result is in accordance with Shemesh et al. [48] where carvacrol a
molecule similar to thymol loaded on the external surface of HNT.

In Figure 1d the DSC plots of pure HNT (line (1)) and modified TO@HNT (line (2)),
nanohybrid are presented. In the DSC plot of pure HNT, the exothermic peak at 164 ◦C with
a ∆H equal to 67.88 J/g is assigned to the desorption process of water molecules. In the DSC
plot of TO@HNT nanohybrid, the exothermic peak at 227 ◦C with a ∆H equal to 227.6 J/g
is assigned to the desorption of TO molecules in accordance with the previous report [49].
Thus, DSC analysis indicates the absorption of rich TO molecules on the HNT surface.

The overall characterization of TO@HNT nanohybrids concludes that a rich in TO frac-
tion is physiosorbed on the external HNT’s surface and validates the distillation/evaporation
adsorption process followed.

2.2. XRD Analysis of CS/PVOH/HNT and CS/PVOH/TO@HNT Films

XRD patterns of all obtained CS/PVOH/HNT and CS/PVOH/TO@HNT films as well
as of films from pure CS/PVOH gels are shown in Figure 2. The pattern of films from pure
CS/PVOH gels exhibits three broad peaks at 8.5◦, 11.5◦, 18.5◦, and 23◦ are observed. The
peaks at 8.5◦ and 11.4◦ indicate the CS’s hydrated crystallite structure due to the insertion
of water molecules in the CS’s crystal lattice [50,51] while the third peak at 18.5◦ is assigned
to the CS’s regular crystal lattice [51,52]. The later broaden peak around 23◦ assigned to the
amorphous structure of CS [51,52].
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Figure 2. XRD plots of (1) CS/PVOH film, (2) CS/PVOH/5HNT, (3) CS/PVOH/10HNT,
(4) CS/PVOH/15HNT, (5) CS/PVOH/5TO@HNT, (6) CS/PVOH/10TO@HNT, and
(7) CS/PVOH/15TO@HNT nanocomposite films.

In the case of CS/PVOH/xTO@HNT film patterns, the diffraction peaks of HNT at
2θ = 11.7◦ do not observe for x = 5% wt. and 10% wt., i.e., line (5) and (6), and observed
slightly for x = 15%wt., i.e., line (7). In the cases of CS/PVOH/xHNT, the HNT peak
does not observe for x = 5%wt., i.e., line (2), and is observed slightly for x = 10%wt. and
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15%wt. i.e., lines (3) and (4). These results indicate that in cases of TO@HNT the optimum
dispersion of nanohybrid achieved for concentration x = 10%wt., while for concentration
x = 15%wt. the aggregation started. In cases of HNT the optimum dispersion of nanohybrid
achieved for concentration x = 5%wt. while for concentration x = 10%wt. or greater the
aggregation started. The absence of shift of basal HNT’s peak at 2θ = 11.7◦ indicates that
CS/PVOH chains can not intercalate HNT’s interlayer space [53]. The absence of HNT’s
peak in all CS/PVOH/TO@HNT films implied the higher dispersity of modified TO@HNT
hybrid nanostructure than pure HNT in the CS matrix. The high dispersion of HNT and
TO@HNT in the CS matrix is beneficial for such nanocomposite films.

2.3. FTIR Spectroscopy of CS/PVOH/HNT and CS/PVOH/TO@HNT Films

In Figure 3 representative spectra of pure CS/PVOH, CS/PVOH/HNT, and
CS/PVOH/TO@HNT are observed.
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Figure 3. FTIR spectras of neat CS/PVOH film (1) as well as CS/PVOH/HNT (2), and
CS/PVOH/TO@HNT (3) films for comparison.

FTIR spectra of pure CS/PVOH (see line (1) in Figure 3) are a combination of both CS
and PVOH reflections. The large band at 3443 cm−1 is assigned to O–H groups stretching
both presented in CS and PVOH and to N–H groups stretching of CS. The same band is also
assigned to the intra- and inter-molecular hydrogen bonds of the CS/PVOH matrix.The
band at2896 cm−1 is assigned to C–H asymmetric and symmetric stretching from CH2
and CH groups. The band at 1637–1644 cm−1 is assigned to the associated water, C–OH
from the glycosidic units of CS chains, and also the presence of residual N-acetyl groups
(C=O stretching of amide I), and N-H in-plane deformation coupled with C–N stretching of
amide II (secondary amide) from CS. The band at 1154 cm−1 is assigned to the glycosidic
linkage (asymmetric bridge stretch) [54].

In the FTIR spectra of CS/PVOH/HNT and CS/PVOH/TO@HNT systems (see
lines (2) and (3) in Figure 3) it additionally obtained the characteristic reflection band
at 3620 cm−1 assigned to O-H groups in the internal HNT’s surface. With a careful
glance, it is obtained that the main difference between FTIR plots of CS/PVOH/HNT and
CS/PVOH/TO@HNT is that in the case of CS/PVOH/HNT plot the band of O-H and N-H
group stretching at 3443 cm−1 is more intense than the same band of CS/PVOH/TO@HNT
plot. This implies a higher interaction between OH groups of the CS/PVOH matrix and
OH groups of pure HNT than OH groups of the CS/PVOH matrix and modified TO@HNT.
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2.4. SEM Images of CS/PVOH/HNT and CS/PVOH/TO@HNT Films

A Scanning Electron Microscopy (SEM) instrument was used for the surface/cross-
section morphology investigation of the pure CS/PVOH film as well as of the
CS/PVOH/HNT and CS/PVOH/TO@HNT nanocomposite films. The results confirmed
that both HNT and the TO@HNT hybrid nanostructures were homogeneously dispersed in
the polymer matrix. The chemical elements of the pure and the final nanocomposite active
packaging films were identified by carrying out an Energy dispersive spectrometer (EDS)
analysis on the surface of the materials.

The SEM images in Figure 4a,b show the expected smooth morphology of the neat
polymer. The EDS spectra in Figure 4c certify the existence of carbon (C), and oxygen (O).
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Figure 4. (a) SEM images of the surface and (b) cross-section for the pure CS/PVOH film. (c) Energy
dispersive spectrometer (EDS) spectrum and relative elemental analysis of the surface (inset) from
the SEM image (a).

Surface and relative cross-section images of CS/PVOH/HNT and CS/PVOH
/TO@HNT with different ratios of HNT and TO@HNT are presented in Figures 5–7.
Figures 5–7e,f show EDS chemical analysis of nanocomposite active packaging films with
different concentrations of pure HNT and TO@HNT hybrid nanostructure i.e., 5, 10, and
15 wt.%. The presence of typical elements such as Si, Al, O, Fe, and Ca was confirmed.

As illustrated in Figures 5–7, the content of both HNT and TO@HNT increases the
aggregation of the obtained CS/PVOH/HNT, and CS/PVOH/TO@HNT nanocomposites
decrease further. Nevertheless, SEM images of the final nanocomposite films show that
both pure HNT and TO@HNT nanohybrid were homogeneously dispersed and suggest
enhanced compatibility with the polymer matrix. Moreover, SEM surface and cross-section
images were shown more homogenous dispersion in the case of TO@HNT hybrid nanos-
tructure in nanocomposite films compared to the relevant of pure HNT. This means that
the TO@HNT hybrid nanostructure was incorporated significantly better in the polymer
matrix compared to the incorporation of the respective pure HNT.
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Figure 5. (a,c) SEM images of the surface and (b,d) cross-section for the nanocomposite films of
ALG/G/5HNTNZ (a,b) and ALG/G/5TO@HNT (c,d) respectively. (e,f) Energy dispersive spectrom-
eter (EDS) spectrum and relative elemental analysis of the surface (inset) from the SEM images (a,c).
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ALG/G/10HNT (a,b) and ALG/G/10TO@HNT (c,d) respectively. (e,f) Energy dispersive spectrome-
ter (EDS) spectrum and relative elemental analysis of the surface (inset) from the SEM images (a,c).
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ter (EDS) spectrum and relative elemental analysis of the surface (inset) from the SEM images (a,c).

2.5. Tensile Properties of CS/PVOH/HNT and CS/PVOH/TO@HNT Films

Typical stress-strain curves of all CS/PVOH/HNT and CS/PVOH/TO@HNT films
are shown in Figure 8.

From stress-strain curves in Figure 8 the Young’s (E) Modulus, ultimate tensile strength
(σuts), and % strain at break (εb) values were calculated and are listed in Table 1 for comparison.
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Figure 8. Stress-strain curves of (1) CS/PVOH, (2) CS/PVOH/5HNT, (3) CS/PVOH/10HNT,
(4) CS/PVOH/15HNT, (5) CS/PVOH/5TO@HNT, (6) CS/PVOH/10TO@HNT and
(7) CS/PVOH/15TO@HNT.

Table 1. Calculated values of Young’s (E) Modulus, ultimate tensile strength (σuts), and % strain at
break (εb).

Sample Name E-Elastic Modulus
(MPa) σ uts (MPa) ε%-Elongation at

Break

CS/PVOH 2249.3 ± 20.0 71.2 ± 1.8 14.8 ± 0.9
CS/PVOH/5HNT 2552.0 ± 21.3 74.1 ± 2.1 7.0 ± 1.6
CS/PVOH/10HNT 2766.0 ± 35.1 79.8 ± 1.7 5.7 ± 0.8
CS/PVOH/15HNT 2865.0 ± 27.4 96.0 ± 1.2 6.7 ± 0.6

CS/PVOH/5TO@HNT 2644.5 ± 13.4 74.9 ± 2.3 7.2 ± 2.1
CS/PVOH/10TO@HNT 2993.7 ± 27.6 103.7 ± 1.4 7.1 ± 0.2
CS/PVOH/15TO@HNT 2965.0 ± 29.4 98.5 ± 1.5 6.8 ± 0.7

From the Young’s (E) Modulus, ultimate tensile strength (σuts), and % strain at break
(εb) values, which are presented in Table 1, we could assume that CS/PVOH/HNT and
CS/PVOH/TO@HNT nanocomposite films are stronger than pure CS/PVOH film. The
higher the nominal content of the HNT and TO@HNT the higher ultimate strength and
lower elongation at break values. In advance, TO@HNT-based nanocomposite films ex-
hibited higher strength values than HNT-based nanocomposites. The increase of tensile
strength with HNT and TO@HNT is in agreement with previous reports where HNT loaded
in CS/PVOH with nominal content 0–5 wt.%. [53]. Here it is reported for the first time
that this increment is existed also for higher HNT nominal loading up to 15 wt.%. It is also
reported that a higher tensile increment is taking place for TO@HNT loading compared to
the relevant HNT loading. This higher increase of tensile strength with TO@HNT addition
is in agreement with the higher dispersion of the TO@HNT in the CS/PVOH matrix as was
presented before by the XRD and SEM results.

2.6. UV-vis Transmittance of CS/PVOH/HNT and CS/PVOH/TO@HNT Films

In Figure 9 photo images (see Figure 9a) and UV-vis plots (see Figure 9b) of all prepared
films are shown for comparison.
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Figure 9. (a) photo images and (b) UV-vis transmittance plots of (1) pure CS/PVOH films,
(2) CS/PVOH/5HNT, (3) CS/PVOH/10HNT, (4) CS/PVOH/15HNT, (5) CS/PVOH/5TO@HNT,
(6) CS/PVOH/10TO@HNT, and (7) CS/PVOH/5TO@HNT films.

As it is obtained in UV-vis transmittance plots and illustrated in film images the
addition of both HNT and TO@HNT decreases the transmittance of films. From UV-vis
transmittance plots is obtained that TO@HNT-based films exhibited higher transmittance
than HNT-based films. This result is in accordance with the higher dispersity of TO@HNT
hybrid nanostructure in the CS/PVOH matrix which was discussed above in XRD and
SEM results.

2.7. Water-Oxygen Barrier Properties of CS/PVOH/HNT and CS/PVOH/TO@HNT Films

In Table 2 the water-oxygen transmission rate values for all CS/PVOH/HNT and
CS/PVOH/TO@HNT films as well as pure CS/PVOH films are listed. By multiplying
water-oxygen transmission rate values with film thickness the water diffusivity (D) and the
oxygen diffusivity (PeO2) values are obtained and are listed in Table 2 also for comparison.

Table 2. Film thickness, water vapor transmission rate (WVTR), water diffusivity (D), oxygen
transmission rate (OTR), and oxygen diffusivity (PeO2) values of pure CS/PVOH film as well as
CS/PVOH/HNT and CS/PVOH/TO@HNT films.

Sample Name Film Thickness
(mm)

WVTR × 10−6

(gr × cm−2 × s−1)
D × 10−4

(cm2 × s−1)
OTR

(mL × m−2 × day−1)
PeO2 × 10−7

(cm2 × s−1)

CS/PVOH 0.140 ± 0.010 1.15 ± 0.13 3.65 ± 0.31 49,577 ± 2478 8.03 ± 0.40
CS/PVOH/5HNT 0.113 ± 0.025 1.42 ± 0.18 3.67 ± 0.72 57,345 ± 2867 7.52 ± 0.38
CS/PVOH/10HNT 0.123 ± 0.015 1.02 ± 0.13 2.83 ± 0.62 32,785 ± 1639 4.68 ± 0.23
CS/PVOH/15HNT 0.117 ± 0.012 1.03 ± 0.20 2.75 ± 0.17 44,234 ± 2211 5.97 ± 0.30
CS/PVOH/5TO@HNT 0.140 ± 0.010 1.14 ± 0.13 3.59 ± 0.14 43,345 ± 2167 7.02 ± 0.35
CS/PVOH/10TO@HNT 0.117 ± 0.021 1.02 ± 0.21 2.62 ± 0.17 28,974 ± 1449 3.91 ± 0.20
CS/PVOH/15TO@HNT 0.170 ± 0.017 1.01 ± 0.67 3.64 ± 0.14 30,434 ± 1521 5.64 ± 0.28

For both water and oxygen diffusivity values, in general, could be stated that: (i) the
addition of TO@HNT causes a higher increase of water-oxygen barrier than the addition of
HNT, (ii) the highest water and oxygen barrier is achieved for films containing 10 wt.%.
HNT and 10 wt.%. TO@HNT, and (iii) the film with the optimum water-oxygen barrier is
CS/PVOH/10TO@HNT. So, it is concluded that around 10 wt.%. is the optimum content
for both HNT and TO@HNT nanostructures to obtain the highest water/oxygen barrier.
This conclusion is consistent with the results of the XRD measurements mentioned above
herein. In other words, with 10 % wt. addition of both HNT and TO@HNT in the CS/PVOH
matrix the optimum dispersions are achieved to obtain the highest water/oxygen barrier.
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2.8. Antioxidant Activity of CS/PVOH/HNT and CS/PVOH/TO@HNT Films

Antioxidant activity in active food packaging has a key role to extend the shelf-life
of food products. Especially for such edible coatings enhances nutritional and aesthetic
quality aspects of food without affecting its integrity.

The calculated % antioxidant activity values of all CS/PVOH/HNT and
CS/PVOH/TO@HNT films as well as pure CS/PVOH film are obtained in Table 3.

Table 3. Antioxidant activity values of pure CS/PVOH and all CS/PVOH/HNT,
CS/PVOH/TO@HNT films.

Sample Name Antioxidant Activity after 24 h 1 (%)

CS/PVOH 3.5 ± 1.6
CS/PVOH/5HNT 5.4 ± 2.6
CS/PVOH/10HNT 5.5 ± 2.2
CS/PVOH/15HNT 6.1 ± 3.1
CS/PVOH/5TO@HNT 18.1 ± 5.0
CS/PVOH/10TO@HNT 25.5 ± 3.6
CS/PVOH/15TO@HNT 32.2 ± 5.1

1 DPPH assey.

As it is observed no significant antioxidant activity is obtained for pure CS/PVOH and
CS/PVOH/HNT films. For CS/PVOH/TO@HNT films antioxidant activity is increased
as the TO@HNT nominal content is increased. The highest antioxidant activity value is
obtained for CS/PVOH/15TO@HNT film.

2.9. Antibacterial Activity of CS/PVOH/HNT and CS/PVOH/TO@HNT Films

Figure 10 depicts the petri dishes used for the antimicrobial activity measurements
of CS, CS/PVOH, CS/PVOH/xHNT, and CS/PVOH/xTO@HNT films against E. coli
and Staphylococcus bacteria. Table 4 presents the antibacterial activity of the developed
films that were based on the CS/PVOH nano-reinforcement. Four foodborne pathogenic
bacteria cultivations i.e., Escherichia coli, Staphylococcus aureus, Salmonella enterica, and
Listeria monocytogenes were used to test the antibacterial capacity of all films. The clear
zone’s diameter around the tested films indicates the magnitude of the inhibition of the
microorganisms’ growth. The absence of a clear zone, which means zero value of diameter,
entails the absence of an inhibitory zone. Moreover, in this work, the bacteria growth in the
area of direct contact of film with the agar surface was also studied.
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(d,g,h) CS/PVOH/xTO@HNT films against E. coli, S. aureus, S. enterica, and L. monocytogenes.
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Table 4. Antibacterial activity of active films against food pathogenic bacteria E. coli, S. enterica,
S. aureus, and L. monocytogenes.

Film Material E. coli S. enterica S. aureus L. monocytogenes

Inhibition a Contact b Inhibition a Contact b Inhibition a Contact b Inhibition a Contact b

CS 0.00 - 0.00 - 0.00 - 0.00 9 +
CS/20PVOH 3.50 ± 0.87 - 3.83 ± 0.76 5,6,8 - 4.47 ± 0.81 3 - 0.00 9 +
CS/20PVOH/5HNT 4.83 ± 0.29 1 - 5.00 ± 0.00 5,6,7,8 - 5.40 ± 0.66 3,4 - 5.00 ± 0.00 10 -
CS/20PVOH/10HNT 5.00 ± 0.00 1 - 5.33 ± 0.76 6,7,8 - 5.77 ± 0.75 3,4 - 5.00 ± 0.00 10 -
CS/20PVOH/15HNT 7.00 ± 0.50 2 - 6.33 ± 0.29 6,7,8 - 6.00 ± 0.00 4 - 6.57 ± 0.51 -
CS/20PVOH/5TO@HNT 7.50 ± 0.50 2 - 6.83 ± 0.298 - 9.00± 0.00 - 8.00 ± 0.50 -
CS/20PVOH/10TO@HNT 7.80 ± 0.20 - 8.00 ± 0.00 - 9.50 ± 0.50 - 9.03 ± 0.45 -
CS/20PVOH/15TO@HNT 8.00 ± 0.50 - 9.00 ± 0.87 - 10.00 ± 0.00 - 9.00 ± 0.50 -

a Inhibitory zone surrounding film discs measured in mm after the subtraction of the disc diameter (6 mm);
b Contact area of film discs with the agar surface; (+) indicates bacterial growth in the area, (-) indicates no bacterial
growth in the area; Results expressed as mean ± standard deviation (n = 3); Means in the same column baring
same superscript numbers are significantly equal (p > 0.05).

The chitosan films CS/PVOH/5HNT, CS/PVOH/10HNT, CS/PVOH/15HNT,
CS/PVOH/5TO@HNT, CS/PVOH/10TO@HNT, CS/PVOH/15TO@HNT were compared
to pure CS and CS/PVOH films. Pure CS films inhibited the growth of all tested bacteria
but only by direct contact; except L. monocytogenes where no antibacterial activity was
observed either in the contact area or by the formation of clear surroundings zones.

Furthermore, the CS/PVOH film showed antibacterial activity by formatting a clear
zone of 3.50 mm for E. coli, 3.83 mm for S. enterica, and, 4.47 mm for S. aureus while no
antibacterial effect against L. monocytogenes was observed.

All the incorporated CS films displayed antibacterial effectiveness. The noted inhi-
bition of the bacteria growth seems to have a dependency on the HNT and thyme oil
(TO) concentration.

By reviewing the results, it is obvious that the growth inhibition was amplified upon
increasing the concentration of the nanostructures and the EO. The CS/PVOH/HNT (5%,
10%, 15%) films showed pronounced antibacterial activity against the tested bacteria.

Specifically, the CS/PVOH/15HNT film exhibited higher antibacterial activity against
E. coli, S. enterica, S. aureus, and L. monocytogenes if compared to CS/PVOH/5HNT, and
CS/PVOH/10HNT. The inhibitory clear zones were noticeably higher for CS/PVOH/HNT
films when thyme oil (TO) was incorporated.

The CS/PVOH/5TO@HNT film inhibited all the tested bacteria by formatting clear
zones of 7.50 mm for E. coli, 7.00 mm for S. enterica, 9.00 mm for S. aureus, and 8.00 mm for
L. monocytogenes.

Increasing the thyme oil concentration, it was also enhanced the zone of inhibition
of bacteria growth. Finally, CS/PVOH/HNT films containing 15% thyme oil displayed
the highest antibacterial activity, resulting in a clear zone formation of 8.00 mm for E. coli,
9.00 mm for S. enterica, 10.00 mm for S. aureus, and 9.00 mm for L. monocytogenes.

In all cases, the nano-enforcement films showed significant antibacterial activity against
Gram-negative bacteria and slightly stronger activity against Gram-positive bacteria.

It is known that chitosan possesses important antibacterial activity against a wide
spectrum of bacteria. This activity is ascribed to its cationic nature (positively charged
ammonium (NH4

+)) that interacts with the negatively charged compounds of the bacteria
cell wall [55]. However, CS does not show any migrated inhibitory activity [56]. Bacte-
rial cell wall barry a negative charge, therefore electrostatic interaction between bacteria
and positively-charged clays such as HNT, under specific conditions (pH, ionic force) is
probable [57]. In order for clay to exhibit antibacterial activity, it is crucial to have the ability
to maintain metal ions in solution and to have also sufficient interlayer cation exchange
capacities [58]. Theoretically, HNTs do not meet these criteria, however, the literature refers
to a wide range of possible modes of action of HNTs against bacteria. Abhinayaa et al., 2019
found that HNT at a concentration of 2.5 mg mL−1, was able to inhibit the growth of the
phytopathogenic bacteria Agrobacterium tumifaciens and Xanthomonas oryzae, while at lower
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concentrations it was observed decreased bacteria growth rate and damages on the cell
membrane. These results were probably attributed to the effect of siloxane groups of HNTs
surface in combination with the production of reactive oxygen species [59]. Moreover,
increased antibacterial activity has been observed after the modification of the HNT surface.
The functionalized HNT displayed strong antibacterial activity against the food-borne
bacteria, L. monocytogenes, and E. coli [60,61].

HNT has been also found to be toxic to E. coli and Salmonella typhimurium, especially as
a result of light-dependent oxidative stress [59,62]. Several antibacterial compounds such
as antibiotics, essential oils, antibacterial peptides, etc. have been loaded into the HNTs
in order to enhance the antibacterial activity [63,64]. The HNT structure seems to allow
the sustained release of the incorporated antibacterial agents such as thyme oil, leading to
bacteria inhibition. By this controlled release, the thyme oil could enter the lipid layer of
the bacterial cell wall causing cell death. Moreover, the interaction of bacterial cell walls
with the thyme oil-HNT matrix may produce an oxidation-reduction response leading to
cell death due to the production of reactive oxygen species [65].

Concluding, it is once more noted that in the present work, the bacteria growth was
inhibited in a dose-dependent manner. The antibacterial efficacy of the tested films could
be due to the nanocomposite films themselves but also might be due to the controlled
release/migration of thyme oil. Many parameters play a role in the final antibacterial effect
of a nanostructure, such as bacterial strain, nanoparticle type/size, chitosan molecular
weight, growth media type, assay type, and bacterial cell concentration. Consequently,
the increased antibacterial activity of the CS/PVOH/HNT films reported in this work is
attributed to the synergistic effect of chitosan, HNT, thyme oil concentration, etc.

2.10. Packaging Test-Application of CS/PVOH/HNT and CS/PVOH/TO@HNT Films as Coating
on Fresh Kiwifruits

In Figure 11 of uncoated kiwifruits and coated kiwifruits with CS/PVOH,
CS/PVOH/10HNT, and CS/PVOH/10TO@HNT solution after 21 days of storage at 25 ◦C
and ambient humidity are shown. As it is obtained from the uncoated kiwifruits the weight
loss change is visible from the 3rd day of storage. The visible changes for uncoated samples
are more visible on the 6th day and the deterioration increased until the 15th day when the
uncoated kiwi fruits were rejected. In the kiwifruits coated with pure CS/PVOH solution
the deterioration is visible 3 days later in the 6th day and is increased until the 15th day
when also these samples were rejected. For the kiwifruits coated with CS/PVOH/10HNT
and CS/PVOH/10TO@HNT solution, the deterioration is much slower. The first visible
weight loss change is starting for the kiwifruits coated with CS/PVOH/10HNT solution
on the 12th day while for the kiwifruits coated with CS/PVOH/10TO@HNT solution
three days later on the 15th day. From the 15th to 21st day of storage as it is obtained
(see the last image in the down part of Figure 11) the deterioration of kiwifruits coated
with CS/PVOH/10HNT was much more accelerated than the kiwifruits coated with
CS/PVOH/10TO@HNT solution which are in a much better optical condition in the last
day of the experiment. To conclude a significant deceleration of kiwifruits deteriora-
tion was obtained for all coated samples. The uncoated kiwifruits deterioration starts
on the 3rd day, while for the kiwifruits coated with CS/PVOH, CS/PVOH/HNT, and
CS/PVOH/10TO@HNT solution on the 9th, 12th, and 15th day correspondingly. At this
point, it must be mentioned, that the delayed deterioration of the kiwi fruits could be
attributed also to the antimicrobial activity of the tested films. Although the films were
studied for certain food-borne bacteria, it is likely to have also antimicrobial activity against
other spoilage microorganisms, leading to extended life.

61



Gels 2022, 8, 823

Gels 2022, 8, x FOR PEER REVIEW 16 of 25 
 

 

CS/PVOH/10TO@HNT solution three days later on the 15th day. From the 15th to 21st day 

of storage as it is obtained (see the last image in the down part of Figure 11) the 

deterioration of kiwifruits coated with CS/PVOH/10HNT was much more accelerated 

than the kiwifruits coated with CS/PVOH/10TO@HNT solution which are in a much better 

optical condition in the last day of the experiment. To conclude a significant deceleration 

of kiwifruits deterioration was obtained for all coated samples. The uncoated kiwifruits 

deterioration starts on the 3rd day, while for the kiwifruits coated with CS/PVOH, 

CS/PVOH/HNT, and CS/PVOH/10TO@HNT solution on the 9th, 12th, and 15th day 

correspondingly. At this point, it must be mentioned, that the delayed deterioration of the 

kiwi fruits could be attributed also to the antimicrobial activity of the tested films. 

Although the films were studied for certain food-borne bacteria, it is likely to have also 

antimicrobial activity against other spoilage microorganisms, leading to extended life. 

 

Figure 11. Images of uncoated kiwifruits, coated with CS/PVOH solution kiwifruits, coated with 

CS/PVOH/10HNT solution kiwifruits and coated with CS/PVOH/10TO@HNT solution kiwifruits 

stored at 25 °C and ambient humidity at zero, 3rd, 6th, 9th, 12th, 15th and 21st day. 

3. Conclusions 

Concluding this study, according to the TG and FTIR results the proposed modified 

adsorption process led to ~35 wt.%. of TO loading onto HNT nano-clay combined with 

very good incorporation. Furthermore, the FTIR results indicate a prevailing 

Figure 11. Images of uncoated kiwifruits, coated with CS/PVOH solution kiwifruits, coated with
CS/PVOH/10HNT solution kiwifruits and coated with CS/PVOH/10TO@HNT solution kiwifruits
stored at 25 ◦C and ambient humidity at zero, 3rd, 6th, 9th, 12th, 15th and 21st day.

3. Conclusions

Concluding this study, according to the TG and FTIR results the proposed modified
adsorption process led to ~35 wt.%. of TO loading onto HNT nano-clay combined with
very good incorporation. Furthermore, the FTIR results indicate a prevailing physisorption
mechanism as it is compared to chemisorption. This led to a controlled release mechanism
of the TO which was confirmed by the antibacterial tests. We are heading in the same
direction if we interpret the XRD results shown, that the thymol was adsorbed on the
external surface of the HNT in a high order and thus, such molecules could be easily
released. The comparison of the HNT with the TO@HNT nanostructures behaviour via
SEM, EDS, and XRD measurements implies that the dispersion of the second one in the
CS matrix is higher than the relevance of the first one, which is beneficial for the final
developed film. Even though CS/PVOH/15TO@HNT exhibits higher antioxidant and
antibacterial activity, the CS/PVOH/10TO@HNT exhibits a higher water-oxygen barrier.
According to the XRD measurements, this result originates from dispersion collapse for
higher nanohybrid addition. Such results were verified by the in-vivo experiments of kiwi
fruits preservation where the uncoated food started to decline on the 3rd day, the coated
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food with CS/PVOH/15HNT film started to decline on the 12th day, and the coated food
with CS/PVOH/15TO@HNT film started to decline at the 15th day. The rejection day
of the uncoated kiwi fruits was the 15th day while the rejection of the coated fruits was
the 21st day. The final situation of the CS/PVOH/15TO@HNT kiwi samples was better
than the relevant of the CS/PVOH/15HNT coated samples. Finally, UV-vis and SEM
measurements show that the TO addition is beneficial for the film’s transparency and to
the HNT dispersion in the CS matrix.

As a final result of this study, we could say that a promising active packaging film
was developed through a more environmentally friendly procedure and tested successfully
for kiwi fruit preservation. As future work, we could say that this product should be also
tested with other food kinds and develop an industrial process for bulk film production via
a scale-up procedure.

4. Materials and Methods
4.1. Materials

Acros-Organics company was the supplier of Chitosan (CS) with a molecular weight
of 100,000–300,000 (Zeel West Zone 2, Janssen Pharmaceuticalan 3a, B2440, Geel, Belgium).
Poly(vinyl alcohol) (PVOH) (low molecular weight i.e., 13,000–23,000, hydrolysis degree
87–89%) was purchased by SIGMA-ALDRICH (Co., 3050 Spruce Street, St. Louis, MO,
USA, 314-771-5765). Nanocor Inc. was provided the powder nanoclay (2870 Forbs Avenue,
Hoffman Estates, IL, USA). Montmorillonite which contained 1.53% halloysite nanotubes
(Al2Si2O5(OH)4·2H2O, 99.5% clay, 1.68% CaO, 3.35% Fe2O3, 62.9% SiO2, 19.6% Al2O3, and
3.05% MgO) was obtained by Sigma-Aldrich (product 685445, Sigma-Aldrich, St. Louis,
MO, USA). The used Thyme Oil (TO) was produced by the Chemco company (Via Achille
Grandi, 13–13/A, 42030 Vezzanosul, Crostolo, Italy).

4.2. Preparation of TO@HNT Hybrid Nanostructure

The modification of the HNT nanoclay with TO EO was based on a modified evapora-
tion/adsorption process [36]. Firstly, 20 mL of TO was placed in a glass distiller flask and
heated at 200 ◦C to remove the D-limonene and L-cymene (see part (1) in Figure 12). The
remaining rich in thymol TO was placed in a round bottom glass flask. Above the flask, 2 g
of HNT bed was adapted and above the HNT bed, a reflux condenser was placed. With
this modified reflux condenser, the remaining rich in thymol TO was heated at 300 ◦C and
the evaporated thymol molecules adsorbed on HNT (see part (2) in Figure 12).

When the HNT bed color turned from white to brown the process stopped and the
modified HNT was removed and weighted. The wt.%. TO loading to HNT was calculated
at approx. 30%. The as-prepared rich in thymol-modified HNT was labeled as TO@HNT
and used as active nano-reinforcement in the development of CS/PVOH/TO@HNT active
films/coatings.

4.3. Preparation of CS/PVOH/HNT and CS/PVOH/TO@HNT Films/Coatings

For the preparation of each film/coating, 100 mL of an aqueous 2% w/v CS solution
activated with 1% v/v acetic acid was used. In this 100 mL of as-prepared 2% w/v CS
solution with 1% v/v acetic acid PVOH added to achieve final PVOH nominal content at
30% wt. The obtained mixture was refluxed overnight to solubilize PVOH and to achieve a
homogeneous CS/PVOH solution. In this, 100 mL of CS/PVOH mixed solution amounts
of TO@HNT hybrid nanostructure was added and homogenized for 5 min at 18,000 rpm
to achieve final TO@HNT nominal content 5, 10, and 15 wt.% (see part (3) in Figure 12).
For comparison amounts of pure HNT were also added into CS/PVOH mixed solution to
achieve final HNT nominal content 5, 10, and 15 wt.%. The as-obtained CS/PVOH/xHNT
and CS/PVOH/xTO@HNT (x takes values 5, 10, and 15) homogenized coatings were
placed in 11 cm diameter petri dishes and dried at ambient temperature. The obtained
films were peeled off and preserved inside PE plastic bags at 25 ◦C and 50% RH before
the measurements.
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Figure 12. Schematic presentation of (1) distillation process to produce a rich in thymol fraction from
pure thyme oil, (2) evaporation/adsorption process to modify pure HNT and develop TO@HNT
nanohybrids, (3) homogenization process to develop CS/PVOH/TO@HNT gels and (4) kiwi fruit
dipping/coating process.

4.4. Characterization of TO@HNT Hybrid Nanostructure

The obtained TO@HNT hybrid nanostructure was characterized with XRD analysis,
FTIR spectroscopy, and DSC analysis. For XRD analysis a Brücker D8 advance instrument
was employed (Brüker, Analytical Instruments, S.A., Athens, Greece) and the measurements
were carried out in the range 2θ = 2–30◦. For the FTIR spectroscopy measurements,
an FT/IR-6000 JASCO Fourier transform spectrometer (JASCO, Interlab, S.A., Athens,
Greece) was employed. The FTIR spectra were recorded in the range of 4000–400 cm−1

and the obtained spectra was was the average of 32 scans at 2 cm−1 resolution. For
the DSC experiments, a DSC214 Polyma Differential Scanning Calorimeter (NETZSCH
manufacturer, Selb, Germany) was employed. Samples with an average weight in the range
of 1.2–3.3 mg were tested under a nitrogen atmosphere with a heating rate of 10 K/min
from 50 to 300 ◦C.

4.5. XRD Analysis of CS/PVOH/HNT and CS/PVOH/TO@HNT Films

The prepared CS/PVOH/HNT and CS/PVOH/TO@HNT films were characterized
with XRD analysis by using a Brücker D8 advance instrument was employed (Brüker,
Analytical Instruments, S.A., Athens, Greece) in the range of 2θ = 2–30◦.
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4.6. FTIR Analysis of CS/PVOH/HNT and CS/PVOH/TO@HNT Films

The interaction of pure HNT with CS/PVOH matrix in CS/PVOH/HNT films and
TO@HNT hybrid nanostructure with CS/PVOH matrix in CS/PVOH/TO@HNT films were
tested with FTIR analysis by using an FT/IR-6000 JASCO Fourier transform spectrometer
(JASCO, Interlab, S.A., Athens, Greece) in the range of 4000–400 cm−1.

4.7. SEM Images

The surface and cross-section morphology of CS/PVOH/HNT and CS/PVOH/
TO@HNT films was recorded by using a JEOL JSM-6510 LV SEM (Microscope Ltd., Tokyo,
Japan) were used equipped with an X-Act EDS-detector by Oxford Instruments, Abingdon,
Oxfordshire, UK (an acceleration voltage of 20 kV was applied).

4.8. Tensile Properties of CS/PVOH/HNT and CS/PVOH/TO@HNT Films

The influence of pure HNT and TO@HNT addition in the tensile characteristics of the
CS/PVOH matrix was evaluated with tensile measurements by using a Simantzü AX-G
5kNt instrument (Simandzu, Asteriadis, S.A., Athens, Greece). According to the ASTM
D638 method, three to five samples of type V ASTMD638 specimens of each film were
tensioned at an across-head speed of 2 mm/min.

4.9. UV-vis Transparency of CS/PVOH/HNT and CS/PVOH/TO@HNT Films

UV–vis transmittance measurements for all obtained CS/PVOH/HNT and
CS/PVOH/TO@HNT films were carried out with a Shimatzu 1900 spectrophotometer in
the range of 200 to 800 nm.

4.10. Water and Oxygen Barrier Properties of CS/PVOH/HNT and CS/PVOH/TO@HNT Films

For the evaluation of the water vapor transmission rate (WVTR) of CS/PVOH/HNT
and CS/PVOH/TO@HNT films, a hand-made apparatus was used according to the ASTM
E96/E 96M-05 method [66]. According to the methodology described extensively in
previous reports [17,40–42,66] experiments were carried out inside thermostated chamber at
38 ◦C and constant 95% RH. Water vapor transmission rate WVTR (g·cm−2·s−1) and water
vapor diffusion coefficient D (cm2·s−1) were estimated according to Equations (2) and (3)
respectively as they reported to number [50] referenced paper and based on the theory
described in this paper [67].

4.11. Oxygen Permeability of CS/PVOH/HNT and CS/PVOH/TO@HNT Films

ASTM D 3985 method (23 ◦C and 0% RH) was followed to estimate the oxygen
transmission rate (OTR). OTR values in cc O2·m−2·day−1 achieved using an (8001, Systech
Illinois Instruments Co., Johnsburg, IL, USA) oxygen permeation analyzer. The oxygen
permeability coefficient Pegas (cm2/s), was estimated following Equations (4) and (5) of the
number [50] referenced paper and according to the theory described in the literature [68].

4.12. Antioxidant Activity of CS/PVOH/HNT and CS/PVOH/TO@HNT Films

The antioxidant activity of CS/PVOH/HNT and CS/PVOH/TO@HNT films were
evaluated with the diphenyl-1-picrylhydrazyl (DPPH) method. Briefly, 300 mg of each
film was cut into small pieces and placed inside dark glass bottles with 10 mL of an
ethanolic solution of diphenyl-1-picrylhydrazyl (DPPH) with 40 ppm concentration. A
sample with 10 mL of ethanolic DPPH solution without the addition of any film was used
as the blank sample. The absorbance of the DPPH solution at 517 nm at 0 h and after
24 h incubation was measured using a Jasco V-530 UV-vis spectrophotometer. For each
film, three to five different samples were made and measured. After 24 h incubation of
films, the % antioxidant activity was estimated using the Equation (7) reported in previous
reports [27,40,41,49].
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4.13. Antibacterial Activity of CS/PVOH/HNT and CS/PVOH/TO@HNT Films

Antibacterial properties of the films were investigated by utilizing the agar diffusion
method against Gram-negative bacteria Escherichia coli (ATCC 25922), Salmonella enterica
subsp. enterica (DSMZ 17420), Gram-positive bacteria Staphylococcus aureus (DSMZ 12463),
and Listeria monocytogenes (DSMZ 27575). The tested foodborne microorganisms were
obtained from the Institute of Technology of Agricultural Products, ELGO-DEMETER,
Lykovryssi, Greece.

Fresh cultures of the bacterial strains were prepared in Mueller Hinton Broth. The
cultures were inoculated at 37 ◦C for 24 h in order to achieve a range of 107–108 CFU mL−1.
After that, the bacteria were swabbed on Mueller-Hinton agar dishes by rotating the plate
every 60◦ to ensure consistent growth.

The tested films were cut into 6 mm diameter discs by a circular knife and were placed
on a Mueller-Hinton inoculated plate. The dishes were incubated at 37 ◦C overnight. The
diameter of the inhibitory zones, and the contact area of the discs with agar surface, were
measured. The experiment was performed thrice.

4.14. Packaging Test of CS/PVOH/HNT and CS/PVOH/TO@HNT Coatings in Preservation
of Kiwifruits

15 kiwifruits of as close to the same shape as possible and the same ripeness were
purchased from the local supermarket and they were divided into four groups with three
fruits each. The first group of three kiwifruits was used as blank uncoated samples. The
other three groups with three kiwifruits each were coated with pure CS/PVOH solution,
CS/PVOH/10HNT solution, and CS/PVOH/10TO@HNT. CS/PVOH/10TO@HNT coating
solution was selected as the optimum one according to each higher water/oxygen barrier
properties shown hereabove which are critical for such active fruit coatings. Therefore,
the uncoated and coated kiwifruits were put in a tray, stored under room humidity at
25 ◦C, and observed daily for any visible changes or fungal growth on their surfaces over
21 days. For the coating of kiwi fruits, dipping for 1 min in the selected coating solutions
was followed (see part (4) in Figure 12).

4.15. Statistical Analysis

Three pieces of every film sample were tested to obtain the values presented in
Tables 1–4. The final value of each property is the mean value of such measurements.
All experimental data were processed with the SPSS vr. 20 statistical software and the
mean values and standard deviation values which are tabulated above, resulted assumed a
confidence interval of C.I. = 95%. Hypothesis tests ran assuming a statistical significance
level of p = 0.05 to ensure that different mean values of a property for different samples
are also statistically different. The non-positive normality tests implied the non-parametric
Kruskal–Wallis method for such investigations and statistically unequal mean values of all
properties were confirmed. The equality or inequality assurance was tested according to
the empirical Equations (1) and (2) which were explained in detail in previous works [40]:

EA(%) =
Sig. − p

1 − p
·100 (1)

IA(%) =
p − Sig.

p
·100 (2)

All the mechanical and barrier properties of all kinds of films exhibit statistical in-
equal mean values. The significance Sig. value range resulting from the SPSS software is
presented in the following table:

It is obvious from Table 5 that the values of properties E, σuts, ε%, WVTR, and OTR are
different for different kinds of films while the values of the antioxidant activity are different
but, in some cases, close to each other. Finally, it is obvious from Tables 4 and 5 that mean
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values of antimicrobial activity, in some cases are statistically equal while in other cases are
statistically unequal.

Table 5. Significance level, equality, and inequality, assurance of mean values for Young Modulus (E),
σuts, % elongation at break (ε%), WVTR, OTR, % Antioxidant.

E σuts ε% WVTR OTR Antiox. E. coli Saur. Senter. L. monoc.

Sig. < 0.05 0–0.0110 0–0.0185 0–0.014 0–0.0220 0–0.0120 0–0.0400 0–0.037 0–0.024 0–0.039 0–0.002

IA (%) 78–100 63–100 72–100 56–100 76–100 20–100 26–100 52–100 22–100 96–100

Sig. > 0.05 - - - - - - 0.862–1 0.071–0.999 0.081–0.991 1

EA (%) - - - - - - 85–100 2–100 3–99 100

Significance level p < 0.05.
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Abstract: This study presents, the development of a green method to produce rich in thymol natural
zeolite (TO@NZ) nanostructures. This material was used to prepare sodium-alginate/glycerol/
xTO@NZ (ALG/G/TO@NZ) nanocomposite active films for the packaging of soft cheese to extend
its shelf-life. Differential scanning calorimetry (DSC), X-ray analysis (XRD), scanning electron
microscopy (SEM), and Fourier-transform infrared spectroscopy (FTIR) instruments were used for
the characterization of such nanostructures and films, to identify the thymol adsorbed amount, to
investigate the thermal behaviour, and to confirm the dispersion of nanostructure powder into the
polymer matrix. Water vapor transmission rate, oxygen permeation analyzer, tensile measurements,
antioxidant measurements, and antimicrobial measurements were used to estimate the film’s water
and oxygen barrier, mechanical properties, nanostructure’s nanoreinforcement activity, antioxidant
and antimicrobial activity. The findings from the study revealed that ALG/G/TO@NZ nanocomposite
film could be used as an active packaging film for foods with enhanced, mechanical properties, oxygen
and water barrier, antioxidant and antimicrobial activity, and it is capable of extending food shelf-life.

Keywords: active packaging; soft cheese preservation; sodium alginate; thyme oil; natural zeolite;
shelf-life extension

1. Introduction

In the last few years, petroleum-based food packaging materials have been replaced
with biodegradable biopolymers as a result of circular economy and sustainability [1–5].
Thus, the utilization of protein and polysaccharide-based biopolymer hybrid nanostructure
materials in the food industry has been increased due to their non-toxicity, biodegradabil-
ity, ability to form gels, encapsulate and deliver bioactive compounds such as essential
oils [6–8]. Such novel biopolymer-based food packaging systems are suitable for active
food packaging applications. Active food packaging is defined as “packaging in which
subsidiary constituents have been deliberately included in or on either the packaging
material or the package headspace to enhance the performance of the package system” [4].

Alginate (ALG) has become one of the most popular natural polysaccharides exten-
sively used in the development of delivery systems for food bioactive ingredients. The
suitability of this material for such purposes is due to its ionic crosslinking ability, pH
responsiveness, excellent biocompatibility, biodegradability, and low price [5]. Alginate
(ALG) is an unbranched anionic polysaccharide consisting of β-D-mannuronic acid (M)
and α-L-guluronic acid (G) linked by glycosidic bonds. The structure of alginate depends
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primarily on the monomer composition, the M/G ratio, the polymer sequence, and the
molecular weight of the linear chain. The structure of alginate and the M/G ratio are crucial
for its capability to deliver bioactive compounds. For example, a higher concentration of
G blocks generates more rigid hydrogels with larger pores [6], which leads to the easier
release of immobilized bioactive components from the polymer matrix. On the contrary,
higher M block content is more suitable for the formulation of softer edible films and
coatings with lower gas permeability [7,8].

Under the same spirit, there is a trend to replace the “commonly” used antioxidant
and/or antimicrobial chemical agents such as Butylated hydroxytoluene (BHT) and Buty-
lated Hydroxyanisole (BHA) which are added directly to the food. The use of such chemi-
cals was replaced with the use of essential oils [9,10] or other bioactive phytochemicals [11]
in active packaging film gels, and coating is taking place. Essential oil loss due to evapora-
tion phenomena was reduced using various nanomaterials as nanocarriers in food delivery
systems and active food packaging applications. Such materials were developed based on
the food nanotechnology concept [12–14]. Nanoclays, such as montmorillonite [15–17] and
halloysite [18–20] were used both as reinforcements and as essential oil nanocarriers for
controlled released applications [21]. These nanoclay based essential oil nanocarriers were
incorporated into polymer [21–23] or biopolymer [16] networks. The new composite mate-
rials were promising for active packaging film applications with antioxidant and/or antimi-
crobial activity. Natural zeolite (NZ) is another, abundant nanomaterial promising for food
preservation and food packaging applications [24] as is reported in the literature [25–27].
Rešček et al., 2018 [28] developed double-layered polyethylene/caprolactone packaging
films modified with zeolite and magnetite. It was shown that the addition of zeolite im-
proved the mechanical and barrier properties of obtained films. Youssef et al., 2019 [29]
prepared carboxymethyl cellulose/polyvinyl alcohol films modified with zeolite which was
firstly doped with Ag and Au ions. It was shown that the addition of this modified zeolite
enhanced the mechanical, barrier and antimicrobial properties of the obtained packaging
films. Recently, Nascimento Souza et al., 2020 [30] prepared chitosan packaging film and
used zeolite as an ethylene scavenger. To the best of our knowledge, there is no study on
the use of natural zeolite (NZ) as nanoreinforcement and/or essential oil nanocarrier in
ALG based film preparation.

Cottage cheese is a highly consumed type of cheese which, however, is easily acidified.
Because of its high moisture content i.e., about 75%, and pH values over 4.5, the shelf-life
of this product is restricted to 15 days [31]. It is well documented that various types of
spoilage bacteria, yeasts, and molds that may develop on the cheese surface during storage
can influence the shelf life of cheese, particularly in the case of soft and spread cheese. To
prevent damage and spoilage, soft and fresh cheese are currently packaged with active
cheese technology [32].

In this study natural zeolite (NZ) was firstly modified with thyme essential oil (TO) and
produced a novel TO@NZ hybrid nanostructure. These nanostructures were characterized
with XRD analysis and FTIR spectrometry. They were directly added to sodium alginate
(ALG) plasticized with glycerol (G) hydrogels and produced novel ALG/G/TO@NZ active
packaging films. The TO@NZ hybrid nanostructure content was fixed to 5, 10, and 15% wt.
The properties of these films were compared with the properties of films prepared with
pure NZ. The obtained ALG/G/NZ and ALG/G/TO@NZ films were also characterized
with XRD analysis and FTIR spectrometry. Moreover, they were tested for their mechanical
and water/oxygen barrier properties. The antioxidant and antimicrobial capacity of the
obtained films was also evaluated. Finally, the most active films were used as packaging
films to extend the shelf-life of soft cheese. The innovation of the current study can be
summarized in the following three points: (1) modification/preparation of a rich in thymol
content NZ nanostructure via a green evaporation/adsorption method, (2) development of
edible active packaging films based on an ALG/G biopolymer matrix by using the novel
TO@NZ nanostructure, and (3) use of such edible active packaging films to extend the
self–life of a soft cottage-cheese.
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2. Results and Discussion
2.1. GC-MS Results

The results of the GC-MS analysis of the TO as received and of the remaining after the
first stage distillation process TO are summarized in Tables S1 and S2. The main substances
of the TO as received are p-cymene 12.3%, D-limonene 16.5%, and thymol 56.7% (see
Table S1). At the end of the first stage distillation process, the remaining TO does not
contain p-cymene and D-limonene and contains 86.7% thymol (see Table S2).

2.2. DSC Results

Figure 1 presents DSC plots of pure NZ, TO@NZ, and TO_NZ hybrid nanostructures
in the range of 50–250 ◦C.
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Figure 1. DSC plots of (1) pure NZ, (2) TO_NZ hybrid nanostructure and (3) TO@NZ hybrid nanostructure.

All curves exhibit a small, wide, and broad peak starting at around above 100 ◦C. This
peak is attributed to the exothermic water evaporation process. In the case of TO_NZ and
TO@NZ hybrid nanostructures two sharp exothermic peaks at approximately 185 ◦C and
230 ◦C are observed correspondingly. Additionally, in the case of TO_NZ hybrid nanostruc-
ture, there is also a wide broad peak starting above 200 ◦C. Precisely in the case of TO_NZ
hybrid nanostructure the sharp peak at 185 ◦C does not ends and continues above 200 ◦C.
This peak at 185 ◦C corresponds to p-Cymene and D-Limonene molecules’ evaporation
while the peak at 230 ◦C corresponds to the thymol molecules’ evaporation [33–35]. This
observation indicates that molecules that existed in the TO_NZ hybrid nanostructure are
of different kinds of molecules that existed in the TO@NZ hybrid nanostructure. In the
case of TO_NZ hybrid nanostructures, Limonene, Cymene, and Thymol molecules were
adsorbed while in the case of TO@NZ hybrid nanostructures the Limonene and Cymene
were removed from TO during the distillation process, and thymol was mainly adsorbed.
Additionally, in the case of TO_NZ hybrid nanostructures, higher amounts of Limonene
and Cymene molecules were adsorbed.

The DSC results indicate that the TO evaporation process led to the adsorption of
higher quantities of D-Limonene and p-Cymene than thymol on the NZ surface (TO_NZ
hybrid nanostructure). This happens probably because of their lower evaporation tempera-
ture. On the contrary, when D-Limonene and p-Cymene molecules were removed from
TO via the distillation process, thymol is the main substance which was adsorbed on the
NZ surface (TO@NZ hybrid nanostructure). In other words, from DSC plots, it is clear that
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the TO_NZ hybrid nanostructure was rich in D-Limonene and p-Cymene molecules while
TO@NZ was rich in thymol molecules.

2.3. XRD Analysis

The XRD plots of the as received NZ and of the modified TO@NZ hybrid nanostructure
are presented in Figure 2.
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Figure 2. XRD plots of as received NZ and TO@NZ hybrid nanostructure.

The observed reflections in patterns of both NZ and TO@NZ materials are attributed
to Heulandite Ca(Si7Al2)O16 × 6H2O monoclinic crystal phase (PDF-41-1357). This means
that the adsorption of TO into NZ did not affect the crystal phase.

The XRD plots of pure ALG/G, ALG/G/xNZ, and ALG/G/xTO@NZ nanocomposite
films are presented in Figure 3 (where x is the nanostructure composition).
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Figure 3. XRD plots of: (1) ALG/G, (2) ALG/G/5NZ, (3) ALG/G/10NZ, (4) ALG/G/15NZ,
(5) ALG/G/5TO@NZ, (6) ALG/G/10TO@NZ AND (7) ALG/G/15TO@NZ obtained films.
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Unplasticized alginate films exhibited two broad peaks with central positions at
2θ = 13.5◦ and 21.6◦ [36,37]. As it is observed in Figure 3, in the case of such ALG/G films
the peak at 2θ = 13.5◦ disappeared indicating a lower proportion of the amorphous structure
with larger chain distances. This is a result of water and glycerol de-structuration [36]. No
changes of the ALG crystallinity were observed with the addition of either NZ or TO@NZ
hybrid nanostructures. Moreover, after an initial additive loading into the polymeric matrix,
as the % wt. content of NZ or TO@NZ hybrid nanostructure increases the reflections of
zeolite’s crystal phase are increase. This indicates that the higher dispersion of such
materials in the ALG/G film is obtained only for low % wt. loadings i.e., <10% wt.

2.4. FTIR Spectroscopy

Line (1) in Figure 4 represents the FTIR spectra of the as received TO. In the same
figure, Line (2) is assigned to the as received natural zeolite FTIR spectra, and Line (3) to
the modified rich in thymol natural zeolite TO@NZ.
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Figure 4. FTIR plots of: (1) TO as received, (2) NZ as received, (3) modified TO@NZ hybrid nanostructure.

In the FTIR plot of the TO material, i.e., Line (1) in Figure 4, the bands at ~3400 cm−1

and at ~3500 cm−1 are assigned to hydrogen-bonded OH stretching, and the bands at
~3100–3000 cm−1 are devoted to aromatic and alkenic C-H=C-H stretch vibrations. Three
more bands are observed between 2800 and 3000 cm−1 which are attributed to the C-H
stretch vibration of aliphatic CH2 bonds. These bands are the strongest evidence that TO
was adsorbed on NZ substrate because they are not covered by pristine NZ bands. For
wavenumbers between 1500 cm−1 and 1300 cm−1 as well as for lower than 1000 cm−1,

there are several bands assigned to TO which are attributed to the C-H bending of the
aliphatic CH2 groups and C-O-H bending. These bands do not be overlapped with those of
NZ. spectra and thus they could be visible in an NZ spectrum with adsorbed TO [15,38].

In the FTIR plots of NZ and TO@NZ powders ((see line (2) and line (3) in Figure 4),
the bands at 3619 and 3436 cm−1 are assigned to the OH group stretching mode. The
band at 1650 cm−1 corresponds to the OH group bending mode. The band at 1090 cm−1

to the Si-O stretching vibration and at 468 cm−1 to the -SiO4- bending mode [39–41]. It is
obvious from the FTIR plot of TO@NZ that characteristic bands of TO exist in the range of
2800–3100 cm−1, 1300–1500 cm−1, and 500–1000 cm−1. This indicates that the adsorption
of TO molecules in the NZ occurs. The absence of band shift between NZ and TO@NZ
plots means that the adsorption process is rather a physisorption than chemisorption.
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Line (1) in Figure 5 depicts the FTIR plots of ALG/G while Line (2) shows the FTIR
spectra of ALG/G/NZ material, and Line (3) of ALG/G/TO@NZ films.
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Figure 5. Representative FTIR spectra of (1) ALG/G, (2) ALG/G/NZ, (3) ALG/G/TO@NZ
obtained films.

Line 1 of Figure 5 corresponds to the FTIR plot of pure ALG/G film while line 2 is a
representative FTIR plot of ALG/G/10NZ. Finally, line 3 is assigned to FTIR measurements
of ALG/G/10TO@NZ nanocomposite films. The characteristic sodium-alginate peaks are
observed in all plots. A broad band at 3.428 cm−1 is assigned to hydrogen-bonded O–H
stretching vibrations [42]. The band at 1635 cm−1 is attributed to the asymmetric stretching
vibration of COO groups, the band at 1419 cm−1 to the symmetric stretching vibration of
COO groups, and the band at 1050 cm−1 to the elongation of C-O groups [43]. It is obvious
from lines (2) and (3) that the addition of NZ and TO@NZ hybrid nanostructures causes
an increase to the bands at 3.428 cm−1 and 1635 cm−1 which could be attributed to strong
interactions of ALG chains with NZ and TO@NZ hybrid nanostructures. This interaction is
higher in the case of the TO@NZ hybrid nanostructure. Thus, it is revealed that modified
TO@NZ hybrid structure interacts better with ALG/G matrix compared to the relevant of
the pure NZ material. Furthermore, the absence of TO peaks in ALG/G/10TO@NZ spectra
indicates that the TO molecules are not in the surface but in the inner area of the ALG/G
matrix and supports the relaxation between the NZ material and the ALG/G matrix.

2.5. SEM Images

A SEM instrument equipped with an EDS detector was used to investigate the
surface/cross-section morphology of the pure ALG/G film as well as of the ALG/G/xNZ
and ALG/G/xTO@NZ hybrid nanocomposite films. The results confirmed that the NZ
and the TO@NZ hybrid nanostructures were homogeneously dispersed in the ALG/G
polymeric matrix. The chemical elements contained in the pure and final nanocomposite
active packaging films were identified by carrying out EDS analysis on the surface of
the materials.

The SEM images in Figure 6a,b show the expected smooth morphology inside and outside
of the neat ALG/G polymer matrix. The EDS spectra in Figure 6c certify the existence of carbon
(C), oxygen (O), and sodium (Na) on the surface of such films which is expected because of the
sodium alginate. Figures 7e, 8e and 9e show EDS chemical analysis of nanocomposite active
packaging films with different concentrations of pure NZ and TO@NZ hybrid nanostructure
i.e., 5, 10, and 15% wt. In addition to the above mentioned presence of (C), (O), and (Na),
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the presence of typical elements, such as Si, Al, Fe, K, and Ca, confirm the existence of NZ
and TO@NZ in such nanocomposite films. Moreover, the increase of (Na) content of the
ALG/G/xNZ films i.e., ~10% compared to the relevant content of the pure ALG/G films
i.e., ~2% indicates the incorporation of the natural zeolite into the polymer matrix. Surface
and relative cross-section images of ALG/G/xNZ and ALG/G/xTO@NZ with different ratios
x of NZ and TO@NZ are presented in Figures 7–9.
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Figure 7. (a,c) SEM images of the surface and (b,d) cross-section for the nanocomposite films of
ALG/G/5NZ (a,b) and ALG/G/5TO@NZ (c,d) respectively. (e) Energy dispersive spectrometer
(EDS) spectrum and relative elemental analysis of the surface (inset) from the SEM image (a).
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Figure 8. (a,c) SEM images of surface and (b,d) cross-section for the nanocomposite films of
ALG/G/10NZ (a,b) and (c,d) ALG/G/10TO@NZ (c,d) respectively. (e) Energy dispersive spectrome-
ter (EDS) spectrum and relative elemental analysis of the surface (inset) from the SEM image (a).

It is obvious from Figures 7–9 that after the incorporation into the polymer matrix,
the increase of the content of NZ or TO@NZ nanocomposite material caused an increase
to the aggregation degree. Nevertheless, SEM images of the final nanocomposite films
show that the nanohybrids were homogeneously dispersed, which indicates their enhanced
compatibility with the polymer matrix. Moreover, SEM surface and cross-section images
were shown more homogenous dispersion in the case of TO@NZ hybrid nanostructure in
nanocomposite films compared to the relevant of pure NZ. This means that the TO@NZ
hybrid nanostructure was incorporated significantly better in the polymer matrix compared
to the incorporation of the respective pure NZ.
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ALG/G/15NZ (a,c) and ALG/G/15TO@NZ (c,d) respectively. (e) Energy dispersive spectrome-
ter (EDS) spectrum and relative elemental analysis of the surface (inset) from the SEM image (a).

2.6. Tensile Properties

The calculated values of elastic modulus (E), ultimate strength (σuts), and elongation
at break (%ε) for all ALG/G/xNZ and ALG/G/xTO@NZ nanocomposite films are listed
in Table 1.

Table 1. Calculated values of Young’s (E) Modulus, ultimate tensile strength (σuts) and % strain at
break (εb).

Code Name E-Elastic Modulus (MPa) σuts (MPa) %ε

ALG/G 445.5 (63.8) 15.2 (2.4) 40.2 (4.7)
ALG/G/5NZ 755.6 (67.3) 22.7 (0.9) 24.7 (12.4)

ALG/G/10NZ 669.3 (24.3) 21.1 (5.9) 20.3 (2.7)
ALG/G/15NZ 785.3 (146.6) 23.1 (5.5) 23.1 (2.5)

ALG/G/5TO@NZ 739.4 (20.3) 20.9 (3.5) 28.4 (8.2)
ALG/G/10TO@NZ 651.5 (76.2) 18.5 (2.9) 28.3 (6.6)
ALG/G/15TO@NZ 798.5 (177.5) 22.6 (1.4) 25.3 (2.5)

It is obvious from Table 1 that the addition of both NZ and TO@NZ hybrid nanos-
tructure increases stiffness and strength and decreases %elongation at break values. The
nanocomposite film with the higher strength was the ALG/G/15NZ and ALG/G/15TO@NZ.
This result is in accordance with previous reports where zeolite was successfully incor-
porated into polyethylene/caprolactone [28], cellulose [29,44], and chitosan [30] films as
nano-reinforcement. The result also agrees with the FTIR morphological evaluation of such
films where an interplay between NZ, TO@NZ hybrid nanostructures and ALG/G matrix
was obtained. In general, ALG/G/TO@NZ based nanocomposite films exhibited higher
elongation at break values than the ALG/G/NZ due to the presence of TO molecules which
acted as plasticizers [22,45].

2.7. UV-vis Transmittance of Films

Figure 10a presents the images of as prepared pure ALG/G film as well as of ALG/G/
xNZ and ALG/G/xTO@NZ nanocomposite films. Figure 8b presents the UV-vis trans-
mittance plots of all obtained films. It is obvious from both images and UV-vis plots
that the TO@NZ based films are more transparent than NZ based counterparts. Higher
transparency indicates higher nanofiller dispersion and integration inside the polymer
matrix. Thus, it seems that the TO enhances the dispersion of the NZ in ALG/G/xTO@NZ
nanocomposite films. Moreover, the lowest transparency is obtained for ALG/G/15NZ
and ALG/G/15TO@NZ films.
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Figure 10. (a) photo images of all prepared films, (b) UV-vis transmittance of all prepared films.
(1) pure ALG/G, (2) ALG/G/5NZ, (3) ALG/G/10NZ, (4) ALG/G/15NZ, (5) ALG/G/5TO@NZ,
(6) ALG/G/10TO@NZ and (7) ALG/G/15TO@NZ films.

2.8. Water-Oxygen Barrier Properties

Water vapor transmission rate (WVTR) and oxygen transmission rate (OTR) values
for all ALG/G/xNZ and ALG/G/xTO@NZ films are listed in Table 2. Using these values,
water vapor diffusivity (DWV) and oxygen permeability (PeO2) values were calculated and
listed in the same table.

Table 2. Measured values of water-vapor transmission rate WVTR and oxygen transmission rate
OTR. Calculated values of water diffusion coefficient DWV and oxygen permeability coefficient PeO2

for all obtained films.

Code Name Film Thickness
(mm)

WVTR
(10−6)

(gr·cm−2·s−1)

DWV
(10−4)

(cm2·s−1)

OTR
(10−4)

(ml·cm−2·day−1)

PeO2
(10−7)

(cm2·s−1)

ALG/G 0.11 (0.01) 2.45 (0.14) 5.96 (0.45) 111,939 (234) 15.70 (0.21)
ALG/G/5NZ 0.07 (0.01) 3.00 (0.45) 5.40 (0.11) 70,476 (124) 5.71 (0.10)

ALG/G/10NZ 0.08 (0.01) 2.31 (0.21) 3.97 (0.42) 85,456 (174) 9.23 (0.19)
ALG/G/15NZ 0.09 (0.01) 2.47 (0.25) 5.55 (0.67) 127,556 (435) 15.3 (0.52)

ALG/G/5TO@NZ 0.08 (0.01) 2.36 (0.21) 4.06 (0.11) 93,984 (205) 9.06 (0.20)
ALG/G/10TO@NZ 0.10 (0.01) 2.26 (0.16) 5.16 (0.23) 90,549 (345) 6.99 (0.27)
ALG/G/15TO@NZ 0.13 (0.01) 2.28 (0.27) 6.89 (0.74) 78,476 (234) 11.8 (0.35)

Observing the water diffusivity values, we can conclude that the addition of NZ
initially caused a reduction to water diffusivity i.e., a minimum value of 3.97 cm2/s to
the content of 10% wt. Beyond that, the water vapor diffusivity starts to increase and,
for NZ content 15% wt., its value became almost equal to the relevant of the initial raw
material. In the case of TO@NZ hybrid nanostructure the minimum water diffusivity value
observed for 5% wt. TO@NZ content and for 15% wt. content the water vapor diffusivity
was higher than the relevant of the initial raw material. In general, 10% wt. NZ content in
the polymer matrix exhibits a water vapor barrier almost equal to the relevant of 5% wt.
TO@NZ content and lower enough compared to the relevant of the initial raw material.
Beyond these concentrations, the extra addition of such nanostructured materials to the
polymer matrix caused an increase to the water vapor diffusivity. Concerning the oxygen
permeability, the minimum coefficient values compared to the relevant of the initial raw
material were observed for 5% wt. NZ content and for 10 %wt. TO@NZ content. Increasing
these concentrations, the oxygen permeability starts to increase. Considering Table 2 and
according to the previous observations, we could say that the optimum NZ or TO@NZ
additive concentration for the highest water vapor or oxygen barrier lies in the range of
5–10% wt.

2.9. Antioxidant Activity of Films

Antioxidant activity values of all the tested films were measured following the
diphenyl-1-picrylhydrazyl (DPPH) assay method and are listed in Table 3.
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Table 3. Antioxidant activity of all obtained films.

Code Name % Antioxidant Activity 24 h

ALG/G 8.7 (0.6)
ALG/G/5NZ 7.7 (2.7)

ALG/G/10NZ 10.4 (1.9)
ALG/G/15NZ 15.1 (2.0)

ALG/G/5TO@NZ 17.3 (1.3)
ALG/G/10TO@NZ 25.3 (3.9)
ALG/G/15TO@NZ 46.4 (4.3)

It is already known that Sodium alginate exhibits antioxidant activity [46,47]. Accord-
ing to our measurements, the antioxidant activity of the pure ALG/G film was 8.7%. In
the case of NZ incorporation into the polymer matrix, this activity was increased by the
addition of 10 %wt. material and over. According to literature, NZ acts as an antioxidant
agent due to the entrapment of free radicals in its porous [48]. The microporosity presence
in the NZ pore structure enhances the adsorption properties of this material and conse-
quently the antioxidant activity [49]. Thus, the increased antioxidant activity of the NZ
containing films measured in this study could be attributed to the adsorption of DPPH ions
and free radicals in its structure. According to Table 3 values, even the lower TO@NZ load
exhibits stronger antioxidant activity compared to the relevant value of the film with the
higher NZ content. This happens because essential oils and especially TO exhibit significant
antioxidant activity [50]. As an overall conclusion, we could say that, based on Table 3
values, ALG/G/15TO@NZ films show the highest antioxidant activity.

2.10. Antimicrobial Tests
2.10.1. MICs and MBCs Determination of TO@NZ Hybrid Nanostructure against LAB and
Pathogen Bacteria

The MICs and MBCs of TO@NZ against different bacteria are presented in Table 4.

Table 4. Minimum inhibitory concentrations (MIC) and minimum bactericidal concentrations (MBC)
of TO@NZ hybrid nanostructure against lactic acid bacteria and pathogens (% w/v).

Bacteria (106 cfu/mL) MIC MBC

Lactococcus lactis ssp. lacts ACA-DC127 0.025 (0.1) 0.025 (0.1)
S. thermophilus ACA-DC112 0.025 (0.1) 0.025 (0.1)

S. aureus ATCC1538 0.05 (0.4) 0.05 (0.4)
L. monocytogenes NCTC10527 0.1 (0.2) 0.1 (0.2)

E. faecalis EF1 0.1 (0.3) 0.1 (0.4)

TO@NZ hybrid nanostructure exerted antimicrobial activity against all tested bacteria
for at least 2 days, although its effectiveness was dependent on the targeted strain. It
was observed that both the lactic acid bacteria were inhibited at 0.025% concentration,
which was the lowest MIC compared with that of the pathogenic strains. However, the
MICs measured for the pathogenic strains were two times higher (0.05%) for S. aureus and
20 times higher (0.1) for L. monocytogenes and Enterococcus faecalis strains. These results
indicate that the hybrid nanostructure can inactivate LAB and presumptive pathogenic
microorganisms associated with spoilage and the safety of dairy products. Similar results
have been reported [51] for the antimicrobial activity of thyme essential oil in Coahlo fresh
cheese, where the MIC of thyme oil on pathogenic S. aureus and L. monocytogenes was
two times higher (2.5 µL/mL) than that (1.25 µL/mL) for starters L. lactis ssp. lactis and
L. lactis ssp. cremoris. These results suggest that the doses of EO thyme alone and in the
form of TO@NZ hybrid nanostructure to control pathogenic bacteria should affect the
growth and survival of starter cultures. On the other hand, carvacrol and thymol have
been reported as the most inhibitory essential oils against non-starter lactic starter bacteria
(NSLAB) with MICs of 0.1% (w/v) [52]. Reduction of 2-log CFU/mL against L. buchneri and

82



Gels 2022, 8, 539

P. acidilactici was achieved for thymol 0.1% (w/v) while this concentration was bactericidal
against L. citrovorum (>4-log reduction). These results indicate that thymol oil can inactivate
the non-starter LAB. According to the common opinion, such bacteria cause spoilage of
shelf-stable low-acid dairy products. In particular, antimicrobial activity of thyme oil on
milk and dairy products was established by previous studies [53,54].

2.10.2. Antimicrobial Activity of Active Films Application on Cheese against S. aureus

The results for the antimicrobial activity of hybrid nanostructured films used for
packaging of cottage cheese under 10 ◦C storage temperature are shown in Figure 11.
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Figure 11. Changes in Staphylococcus aureus ATCC1534 counts in cottage cheese samples wrapped
with alginate-based edible films (ALG/G/xTO@NZ) with the hybrid nanostructure TO@NZ in
different concentrations.

Given the strong antibacterial activity of the TO@NZ bioactive hybrid nanostructure
against the pathogen strains, the prepared ALG/G/TO@NZ active films were studied for
the antimicrobial activity against the pathogenic bacteria S. aureus ATCC1538 in cottage
fresh cheese, as a frequently associated toxinogenic bacteria with fresh or low-ripened
cheeses. During 15 days of storage of cheese at an abuse temperature of 10 ◦C, it was
found that S. staphylococcus ATCC1538 levels increased in the control uncoated sample and
the sample coated with ALG/G film. However, a significant decrease of this bacterium
concentration occurred in all cheese samples coated with ALG/G/xTO@NZ films. Further-
more, the antimicrobial activity was significantly related with films containing essential
oils (p < 0.05). The initial count of S. aureus ATCC1538 in the uncoated control sample was
4.25 log10 cfu/g on the 1st day of storage and this value significantly increased (p < 0.05)
to 4.75 (0.50 log10 cfu/g increase) by the 15th day of storage. However, in the case of the
coated sample with the ALG/G film without the TO@NZ hybrid nanostructure, there was
a slight decrease (not statically significant) of count to 4.1 log10 (cfu/g), which shows a
bacteriostatic activity on S. aureus strain. The application of ALG/G/5TO@NZ active film
on cheese resulted in a significant reduction of about 1-log10 (cfu/g) (p < 0.05) against the
S. aureus ATCC1538 population from the 2nd day of storage, which remained at this level
during the whole storage period (15 days), indicating a bacteriostatic activity. However, in
the case of ALG/G/10TO@NZ and ALG/G/15TO@NZ active films application on cheese,
a significant decrease of 2 log10 (cfu/g) of S. aureus population was counted from the
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2nd day of storage and from the 5th day no counts detected up to 15th day, indicating a
strong bactericidal effect of both active films against the pathogen. Similarly, a significant
relationship has been detected between the thyme-fortified edible whey isolate-based films
(WPIOF) and S. aureus inactivation in Kashar cheese [55]. Opposite of the studies in which
the essential oils were added directly to foods, the number of studies in which the essential
oils were used as a composite of packaging materials are fewer [56]. As the time passes
or/and the temperature increases the possibility for food illness to arise increases, given
that an S. aureus population of 105 cfu/g consists the threshold for alpha-staphylotoxin
production in cheese [56]. In our study, the cheese was strongly protected from Staphylo-
coccal intoxication even under abusing storage temperature of 10 ◦C. However, we should
consider that the application of ALG/G/TO@NZ active films in fermented dairy products
(such as cheeses) in doses enough to control pathogenic bacteria could also influence the
growth and survival of lactic acid bacteria, which probably affect the post-acidification
activity and improve the product’s self-life [57].

3. Conclusions

In conclusion, we could say that NZ or TO@NZ nanostructures were incorporated
perfectly with the ALG/G polymer matrix and provide a very promising active film for
food packaging, which could extend the soft cheese shelf-life. Furthermore, the effort
to develop a more environmentally friendly process seems to be successful because the
new materials were based on natural raw materials with reduced use of chemicals. The
overall success of this study was confirmed by the XRD and FTIR results while FTIR and
DSC indicate a film rich in thymol oil physiosorbed in NZ nanocomposite. Consistent
with the antimicrobial, antibacterial, and antioxidant measurements, the higher the thymol
concentration, the better antimicrobial, antibacterial, and antioxidant results. Actually,
there is a threshold of TO@NZ hybrid nanostructure concentration which is required for the
film to exhibit inhibition and bactericidal activity against the tested bacteria and pathogens.
This also improves the mechanical properties of the film because TO acts as a plasticizer.
Nevertheless, in line with SEM and UV-vis results, the increase of TO@NZ concentration
led to lower transparency and higher nanostructure aggregation in the film. Thus, there
is an optimum for TO@NZ concentration in the polymer matrix and this is in the range
between 5% wt and 10% wt. In this range, the DWV and PeO2 coefficients exhibit a local
minimum which means the highest water and oxygen barrier.

4. Materials and Methods
4.1. Materials

Edible Natural Zeolite was purchased by a local pharmacy market. Sodium Alginate
was purchased from Acros-Organics (Zeel West Zone 2, Janssen Pharmaceuticalaan 3a
B2440 Geel, Belgium). Glycerol was purchased from Carlo-Erba (Denzlinger Str. 27, 79312
Emmendingen, Germany). Thyme oil was purchased from a local pharmacy market and
produced by Chemco (Via Achille Grandi, 13–13/A, 42030 Vezzano sul Crostolo RE, Italy).
The cottage cheese which used during the experimental process was purchased from a
local Greek market with the brand name TYRAS, TYRAS S.A., Trikala, Thessalia, Greece,
and immediately transferred to the laboratory refrigerator and stored under a temperature
of 4 ◦C. According to the products specification, the expiration date of the product was
12 days after the production date. Moreover, the product expired in 4 days if the package
film opened. Furthermore, the product could be stored for 75 days if it was freezed at
temperature below −16◦C and with closed packaging film. The PCA was found 7.52 cfu/g,
while pH was determined at 4.9.

4.2. Thyme oil GC-MS Analysis

An amount of 1 µL thyme oil/pentane dilution with 2 mg/mL concentration was
injected into the GC/MS (in splitless mode). The analysis of each sample was carried out
three times. The used GC instrument was a Finnigan Trace GC Ultra 2000 equipped with a
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Finnigan Trace DSQ MSD (Thermo Electron Corporation, Waltham, MA, USA) detector
which was operated in EI mode. The conditions of separation process inside the capillary
column HP-5MS (Agilent Technologies, USA) (30 m × 0.32 mm, 0.25 µm film thickness)
were as follows: carrier gas Helium, flow rate 0.8 mL/min, initial temperature of column
60 ◦C, and the separation temperature ramp was achieved heating the column to 240 ◦C at
a rate of 3 ◦C/min for 10 min. The detector voltage and temperature were kept at 70 eV
and 250 ◦C respectively while the injector temperature was adjusted to 200 ◦C. ADAMS,
Wiley275, NIST, and in-house created libraries were used for the compounds’ identification.
The method for this identification was by comparing the retention times and the mass
spectra of volatiles [58,59].

4.3. Preparation of TO@NZ Hybrid Nanostructures

The preparation of TO@NZ bioactive hybrid nanostructures was carried out based on
the method reported elsewhere for nanoclays modification [15] with some small changes.
In a spherical flask, an amount of 20 mL TO were heated to boil. Before its use, the thyme oil
was freed up from the Limonene and Cymene by distillation process at 190 ◦C. An amount
of 6 mL was removed which is approximately 30% of the total amount. This result is in close
agreement with the GC measurements data. The distillation process was the first stage of the
overall process which was followed in this study. The distillation temperature was chosen
a little higher than Limonene’s and Cymene’s boiling point temperatures (170–175 ◦C)
and lower than thymol’s boiling point temperature (230–235 ◦C). After the first stage,
the remaining liquid colour was changed to dark brown and in line with LC-MS/MS
measurements, it was rich of thymol oil. In the second step, an evaporation-adsorption
process was carried out. The remained liquid from the first stage was boiled up to 250 ◦C.
The produced thymol rich steam passed through a bed of 3 gr NZ which strongly adsorbed
the essential oil. The remaining outlet steam was cooled down through a condenser and
the final liquid was collected. At the same time, an amount of as received thyme oil
was adsorbed by NZ material and reference hybrid nanostructured material TO_NZ was
prepared. The %wt. adsorbed TO in both TO@NZ and TO_NZ hybrid nanostructures was
calculated gravimetrically and was approx. 80% wt. for both hybrid nanostructures.

4.4. Preparation of ALG/G/NZ and ALG/G/TO@NZ Active Films

A quantity of 2 g ALG and of 1 g G was spread into 100 mL of distilled water and
heated until a homogeneous hydrogel was obtained. An appropriate amount of NZ or
TO@NZ powder was dispersed in 10 mL of distilled water using a glass beaker. Then, the
homogeneous ALG/G hydrogel was added gradually in the NZ or TO@NZ suspension
and vigorously stirred for 2 h. The obtained ALG/G/NZ and ALG/G/TO@NZ hydrogels
were then spread in petri dishes of 11 cm diameter and dried at 25 ◦C. The obtained films
were pilled of and stored further in a desiccator at 25 ◦C and 50 %RH. In Table 5, the code
names and the amounts of ALG, G, NZ, and TO@NZ, which were used to obtain such films,
are summarized.

Table 5. Code names and amounts of ALG, G, NZ and TO@NZ used for the preparation of films.

Code Name ALG (g) G (g) NZ (g) TO@NZ (g)

ALG/G 2 1 - -
ALG/G/5NZ 2 1 0.15 -
ALG/G/10NZ 2 1 0.30 -
ALG/G/15NZ 2 1 0.45 -

ALG/G/5TO@NZ 2 1 - 0.15
ALG/G/10TO@NZ 2 1 - 0.30
ALG/G/15TO@NZ 2 1 - 0.45
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4.5. DSC Measurements

A DSC214 Polyma Differential Scanning Calorimeter (NETZSCH manufacturer, Selb,
Germany) was used to study the thermal behaviour of the obtained TO@NZ hybrid and
of the pure NZ nanostructures. Quantity 1.2–3.3 mg of samples was heated from 50 ◦C to
300 ◦C, under nitrogen atmosphere, and an increasing temperature rate of 10 ◦C/min.

4.6. XRD Analysis

An Brüker D8 Advance X-ray diffractometer instrument (Brüker, Analytical Instru-
ments, S.A., Athens, Greece) was used for XRD measurements on ALG/G, ALG/G/NZ,
and ALG/G/TO@NZ active films, as well as on NZ and TO@NZ hybrid nanostructure
powders. The instrument was equipped with a LINXEYE XE High-Resolution Energy-
Dispersive detector, and the measurements were carried out in the range 2θ = 0.5–30◦ and
with an increment of 0.03.

4.7. FTIR Spectrometry

The chemical structure of both the NZ as received and the modified TO@NZ hybrid
nanostructure, as well as of the obtained ALG/G, ALG/G/xNZ and ALG/G/xTO@NZ
films, was analyzed with IR spectra measurements. An FT/IR-6000 JASCO Fourier trans-
form spectrometer (JASCO, Interlab, S.A., Athens, Greece) was used and the measurements
were carried out in the frequency range of 4000–400 cm−1. The measured infrared (FT-IR)
spectra resulted from 32 scans with 2 cm−1 resolution.

4.8. SEM Images

The surface morphology characterization of the obtained films was performed with
SEM images. For SEM image measurements a JEOL JSM-6510 LV SEM Microscope (Ltd.,
Tokyo, Japan) was used equipped with an X-Act EDS-detector by Oxford Instruments,
Abingdon, Oxfordshire, UK (an acceleration voltage of 20 kV was applied).

4.9. Tensile Properties

Tensile measurements of all prepared ALG/G, ALG/G/xNZ and ALG/G/xTO@NZ
films were carried out using a SimantzüAX-G 5kNt instrument (Simandzu. Asteriadis, S.A.,
Athens, Greece) and as reported by the ASTM D638 method. Three to five samples of each
film were used for statistical analysis of tensile properties. The samples, with a shape of
dumb-bell and gauge dimensions of 10 × 3 × 0.22 mm, were tensioned at an across head
speed of 2 mm/min. Stress, stain, and modulus of elasticity values were calculated using
force (N) and deformation (mm) measurements, and the gauge dimensions.

4.10. UV-vis Transmittance of Films

Absorbance properties of ALG/G, ALG/G/xNZ, and ALG/G/xTO@NZ films were
estimated via UV–vis measurements using a Shimatzu 1900 spectrophotometer. Measure-
ments were carried out in the range of 200 to 800 nm.

4.11. Water Vapor Diffusivity

ASTM E96/E 96M-05 method was followed to estimate the Water-Vapor Transmis-
sion Rate (WVTR) of ALG/G/xNZ and ALG/G/xTO@NZ films The used apparatus was
handmade, and the experiments were carried out at 38 ◦C and 95% RH according to
literature [16,23,60,61]. Film samples was of 2.5 cm diameter and 0.09 mm average thick-
ness and placed on the top of an one-open end cylindrical tube made of plexiglass. The
cylinder, which contained dried silica gel inside, was sealed by a rubber O-ring. The test
tube was placed in a glass desiccator under an environment of 95% relative humidity
(RH) at 38 ◦C. Such conditions were obtained placing 200 mL of saturated magnesium
nitrate solution in this desiccator. Each tube was weighed periodically for 24 h. The
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WVTR (g·cm−2·s−1) values was calculated using such weighting measurements and ac-
cording to Equations (1) and (2):
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n
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where:
(

∆G
∆t

)
(g·s−1) is the mean water vapor mass diffusion rate for the overall experiment

duration, Gi (g) is the device weight which balanced at the elapsed time ti (s) from the
experiment start, Gi+1−Gi

ti+1−ti
(g·s−1) is the water vapour mass diffusion rate for each time

interval, (n) is the number of weight measurements, and A (cm2) is the permeation area
of the film. Additionally, the tested films were weighed before and after the WVTR test
to exclude any absorption phenomena of humidity in the film. ∆G/∆t (g/s) is the water
transmission rate through the film which is calculated by the experimental points (Gi, ti).

WVTR is equal to the specific mass flow rate for the diffusion process through a
membrane which could be calculated using Fick’s law [62]:

J
A

= D·∆C
∆x

(3)

where J (g/s) is the mass flow rate of a component through the membrane, A (cm2) is
the membrane cross-sectional area permeated by this component, ∆C (g·cm−3) is the
concentration gradient of this component on the two sides of the membrane, and ∆x (cm)
is the membrane thickness. the humidity concentration in the outer side of the cylinder
is 4.36509 × 10−5 g·cm−3 (95% RH at 38 ◦C) and in the opposite side of the film the silica
gel absorbs the 100% of the permeated water vapor, which agrees with the ASTM E96/
E 96M-05 method, then ∆C = 4.36509 × 10−5 g·cm−3. Considering that WVTR = J/A we
can calculate the diffusion coefficient D (cm2·s−1) for every film via the combination of
Equations (2) and (3) which leads to Equation (4):

DWV = WVTR· ∆x
∆C

(4)

where WVTR [g·cm−2·s−1)] is the water-vapour transmission rate, ∆x (cm) is the film
thickness, and ∆C (g·cm−3) is the humidity concentration gradient on the two opposite
sides of the film.

4.12. Oxygen Permeability

An oxygen permeation analyzer (8001, Systech Illinois Instruments Co., Johnsburg, IL,
USA) was used to measure the oxygen transmission rate (OTR) through the tested films.
Following the ASTM D 3985 method the experimental conditions were regulated at 23 ◦C
and 0% RH and the measured OTR values were expressed in cc O2/m2/day.

Gas permeability through polymers can be expressed according to the literature [63],
as follows:

J
A

= Pegas·
∆C
∆x

(5)

where J/A (mol·cm−2·s−1) is the specific molar rate of gas which permeates through the
membrane, Pegas (cm2·s−1) is the permeability coefficient of the gas, ∆C (mol·cm−3 STP) is
the concentration gradient between the two opposite sides of the membrane, and ∆x (cm)
is the membrane thickness.
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Rearranging Equation (5) we can express the permeability coefficient as follows:

Pegas =
J

A·∆C
·∆x (6)

By carrying out a dimensional analysis, the term J/(A*∆C) (cm3 STP·cm−2·s−1)) is
equal to the OTR measurements. Thus, in our case of oxygen gas,

PeO2 = OTR·∆x (7)

where PeO2 (cm2·s−1) is the oxygen permeability coefficient, OTR (cm3 STP·cm−2·s−1) is
the experimentally measured by the instrument oxygen transmission rate, and ∆x (cm) is
the mean film thickness.

Thus, the oxygen permeability coefficient values (PeO2) of the tested samples were cal-
culated by multiplying the OTR values by the average film thickness which was 0.035 mm.
The OTR value for each kind of film was the mean value of measurements on three different
pieces.

4.13. Antioxidant Activity

To evaluate the antioxidant activity of obtained ALG/G, ALG/G/xNZ, and ALG/G/
xTO@NZ films, 300 mg of each film were cut into small pieces and placed inside dark
glass bottles with 10 mL of a 40 ppm ethanolic solution of diphenyl-1-picrylhydrazyl
(DPPH). A dark glass bottle with 10 mL of ethanolic DPPH solution without the addition
of any film was used as the reference sample. The absorbance at 517 nm wavelength of the
DPPH solution was measured at 0 h and after 24 h incubation using a Jasco V-530 UV-vis
spectrophotometer. For each kind of film, three different samples were measured and the
statistical mean was achieved as the final measurement.

The % antioxidant activity after 24 h incubation of films was calculated according to
the following equation:

% Antioxidant activity =
Absref. − Abssample

Absref.
× 100 (8)

4.14. Antimicrobial Activity Tests
4.14.1. Antimicrobial Activity of TO@NZ Bioactive Hybrid Nanostructure

The antimicrobial activity of the TO@NZ hybrid nanostructure was estimated by the
minimum inhibitory concentration (MIC) against several bacteria. The MICs of TO@NZ
were studied by the broth dilution assay in Brain Heart Infusion broth (BHI, Oxoid, UK)
and the selected bacteria were two lactic acid bacteria, which commonly are used as starter
cultures in cheese manufacturing, namely Lactococcus lactis sp. lactis ACA-DC127 and
Streptococcus thermophilus ST112, and 3 pathogenic strains, namely Staphylococcus aureus
ATCC1538, Listeria monocytogenes NCTC10527, and Enterococcus faecalis EF1. All the strains
were obtained from the ACA-DC Culture Collection of Food Science and Human Nutrition
Department of the Agricultural University of Athens. The strains were preserved on cryo-
beads in cryovials of a cryopreservation system (TSC Ltd., Queensway Industrial Estate,
3–4 Arkwright Way, Scunthorpe DN16 1AL UK) at −80 ◦C, and overnight cultures were
grown in BHI broth at 30 ◦C for L. Lactis ACA-DC127, and 37 ◦C for S. thermophilus ST112
and all pathogenic strains. For the broth dilution assay, five BHI broths with TO@NZ
concentrations of 0.01, 0.025, 0.05, 0.075, and 0.1% (w/v) were made. The selected bacteria
were inoculated into BHI broths, in a final concentration of approximately 106 cfu/mL in
the presence of the above different concentrations of TO@NZ hybrid nanostructure, and
incubation was followed for 48 h at the appropriate temperature for each strain. Growth
was assessed by measuring the absorbance at 625 mM and agar plating after incubation for
48 h at 30 ◦C for the L. lactis sp. lactis AC A-DC127 strain and at 37◦ for the other bacteria
to determine viable cfu/mL. The MIC values were read as the lowest concentrations of
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TO@NZ at which bacterial growth was completely inhibited. In addition, to determine
the minimal bactericidal concentration (MBC), the dilution representing the MIC and at
least two of the more concentrated TO@NZ dilutions were plated and enumerated to
determine viable cfu/mL. The MBC value was estimated as the lowest concentration that
demonstrated a reduction (such as 99.9%) in cfu/mL of the strain tested.

4.14.2. Antimicrobial Activity of Active Films Application on Cheese against S. aureus

The antimicrobial activity of active films on toxigenic strain S. aureus ATCC1538
growth in cottage cheese was studied considering the possible diffusion of essential oil
from the film matrix into the soft cheese. The cottage cheese divided into 5 treatments
consisting of (1) control uncoated sample (C); (2) sample coated with ALG/G film without
the addition of the hybrid nanostructure active hybrid nanostructure TO@NZ; (3) sample
coated with ALG/G/5TO@NZ film; 4) sample coated with ALG/G/10 TO@NZ films; and
(5) sample coated with ALG/G/15TO@NZ. Cottage cheese for each treatment was weighed
into 50±0.5 g portions and placed in a stomacher bag. The cheese was inoculated with
a fresh suspension of pathogenic S. aureus ATCC1538 strain in a final count of 104 cfu/g.
The cheese was homogenized for 2 min by the stomacher (Seward 400; UK) and placed
into sterile plastic petri-dish (9 cm diameter) as a thin layer. The film materials prepared as
described above were applied to the upper surfaces of the cheese except for control (C); and
the plates after being covered with their lid; were held at 10 ◦C for 10 days and sampled at
days 0; 2; 5; 7; 10. The choice of time and temperature abuse of samples was selected as the
most common conditions of unproperly preserved foodstuffs in the retail market; causing
foodborne illness. At each sampling interval, duplicate plates from each treatment were
aseptically opened and a 10 g-portion was weighed in a Stomacher-bag and homogenized
in sterile peptone salt solution (Merck; Germany) in a stomacher (Seward 400; UK) for
1 min to make the initial dilution (10−1). Appropriate serial dilutions (10−1–10−5) were
spread plated on Baird Parker agar with egg yolk tellurite emulsion (BPA; Merck; Germany)
and incubated at 37 ◦C for 48 h for Staphylococcus aureus ATCC1538 counts.

4.15. Statistical Analysis

All the results listed in Tables 1–4 are the mean values of measurements carried out to
three samples for every kind of film. The statistical software SPSS ver. 20 was used for the
interpretation of the experimental data. Mean values of all the measured properties were
extracted based on the assumption of a confidence interval C.I. = 95% which is the most
common value. Thus, the value of the statistical significance level was a = 0.05. Standard
deviation values are also presented in such tables within parentheses beside the mean
value. Finally, hypothesis tests were carried out to confirm that considering a different kind
of film, every property has a statistically different mean value. Because of non-positive
normality tests for all datasets, the non-parametric Kruskal–Wallis method was used. The
results show that the mean values of all properties are statistically unequal.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/gels8090539/s1, Table S1. LC-MS/MS analysis of thyme oil as
received used for the modification of NZ based hybrids; Table S2. LC-MS/MS analysis of remaining
thyme oil after the first stage distillation process for the modification of NZ based hybrids.
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and C.E.S.; experimental data analysis and interpretation, A.E.G., C.E.S., A.K. and C.P.; XRD,
FTIR, OTR, tensile measurements, antioxidant activity, and WVTR experimental measurements,
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Abstract: The benefits of using biopolymers for the development of films and coatings are well
known. The enrichment of these material properties through various natural additions has led to
their applicability in various fields. Essential oils, which are well-known for their beneficial properties,
are widely used as encapsulating agents in films based on biopolymers. In this study, we developed
biopolymer-based films and tested their properties following the addition of 7.5% and 15% (w/v)
essential oils of lemon, orange, grapefruit, cinnamon, clove, chamomile, ginger, eucalyptus or mint.
The samples were tested immediately after development and after one year of storage in order
to examine possible long-term property changes. All films showed reductions in mass, thickness
and microstructure, as well as mechanical properties. The most considerable variations in physical
properties were observed in the 7.5% lemon oil sample and the 15% grapefruit oil sample, with
the largest reductions in mass (23.13%), thickness (from 109.67 µm to 81.67 µm) and density (from
0.75 g/cm3 to 0.43 g/cm3). However, the microstructure of the sample was considerably improved.
Although the addition of lemon essential oil prevented the reduction in mass during the storage
period, it favored the degradation of the microstructure and the loss of elasticity (from 16.7% to 1.51%
for the sample with 7.5% lemon EO and from 18.28% to 1.91% for the sample with 15% lemon EO).
Although the addition of essential oils of mint and ginger resulted in films with a more homogeneous
microstructure, the increase in concentration favored the appearance of pores and modifications
of color parameters. With the exception of films with added orange, cinnamon and clove EOs,
the antioxidant capacity of the films decreased during storage. The most obvious variations were
identified in the samples with lemon, mint and clove EOs. The most unstable samples were those
with added ginger (95.01%), lemon (92%) and mint (90.22%).

Keywords: biopolymers; citrus; cinnamon; clove; eucalyptus; mint; ginger; chamomile

1. Introduction

For the past decade, the use of biopolymers materials instead of conventional and
highly polluting materials, has increased substantially. Biopolymers can be obtained
from various sources; the most used are those based on polysaccharides (sodium alginate,
agar, chitosan, carrageenan, starch and cellulose), lipids (waxes and fatty acids) and pro-
teins (gelatin, collagen and soy protein isolate) [1]. They are extensively used, owing to
the properties of biobased materials, such as mechanical performance, physicochemical
characteristics comparable to those of conventional materials [2], antibacterial and antioxi-
dant properties, high biocompatibility, compostability, non-toxicity, non-immunogenicity,
non-carcinogenicity, and non-inflammatory and non-allergenic character [3,4]. Multiple
manufacturing methods have increased their widespread use. They can be used for the
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development of films or coatings, capsules, gels or hydrogels. Owing to their matrix, which
has a compact structure and high retention capacity, they can be enriched by the addition
of various biologically active substances. Furthermore, they are environmentally friendly,
completely edible and produce zero waste after use [5].

Essential oils (EOs) have been used since ancient times, owing to their health benefits
and sensory and antioxidant properties. Thus, essential oils, such as those extracted from
medicinal plants, contain active compounds, such as limonene, pinene, myrcene (orange,
lemon, grapefruit and chamomile) [6,7], eucalyptol, eugenol, gingerol, and cedrene (ginger,
cinnamon, clove and mint) compound [8], with beneficial effects on the human body. Thus,
orange, lemon and ginger EOs have been used for their relaxant effect or pain relief [9,10],
whereas grapefruit, cinnamon and mint EOs have been used for their anti-inflammatory,
antimycotoxigenic, antitumoral and antigenotoxic effects [11–13]. In medicine, lemon EO
has been used to relieve the symptoms of gastrointestinal diseases and depression [14];
ginger EO has been used for sore throat, cough, cold, dyspepsia, gastritis and gastric
ulcerations [15]; clove EO has been used for urinary tract infections, digestive disorders,
athlete’s foot disease, in dentistry and as a kidney tonic [16,17].

Several studies have demonstrated the positive effects of the use of essential oils, for
example, in preventing infection with the SARS-CoV-2 virus. Senthil Kumar et al. [18]
showed that lemon essential oil, through its compounds, such as citronellol, geraniol, and
neryl acetate, was capable of preventing replication of coronaviruses by blocking the entry
of the virus into the host cells through downregulation of ACE2 receptor expression in
epithelial cells.

Owing to their benefits and consumers predisposition toward products that are as
natural as possible, research in the field has been oriented towards the development
of innovative materials obtained from renewable resources. Thus, materials based on
biopolymers with incorporated essential oils have been developed. Initially, they were used
in the food industry to improve the sensorial quality or to increase the shelf life of various
food products, such as those based on meat or fish [19–22], fruits or vegetables [23–25],
sweets [26,27], beverages [28] or dairy products [29,30]. Later, they were added to increase
the nutritional value and bioavailability of products, especially those with beneficial effects
on health. Thus, numerous essential oils, such as those from citrus fruits (lemon, orange
and grapefruit) or medicinal EOs (ginger, chamomile, mint, eucalyptus, cinnamon or
cloves) have been incorporated into biopolymeric materials. However, the development,
characterization and testing of these films under various experimental conditions using
several well-known plant-based oils with applicability in biomedical, cosmetic or food
industries are still needed. Therefore, in this study, we tested biofilms incorporated with
two concentrations (7.5% and 15%, v/w) of essential oils of lemon, orange, grapefruit,
cinnamon, clove, chamomile, ginger, eucalyptus or mint at the time of development and
after one year of storage under normal temperature and humidity conditions.

2. Results and Discussion

In the present study, we examined the preservation capacity of biopolymeric films
with various incorporated plant-derived essential oils. Numerous studies have examined
the benefits of using films and coatings based on biopolymers and essential oils; however,
the long-term effect on their properties is not entirely known. Our results show that the
storage of films considerably influences their properties. Although the films were kept
under temperature- and humidity-controlled conditions, their mass varied after one year
(Figure 1).

As depicted in Figure 1, the mass of all samples was reduced during the test period.
Although samples were kept in silicone paper packaging, simulating a real storage environ-
ment, significant moisture loss had occurred after one year. The highest mass reduction
was observed in sample 4 with 15% grapefruit EO (23.13%), and the lowest mass reduction
was observed in sample 1 with 15% lemon EO (3.54%). The mass loss was associated with
a significant reduction in film thickness (Figure 2).
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Figure 2. Sample thickness after one year of storage. T0, light brown bars; T1, blue bars.

The thickness of the films did not undergo major changes after one year compared
to the initial period. The largest variation was observed in the films with the addition of
cinnamon (from 94.67 to 76.67 µm and 99.67 to 71.00 µm, respectively) and cloves (from
95.67 µm to 83.33 µm (9) and from 66.67 µm to 53.67 µm for sample 10) oils. The thickness
of the control sample was reduced by 9.7 µm. The determination and the results are of
interest to developers who may want to produce such materials on a large scale.

The mass reduction in the films can be attributed to the elimination of water from the
film matrix, which was also indicated by the reduced values of the water activity index.
These values decreased by at least 50% for all samples (Table 1). A decrease in the water
activity index can be beneficial in terms of preventing the development of microorganisms
(which require at least aw > 0.7), but it can also alter the film microstructure, making it
more brittle and fragile.
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Table 1. Optical parameters and water activity index at the time of development (t0) and after one
year of storage (t1).

Sample
Density, g * cm−1 Opacity, A * mm−1 Water Activity Index, aw

t0 t1 t0 t1 t0 t1

1 0.71 ± 0.05 a 0.66 ± 0.12 a 3.31 ± 0.15 h 4.01 ± 0.28 e 0.786 ± 0.05 a 0.334 ± 0.15 c

2 0.76 ± 0.06 a 0.65 ± 0.17 a 3.82 ± 0.01 e 3.61 ± 0.25 j 0.743 ± 0.05 b 0.286 ± 0.59 d

3 0.55 ± 0.10 e,f 0.39 ± 0.16 d,e,f 7.77 ± 0.01 a 3.83 ± 0.42 g,h 0.714 ± 0.01 d 0.304 ± 0.15 c,d

4 0.74 ± 0.02 a 0.42 ± 0.11 c,d 4.85 ± 0.09 c 3.86 ± 0.18 f,g 0.737 ± 0.05 c 0.298 ± 0.15 c,d

5 0.54 ± 0.12 e,f 0.43 ± 0.12 c,d 2.07 ± 0.12 j 3.62 ± 0.02 i,j 0.738 ± 0.07 c 0.302 ± 0.10 c,d

6 0.56 ± 0.17 d,e,f 0.46 ± 0.54 c 3.66 ± 0.17 f,g 3.97 ± 0.14 e,f 0.700 ± 0.03 e 0.295 ± 0.03 c,d

7 0.58 ± 0.10 c,d,e 0.42 ± 0.12 c,d 1.47 ± 0.02 l 4.21 ± 0.06 d 0.702 ± 0.05 e 0.332 ± 0.10 c

8 0.64 ± 0.19 b,c 0.38 ± 0.81 d,e,f 1.84 ± 0.01 k 4.32 ± 0.02 d 0.685 ± 0.07 g 0.304 ± 0.26 c,d

9 0.57 ± 0.16 d,e,f 0.43 ± 0.21 c,d 1.73 ± 0.04 k 3.73 ± 0.02 h,i 0.574 ± 0.02 k 0.292 ± 0.15 c,d

10 0.42 ± 0.13 g 0.25 ± 0.38 g 1.85 ± 0.01 k 5.71 ± 0.10 b 0.571 ± 0.06 k 0.272 ± 0.05 d

11 0.62 ± 0.10 b,c,d 0.43 ± 0.15 c,d 7.03 ± 0.01 b 2.03 ± 0.02 l,m 0.587 ± 0.75 j 0.517 ± 0.02 b

12 0.65 ± 0.15 b 0.40 ± 0.17 d,e 3.57 ± 0.03 g 1.97 ± 0.08 m,n 0.751 ± 0.01 b 0.524 ± 0.02 a,b

13 0.51 ± 0.17 f 0.34 ± 0.15 f 3.74 ± 0.03 e,f 6.47 ± 0.02 a 0.706 ± 0.75 e 0.564 ± 0.04 a

14 0.53 ± 0.15 f 0.42 ± 0.10 c,d 1.83 ± 0.03 k 5.27 ± 0.03 c 0.684 ± 0.69 g 0.562 ± 0.02 a

15 0.64 ± 0.30 b,c 0.54 ± 0.21 b 1.55 ± 0.07 l 1.83 ± 0.03 o 0.656 ± 0.01 h 0.561 ± 0.02 a

16 0.76 ± 0.42 a 0.66 ± 0.26 a 0.95 ±0.01 m 1.14 ± 0.02 p 0.692 ± 0.05 f 0.546 ± 0.05 a,b

17 0.43 ± 0.02 g 0.35 ± 0.02 e,f 1.53 ± 0.31 l 2.12 ± 0.05 l 0.655 ± 0.75 h 0.534 ± 0.03 a,b

18 0.52 ± 0.15 e,f 0.42 ± 0.13 c,d 2.54 ± 0.03 i 1.92 ± 0.10 n,o 0.645 ± 0.05 i 0.527 ± 0.03 a,b

19 0.44 ± 0.35 g 0.34 ± 0.21 f 4.41 ± 0.11 d 2.51 ± 0.10 k 0.646 ± 0.01 i 0.281 ± 0.01 d

* The values represent the mean ± SD. Means that do not share the same superscript (a–p) are significantly
different (p < 0.05).

In addition to dehydration, a reduction in sample density also occurred, totaling
approximately one unit for samples 5, 6 and 14–18 with incorporated orange, chamomile,
ginger and eucalyptus essential oils. Additionally, the density of the control sample
(19) decreased by one unit (from 0.44 to 0.34 g/cm3). The greatest reduction in density
was observed in sample 4 (56.75%) composed of 15% grapefruit essential oil. Except for
grapefruit (3, 4), mint (11, 12) and the control (19), all films exhibited increased opacity
after one year of storage. These results were confirmed by a corresponding decrease in the
transmittance parameter evaluated before and after storage (Figures 3 and 4).

As depicted in Figure 3, the transmittance values increased within 300–700 nm range.
At 800 nm (visible light), films with 7.5% lemon (1), 15% cinnamon (8), 7.5% mint (11), 7.5
and 15% ginger (15,16), 15% eucalyptus (18) EOs and the control (19) exhibited increased
transmittance, whereas in the remainder of the films, the transmission was decreased.
This determination is important because it evaluates the ability of the material to resist
UV radiation can degrade the incorporated product and even the foil, especially when it
contains essential oil. The smallest variations were observed in the control sample (19) both
before and after storage. After storage, the films were more resistant to the action of UV
radiation, an effect strengthened by the increased opacity values after storage (Table 1).

The sample color was also influenced by storage. Except for samples with added mint
oil (11, 12), in which the luminosity values increased during the storage period (from 90.61
and 91.9 to 92.25 and 92.18, respectively), for all other samples, the values were reduced
but did not change significantly. The color deviation was more evident for samples 1–10
(∆E = 6.24–7.55) (Table 2). For samples 11–17, ∆E did not exceed 3.63. The smallest color
deviation was observed in sample 12 with 15% mint oil (∆E = 0.244), and the largest color
deviation was observed in sample 18 with 15% eucalyptus oil (∆E = 11.35).
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With some exceptions, the surface morphology of films with added oils was influenced
by prolonged storage (Figure S1, Supplementary Files). The microstructure of films with
7.5 and 15% cinnamon (7,8), 7.5 and 15% clove (9,10) and 15% chamomile essential oils
was negatively modified during storage. Changes also occurred in the structure of the
control sample. The film with 15% grapefruit EO became rougher, indicating changes in
the matrix, which was more homogeneous and compact prior to storage. The same pattern
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was observed for samples with 15% concentration of orange (6) and cinnamon (8) EOs. The
film with 15% added clove oil (10) exhibited pores in its microstructure.

Table 2. Evaluation of color parameters before (t0) and after storage (t1).

Sample
L* a* b*

∆E
t0 t1 t0 t1 t0 t1

1 92.73 ± 0.13 a,b 88.79 ± 0.18 b,c −5.51 ± 0.04 a −0.49 ± 0.02 a 11.42 ± 0.17 h 10.76 ± 0.31 f 6.42 ± 0.01 f

2 92.23 ± 0.5 a,b,c 88.99 ± 0.16 b,c −5.82 ± 0.08 f,g −0.42 ± 0.24 a 13.43 ± 0.67 a,b,c 10.61 ± 0.30 f 6.53 ± 0.04 f

3 92.12 ± 0.16 a,b,c 88.30 ± 0.40 b,c,d −5.90 ± 0.02 g,h −0.54 ± 0.02 a 12.93 ± 0.33 c,d 11.33 ± 0.48 d,e,f 6.92 ± 0.01 d

4 92.42 ± 0.28 a,b,c 88.87 ± 0.96 b,c −5.97 ± 0.08 h −0.61 ± 0.05 a 14.08 ± 0.5 a 10.72 ± 0.53 f 7.55 ± 0.02 b

5 92.45 ± 0.28 a,b,c 88.88 ± 0.73 b,c −5.78 ± 0.04 e,f −0.49 ± 0.04 a 12.5 ± 0.19 d. e. f 8.85 ± 0.20 g 7.25 ± 0.05 c

6 92.92 ± 0.31 a 87.17 ± 0.63 b −5.73 ± 0.02 d,e,f −0.48 ± 0.15 a 12.82 ± 0.08 c,d,e 9.85 ± 0.73 f,g 6.97 ± 0.02 d

7 92.47± 0.32 a,b,c 89.17 ± 0.30 b −5.68 ± 0.04 c,d,e −0.48 ± 0.01 a 11.36 ± 0.30 h 10.18 ± 0.08 d,e,f 6.51 ± 0.03 f

8 92.57 ± 0.16 a,b,c 88.58 ± 0.92 b,c −5.66 ± 0.01 b,c,d −0.49 ± 0.02 a 11.84 ± 0.30 f,g,h 10.95 ± 0.42 f 6.52 ± 0.03 f

9 92.41 ± 0.39 a,b,c 88.50 ± 0.94 b,c,d −5.60 ± 0.01 b,c,d −0.47 ± 0.03 a 12.50 ± 0.27 d,e,f 11.14 ± 1.00 e,f 6.74 ± 0.02 e

10 92.46 ± 0.21 a,b,c 88.31 ± 0.68 b,c,d −5.64 ± 0.03 b,c,d −0.52 ± 0.01 a 11.34 ± 0.31 h 11.22 ± 0.40 d,e,f 6.24 ± 0.06 g

11 90.61 ± 0.64 d 92.25 ± 0.80 a −5.52 ± 0.03 a −5.78 ± 0.07 c 13.30 ± 0.04 b,c 13.70,± 0.53 b,c 1.25 ± 0.01 k

12 91.90 ± 0.48 b,c 92.18 ± 0.15 a −5.60 ± 0.03 a,b,c −5.79 ± 0.02 c 12.50 ± 0.13 d,e,f 12.84 ± 0.52 c,d 0.24 ± 0.15 m

13 92.65 ± 0.24 a,b 91.00 ± 0.64 a −5.59 ± 0.02 a,b,c −5.76 ± 0.01 c 12.51 ± 0.05 d,e,f 15.01 ± 0.40 c 3.63 ± 0.02 h

14 92.34 ± 0.11 a,b,c 92.08 ± 0.28 a −5.67 ± 0.03 b,c,d −5.85 ± 0.03 c 12.18 ± 0.01 e,f,g 13.61 ± 0.37 b,c 0.85 ± 0.01 l

15 92.54 ± 0.14 a,b,c 92.27 ± 0.24 a −5.68 ± 0.06 c,d,e −5.85 ± 0.03 c 12.50 ± 0.38 d,e,f 13.17 ± 0.40 c 0.83 ± 0.02 l

16 91.80 ± 0.40 c 91.83 ± 0.15 a −5.81 ± 0.01 f,g −5.76 ± 0.08 c 13.82 ± 0.02 a,b 15.06 ± 0.27 b 1.61 ± 0.02 j

17 92.41 ± 0.19 a,b,c 92.09 ± 0.44 a −5.68 ± 0.03 c,d,e −5.91 ± 0.10 c 11.53 ± 0.15 g,h 12.84 ± 0.67 c,d,e 2.25 ± 0.04 i

18 92.42 ± 0.33 a,b,c 86.97 ± 1.09 d −5.58 ± 0.04 a,b −5.18 ± 0.23 b 11.75 ± 0.18 g,h 21.97 ± 0.8 a 11.35 ± 0.21 a

19 92.51 ± 0.12 a,b,c 87.47 ± 0.22 c,d −5.64 ± 0.02 b,c,d −0.62 ± 0.02 a 11.32 ± 0.09 h 10.32 ± 0.56 f,g 7.14 ± 0.02 c

L*, lightness; a*, green-to-red parameter; b*, blue-to-yellow parameter. The values represent mean ± SD. Means
that do not share the same superscript (a–m) are significantly different (p < 0.05).

Except for samples with added mint and ginger oil (11–14), all other films with
essential oil presented a less homogeneous microstructure than the control sample. Thus, in
order to obtain materials with superior physical properties, the matrix could be improved
by increasing the amount of emulsifier in the film-forming solution (i.e., Tween 80).

The mechanical characteristics of the films were not influenced by the storage period.
All samples subjected to testing showed a increased tensile strength after storage (Figure 5).
The increase in breaking strength may be due to the amount of essential oil lost during
storage in association with the overall decrease in the antioxidant activity of most films
with added oil. The breaking strength of biopolymeric films has been shown to be affected
by the addition of natural substances. For example, the mechanical performance was
decreased with increasing content of natural substances added to films [31,32]. This effect
was attributed to the plasticizing effect of EOs weakening the intermolecular interaction
between polymer chains and increasing the ductility of the film [32,33].

Sample 14 (15% ginger) could not be tested to evaluate its mechanical properties as a
result of the drying method used. Thus, a 15% concentration of ginger oil may require a
increased amount of plasticizer or emulsifier in the composition.

As expected, the elongation at break of the films was negatively influenced during
the storage period. The loss of water from the films unbalanced the matrix, so despite
strengthened tear resistance, they showed considerably reduced elasticity (Figure 6).

The largest variation in elongation was observed in the lemon oil samples (16.7 (t0) to
1.51% (t1) and 18.28 (t0) to 1.91% (t1) for samples 1 and 2, respectively), regardless of the
concentration. Large variations were also observed in the grapefruit, ginger and eucalyptus
samples, with variations ranging between 37% and 50%. High variation was also observed
in the control sample without the addition of essential oil. Therefore, the dehydration of the
material did not depend on the nature of oil added but on the biopolymeric composition
or environmental factors. However, the addition of orange, cinnamon, clove, mint and
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chamomile essential oils maintained the elasticity of the samples, with minimal change
relative to the initial period.
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The antioxidant activity of most samples was significantly diminished after one year
of storage (Figure 7). For example, the antioxidant activity of sample 2 with 15% lemon oil
decreased from 26% to 1.9%, which was the most significant decrease among all samples
tested. A significant reduction in the antioxidant capacity was also observed in sample 8
with 15% cinnamon oil (from 23.36% to 2.28%). A modest decrease was also observed in
sample 5 (7.5% orange oil) when the antioxidant activity dropped from 4.72% at t0 to 3.5%
at t1. However, for a few samples, the antioxidant activity of the films increased with the
addition of 15% orange (6), 7.5% cinnamon (7) and 7.5% clove (9) essential oils. As such, the
incorporation of orange oil increased antioxidant activity from 11.09% to 17.73%, cinnamon
oil increased antioxidant activity from 9.36% to 15.98% and clove oil increased said activity
from 8.36% to 17.27%.
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The antioxidant effects of various essential oils on films are not entirely known, given
the scarcity of studies examining their effects on biopolymeric matrices. However, the
differential antioxidant effects of various natural oils have been well documented. For
example, the antioxidant properties of clove and cinnamon essential oils are comparable to
those of BHT (butylhydroxytoluene), a chemical substance known for its protective effect
against oxidation. These results were attributed to the high eugenol and β-caryophyllene
content of these oils [34], with clove essential oil being one of the most powerful natural
antioxidants, with effects even superior to those of BHT or butylated hydroxyanisole [35].
The high antioxidant activity and radical scavenging effect of eugenol is the result of its
phenolic hydroxyl groups, which remain stable during the film development process [36].
Similarly, linalool, another chemical compound present in orange and cinnamon oils
(Table S1), has been recognized for its antioxidant and antibacterial activity [37,38]. When
examining the antioxidant activity of 25 essential oils used for medicinal purposes, Wei
and Shibamoto [39] showed that clove (52%) and cinnamon (23%) oils had antioxidant
activity superior to that of chamomile (20%), anise (20%), rosemary (10%) and orange
(9%) EOs. Moreover, according to their study, mint essential oil, along with sandalwood
and bergamot, had exhibited pro-oxidant activity. Therefore, our results of increased
antioxidant activity caused by clove, cinnamon and orange essential oils are somewhat in
line with the general antioxidant activity effects of these oils, albeit in a different model
and likely due to the high eugenol and linalool contents (Table S1, Supplementary Files), as
well as the high antioxidant capacity of EOs. Our data cannot explain the concentration
differences in the antioxidant effects of these oils, which may be attributed, in part, to their
varied embedding properties into the a biopolymeric matrix; however, this would require
further investigation.

As shown in Table 3, microorganisms proliferated (TC) from t0 to t1 (samples 1–7, 9–14
and 19). Except for samples 15–18, which did not show a microbiological load before or after
storage, the other films showed colony-forming units on their surfaces. Only samples with
7.5% essential oil of lemon, clove and mint showed contamination with coliforms bacteria,
whereas samples 4 (15% grapefruit oil) and 13 (7.5% chamomile oil) were contaminated
with Staphylococcus aureus. No Escherichia coli, enterococcus, Listeria monocytogenes, yeasts
or molds developed on the surfaces of the biopolymeric materials.
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Table 3. Microbiological assessments before (t0) and after storage (t1).

Sample
TC EC ETC CF YM X-SA LM

t0 t1 t0 t1 t0 t1 t0 t1 t0 t1 t0 t1 t0 t1

1 1 15 - - - - 1 13 - - - - - -
2 - 7 - - - - - - - - - - - -
3 15 22 - - - - - - - - - - - -
4 21 42 - - - - - - - - 1 6 - -
5 - 6 - - - - - - - - - - - -
6 7 31 - - - - - - - - - - - -
7 2 4 - - - - - - - - - - - -
8 - - - - - - - - - - - - - -
9 13 48 - - - - 2 7 - - - - - -

10 1 13 - - - - - - - - - - - -
11 - 9 - - - - 2 5 - - - - - -
12 8 11 - - - - - - - - - - - -
13 19 64 - - - - - - - - 1 4 - -
14 6 34 - - - - - - - - - - - -
15 - - - - - - - - - - - - - -
16 - - - - - - - - - - - - - -
17 - - - - - - - - - - - - - -
18 - - - - - - - - - - - - - -
19 28 114 - - - - - - - - - - - -

TC, total count; EC, Escherichia coli; ETC, Enterococcus; CF, coliform; YM, yeasts and molds; X-SA, Staphylococcus
aureus; LM, Listeria monocytogenes. All results are expressed in CFU/g.

3. Conclusions

Films based on biopolymers have proven their applicability in various fields and can
replace conventional materials based on non-renewable resources. The ease of incorporating
various active substances into the matrix of films has contributed to their success. Essential
oils present numerous benefits, both for the products packaged in such materials and
in terms of the health of those who consume the edible films and coatings. Our results
highlighted the use of essential oil favoring stability of the materials, even after one year of
storage. The films with incorporated essential oils were preserved their properties after
one year storage compared to the initial period. These positive effects were not present in
the control samples. Therefore, the addition of plant-extracted oils to biopolymer products
is associated with significant benefits, making them suitable for use in several industries.
However, additional research is required to determine their mechanism of action, their
prolonged effects and the synergistic effects that may occur when used in combination with
other essential oils or biologically active substances, as well as their adverse effects.

4. Materials and Methods

The aim of this study was to develop, test and characterize new biopolymeric based
films with incorporated EOs (Table 4). All substances used to produce 19 film-forming
solutions (agar, sodium alginate, glycerol, emulsifier and Tween 80) were obtained from
Sigma Aldrich (Germany). The commercially available EOs from medicinal plants, such as
lemon, grapefruit, orange, cinnamon, clove, mint, eucalypt and chamomile, were obtained
from Carl Roth (Germany). Ginger oil was purchased from Merk (Germany). According to
the manufacturer data sheets, the essential oils were obtained by steam distillation; their
chemical composition is summarized in Table S1.

Biopolymeric materials were obtained based on a previously developed and tested
modified methodology [40]. Briefly, a ratio of 2:1:1 agar: alginate: glycerol was used. The
film-forming solution was mixed for 20 min at 90 ± 2 ◦C and 450 rpm, cooled to 40 ◦C and
7.5 and 15% w/v essential oils were added. The solutions were obtained through the cast
method after maintenance for 38–42 h at room temperature (26 ± 3 ◦C) and rH = 52 ± 3%
until complete drying was achieved.
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Table 4. Composition of new biopolymer-based films.

Sample 7.5% EO
(w/v)

15% EO
(w/v) Sample 7.5% EO

(w/v)
15% EO

(w/v)

1 lemon x 11 mint x
2 x lemon 12 x mint
3 grapefruit x 13 chamomile x
4 x grapefruit 14 x chamomile
5 orange x 15 ginger x
6 x orange 16 x ginger
7 cinnamon x 17 eucalyptus x
8 x cinnamon 18 x eucalyptus
9 clove x 19 Control, no essential oil added
10 X clove

The films were kept for one year in silicone paper packaging, protected from humidity
and sunlight. They were tested immediately after development and after one year for
physical and optical properties, as well as antioxidant and antimicrobial capacity. In order
to observe possible variations in their mass, samples were weighed using an analytical
balance. Film thickness (t, µm) was measured after five readings in different areas of the
material surface using a Yato micrometer (Shanghai, China). The density (D, g/cm3) of the
films was calculated by relating their mass (w) to the thickness (t) and surface (a) [41]:

Density,
( g

cm3

)
=

w
a∗t

(1)

Transmittance (T, %) and absorbance (A) were read spectrophotometrically (Epoch,
BioTek Instruments, Winooski, VT, USA) in triplicate using 1 cm × 3 cm film samples.
The transmittance was read in the wavelength range of 300 to 800 nm, with absorbance at
600 nm. An empty cuvette was used as a standard. The opacity of the material (O) was
calculated according to the following formula:

Opacity,
(

A
mm

)
= A/t (2)

where A = absorbance, and t = thickness (mm).
The water activity index (aw) was determined with AquaLab 4TE equipment (Meter

Group, München, Germany) at 25 ± 0.7 ◦C. The results indicate the average of 5 readings of
the tested materials. The evaluation of this parameter is of interest when film dehydration
occurs. Additionally, a low value of the water activity index favors the prevention of the
development and proliferation of microorganisms. A water activity index score above 0.7
is required to survive the environmental conditions.

The sample color was evaluated using a CIELab system with a Chroma Meter CR400
colorimeter (Konika Minolta, Tokyo, Japan). The results represent the arithmetic mean
of ten readings taken over the entire surface of the material. In order to test the color
difference between the samples tested before and after storage, the color deviation (∆E)
was calculated according to the following formula [42]:

∆E =
√
(∆L∗∆L) + (∆a∗∆a) + (∆b∗∆b) (3)

The microstructure of images was visualized with a Celena microscope, and im-
ages and microtopographs were analyzed using Mountains Premium 9 (Digital Surf,
Lavoisier, France).
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The tensile strength (TS) and elongation (E) were tested with an ESM Mark 10 textur-
ometer according to STAS ASTM D882 (Standard Test Method for Tensile Properties of Thin
Plastic Sheeting) [43] and calculated according to Formulae (4) and (5) [44]. As such, a 5 KN
cell and special grips for thin films and foils were attached, and 1cm × 10 cm film samples
were tested. The travel speed was set at 10 mm/min, and the working temperature was
27.2 ± 0.2 ◦C.

TS, (MPa) =
F
a

(4)

where F is the maximum load (kN), and a is the surface (mm2). A travel speed of 10 mm/min
was chosen based on standard requirements for testing films and foils of 5 to 10 mm/min,
as well as on the published evidence [45–50].

The elongation at break (E) is the ratio between the final (∆l) and initial length (l) after
test specimen breakage.

E, (%) =
∆l
l
∗100 (5)

Antioxidants were assessed using a DPPH (2,2-diphenyl-1-picrylhydrazyl) radical
scavenging assay according to the method described by Aloui et al. [51], with some mod-
ifications. Briefly, a film sample was cut into 20 mm × 20 mm, and 2 mL of DPPH was
added, mixed for 1 min at 500 rpm and incubated at 35 ◦C for 30 min. After incubation,
the absorbance was read at 517 nm using an Epoq spectrophotometer (BioTek Instruments,
Winooski, VT, USA). The experiment was carried out in triplicate, and the radical scaveng-
ing activity was calculated according to Formula (6), where Ac is the absorbance of the
DPPH solution without film, and As is absorbance of the sample:

Radical scaveging activity, (%) =
Ac − As

Ac
∗100 (6)

The antimicrobial activity of the films was tested using specific plates (NISSUI Phar-
maceutical, Tokyo, Japan) with dehydrated culture media. Thus, total count (TC), coliforms
(CF), Escherichia coli (EC), Staphylococcus aureus (X-SA), Listeria monocytogenes (LM) and
yeasts and molds (YM) were evaluated. The proposed method it is useful, as it faster than
traditional methods and eliminates the risks that can intervene in the manipulation of
strains of pathological microorganisms. It can also be used in laboratories in which the use
of strains of pathogenic microorganisms is not allowed, as is our case. For the assay, 1 g
of film was mixed with 9 mL saline solution at 500 rpm. Then, 1 mL of the solution was
used to hydrate the culture medium. Later, plates with culture media were thermostated
for 36–72 h at 37 ◦C. The results are expressed in CFU/g.

Statistical analyses were performed with one-way analysis of variance (ANOVA) and
Tukey’s test. Significance was set at p < 0.05. Data analysis was performed using MiniTAB
statistical software (MiniTAB Ltd., Coventry, UK). All determinations were made after
sample development (t0) and after one year of storage (t1).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels8110756/s1, Figure S1: Microstructure images of tested
films, obtained at initial time (t0) and after one year storage (t1); Table S1. Essential oils’ chemical
composition, according to the manufacturer data sheet
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Abstract: The need to replace conventional, usually single-use, packaging materials, so important for
the future of resources and of the environment, has propelled research towards the development of
packaging-based on biopolymers, fully biodegradable and even edible. The current study furthers
the research on development of such films and tests the modification of the properties of the previ-
ously developed biopolymeric material, by adding 10, respectively 20% w/v essential oils of lemon,
grapefruit, orange, cinnamon, clove, mint, ginger, eucalypt, and chamomile. Films with a thickness
between 53 and 102 µm were obtained, with a roughness ranging between 147 and 366 nm. Most films
had a water activity index significantly below what is required for microorganism growth, as low as
0.27, while all essential oils induced microbial growth reduction or 100% inhibition. Tested for the
evaluation of physical, optical, microbiological or solubility properties, all the films with the addition
of essential oil in the composition showed improved properties compared to the control sample.

Keywords: biopolymers; antimicrobial; environment; film; coating

1. Introduction

The use of biopolymers in the development of packaging materials is increasingly
common due to the properties they possess: biodegradability, compostability, non-toxicity,
reuseability, ease of handling, the possibility of incorporating various active substances,
but also relatively low costs [1,2]. Their use has been transposed to other fields, such as the
biomedical one. Due to high biocompatibility, biopolymers are today successfully used in
tissue engineering or wound dressing development. Numerous hydrocolloids have been
used as food packaging film, with high performances in terms of the ability to withstand
environments with high humidity, preserving or even improving sensory characteristics,
extending shelf-life, physico-chemical, optical or mechanical properties [3–5]. Their edible
character was another advantage in obtaining various types of films and coatings, used
successfully for packaging food or coating fresh fruits and vegetables [6–8]. At the moment,
the most used biopolymers are those based on polysaccharides (agar, sodium alginate,
carrageenan, chitosan, etc.) [9], followed by those based on proteins (collagen, casein,
soy or wheat protein, etc.) and lipid ones (waxes, fatty acids, acylglycerols) [10]. Since a
biopolymer usually does not exhibit high physico-chemical or mechanical performances at
the same time, the possibility of combining them represents the best alternative in obtaining
a material with characteristics similar to plastic [11].

Research in the field has demonstrated the fact that biopolymers possess biological
properties, as they are biocompatible, non-toxic, and non-immunogenic. They do not
induce allergic reactions after ingestion, psychological properties, as they contribute to the
stability of the products they contain and increase the shelf life of them. They also allow
the transport of various solutes, gases, water vapors, and organic molecules.
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Polysaccharides such as sodium alginate or agar have been intensively studied due
to their synergistic character and the ability to obtain films with very good properties:
resistant, flexible, with high elasticity, glossy, with a homogeneous microstructure, without
pores or fissures in the composition [12].

Alginate is a marine biopolymer that can form soluble films when obtained by casting
or drying, or insoluble films when crosslinked with calcium salt [13]. The biggest advan-
tages in using alginate are the low cost of obtaining them and the multiple possibilities
of use in the food and biomedical/pharmaceutical fields [14,15], due to characteristics
such as good gelling and film forming properties, pH-sensitivity, mucoadhesiveness, or
crosslinking capacity [16,17].

Agar is a polysaccharide extracted from red algae. In 1972, it received the status as
Generally Recognized as Safe by GRAS and, as well as alginate, can be used in quantum statis.
Almost 80% of globally produced agar is used for human consumption. Used as a film-
forming component, it forms brittle material, with poor mechanical properties, moisture
barrier and thermal stabilities [18]. Therefore, for use for this purpose, it is combined with
other biopolymers or plasticizers [19].

Active and smart packaging are increasingly used all over the world, especially in
Japan, the USA, and Australia. In Europe, their use was regulated in 2004 by Regulation
EC, 1935/2004. In 2009, the EU established “Commission Regulation (EC) No 450/2009, on
active and intelligent materials and articles intended to come into contact with food”. Thus,
according to the European Union, active packaging systems are designed “to deliberately
incorporate components that would release or absorb substances into or from the packaged
food or the environment surrounding the food” [20]. If active films based on biopolymers
are used in many fields, the coatings find their applicability to fruits and vegetables.
Their use is important if we take into account that most losses occur during storage,
handling or transport, especially due to the fact that, even after harvesting, fruits and
vegetables continue their respiratory process; applying such a coating will inhibit the
ripening processes [21].

Biopolymer films and coatings can be used as active delivery systems when they
contain substances with an antimicrobial or antioxidant effect [22,23]. Thus, films containing
gold, silver, or copper ions were effective against the development and sporulation of
microorganisms, inhibiting the growth of Staphylococcus aureus, Escherichia coli, Candida
albicans, and Aspergillus niger [24]. Furthermore, the physicochemical properties were
improved [25]. Recently, however, the addition of essential oils in the biopolymeric matrix
has attracted the attention of researchers, who intensified their studies on the development
of materials with superior characteristics. Thus, essential oils embedded in films showed
inhibitory activity against numerous foodborne pathogens (Table 1).

Table 1. Examples of bio-based films incorporating essential oils (EOs) with antimicrobial properties.

Biopolymer EO Food Product Beneficial Effect References

Starch Cinnamon Active packaging Thermal stability, but porous microstructure [26]

Chitosan Lemon Citrus Extended shelf -life, improved food storage
quality. antimicrobial effect [27]

Collagen/
chitosan Lemon Pork meat

Prolonged the shelf life for 21 days, inhibited
lipid oxidation, and prevent

microbial proliferation
[28]

Pectin Clove Fish (bream)
Inhibited the growth of Gram-negative bacteria;

the level of lactic acid bacteria
remained constant

[29]

Whey protein
isolate Clove Cheese

Positive effects of the physical-chemical
properties of cheese. E. coli, S. aureus, and L.

monocytogenes decreased during 60 days
of testing

[30]
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Table 1. Cont.

Biopolymer EO Food Product Beneficial Effect References

Alginate/k-
carrageenan Clove Food packaging

Antimicrobial and antioxidant effect; the
addition of EO reduced the mechanical

properties of film, but improved the flexibility
[31]

Alginate/clay
Clove, coriander,
cinnamon, cumin,

caraway, marjoram
Food packaging Inhibited the growth of Gram-negative bacteria [32]

Alginate/CMC Clove Fish Without loss of color, odor, texture during
storage (16 days) [33]

Chitosan/
pectin/starch Mint Food packaging

Antioxidant and antimicrobial effect; improved
barrier properties, tensile strength, and

thermal stability
[34]

Sodium alginate Carvacrol White mushrooms
Improved mechanical properties, water

resistance, light barrier property, and
antiviral properties

[35]

Chitosan Eucalyptus Sliced sausages Good antimicrobial activity [36]

Gelatin Chamomile and
peppermint Edible packaging The antioxidant activity and bioactivity

were improved [37]

Cellulose Ginger Barbecue chicken
Improved spoilage control; the addition of

essential oils prolonged the meat shelf life by
more than 6 days.

[38]

Chitosan Ginger Fresh poultry meat
Reduced coliforms proliferation; the addition of

EO showed minimum changes than the
product uncoated

[39]

Chitosan Ginger Active packaging Strong antimicrobial activity [40]
Chitosan/protein Ginger Fish Stored at 4 ◦C, the shelf life has been extended [41]

Due to the biologically active compounds, essential oils are increasingly recognized
and used in the packaging materials industry. However, usually, the properties of the films
change after the addition of essential oils. For example, clove oil, when embedded in films
based on alginate and carrageenan, showed strong antimicrobial activity against E. coli,
although the tensile strength of the films was lower. The inhibition zone increased directly
proportional with clove oil concentration [31]. Mostaghimi et al. identified that the addition
of clove oil to the film based on sodium alginate was more effective against Bacillus cereus
than E. coli and that the properties of the material were not negatively influenced by the
incorporation of essential oil [42]. Even so, if the safety of the ingested food is taken into
account, it is much more important to pursue the microbial inhibition, since the properties
of the films can be improved by various other additions. The antimicrobial activity of
essential oils is high. They are effective against the development and proliferation of
several pathogenic microorganisms (Table 2).

Table 2. Essential oils displaying antimicrobial properties against relevant microorganism categories
and species.

EO M TC LM CF SA EC References

Cinnamon
√ √ √ √ √ √

[43–46]
Lemon

√ √ √ √ √
[27,46–48]

Grapefruit
√ √ √ √

[48–50]
Orange

√ √ √ √ √
[48,50]

Clove
√ √ √ √ √

[29–32]
Peppermint

√ √ √ √
[34,51]

Eucalyptus
√ √ √

[36]
Chamomile

√ √ √
[37]

Ginger
√ √ √ √ √

[39,52]

M—molds, TC—total count, LM—Listeria monocytogenes, CF—coliforms, SA—Staphylococcus aureus, EC—
Escherichia coli.
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The current study followed the development of films based on sodium alginate, agar,
and water, according to a composition that represents, at the time of writing this study, a
patent proposal sent to the Romanian State Office for Inventions and Trademarks. Since
specialized studies have highlighted the active nature of films with the addition of essential
oil, we used lemon, grapefruit, orange, cinnamon, clove, mint, ginger, eucalypt, and
chamomile oils and we tested their effect on the films’ properties. The obtained results
strengthen the specialized studies and recommend their use in the development of materials
with superior characteristics.

2. Results and Discussion

The films obtained by the casting method were observed immediately after drying
and subsequently tested. All the samples that contained essential oil in the composition
presented a specific taste and smell, the intensity of which varied with the volume of oil
added to the film-forming solution. All the films were glossy, pleasant to the touch, soft,
with regular edges and without undissolved particles. The absence of insoluble particles
and fissures or pores can also be seen from the microscopic images and microtopographies
obtained (Figure 1).

With the exception of the film with the addition of ginger essential oil, which broke
during drying and showed extremely low flexibility, and the film with 10% mint EO, which
was also less flexible, all other films were very flexible and allowed multiple bendings.
The sample with 10% essential oil of mint showed high adhesiveness and can be used as
a self-adhesive film. The sample with 20% essential oil of eucalyptus showed a tendency
to tighten upon drying, which proves the need to reduce the addition of essential oil or
increase the amount of glycerol or Tween 80. According to the images in Figure 1, the most
homogeneous structure can be highlighted in the case of the film with the addition of 10%
chamomile EO (B17). The result is also confirmed by its reduced roughness, unlike other
samples-146.90 nm (Table 3).

According to the data in the table above, the mechanical properties of the films changed
with the increase in the volume of essential oil. Thus, the films with 20% lemon, grapefruit,
cinnamon, ginger, and eucalyptus EO presented lower values of tensile strength, unlike
those with 10% addition. Increasing the volume of orange, clove, and mint essential oil
favored the development of stronger films. The most resistant films were those with the
addition of 10, respectively 20% mint EO (B11—0.274 MPa and B12—0.288 MPa), the one
with the addition of 10% essential oil of chamomile (B13—0.261 MPa), and the one with
10% eucalyptus EO (B17—0.282 MPa). The addition of orange, cinnamon, cloves and 20%
eucalyptus EO had a negative effect on the tensile strength, the values obtained being
below that of the control sample (B19—0.135 MPa).

Similar to the resistance to breaking, the elongation of the samples with the addition
of lemon oil showed reduced values. Thus, they were approximately 30% lower than the
control sample (1.51, respectively 1.91% compared to 5.04%), while the film with 10% clove
EO also showed lower values than the control sample. Even if some films showed lower
elongation values with the increase in the volume of added essential oil, the values are still
higher than the control sample (see films with lemon (B1, B2), cinnamon (B7, B8) and clove
(B9, B10) EO).

The film with 10% essential chamomile EO (B13) presented the best mechanical prop-
erties, both tensile strength (0.261 MPa) and elasticity (26.11%). Unfortunately, the sample
with 20% essential chamomile oil in the composition could not be sized according to the
standards used. For the development of a film with even more improved properties, it is
necessary to use a higher amount of plasticizer in the composition.

The highest roughness value (366.20 nm) was identified in B3—the sample with 10%
grapefruit EO.
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Table 3. Structural characteristics of the developed films with essential oils incorporated.

Sample Thickness, µm Retraction
Ratio, % Roughness, nm Tensile

Strength, MPa Elongation, % Moisture
Content, %

Water
Activity

Index

B1 99.80 b,c ± 2.40 4.95 i,j ± 2.28 253.10 b,c,d,e,f ± 2.99 0.101 l ± 0.10 1.51 r ± 0.01 11.95 e ± 0.03 0.33 c ± 0.01

B2 100.60 b ± 1.85 4.19 j ± 1.76 333.20 a,b ± 3.55 0.098 l ± 0.05 1.91 q ± 0.05 11.24 f ± 0.01 0.29 d ± 0.04

B3 88.80 f,g ± 1.47 15.43 e,f ± 1.40 366.20 a ± 3.03 0.231 e ± 0.05 14.97 d ± 0.20 13.24 c ± 0.22 0.30 c,d ± 0.01

B4 90.80 e,f ± 1.17 13.52 f,g ± 1.11 243.70 b,c,d,e,f,g ± 4.16 0.172 f ± 0.01 11.04 g ± 0.33 11.27 f ± 0.61 0.30 c,d ± 0.01

B5 81.00 h,i ± 2.68 22.86 c,d ± 2.55 255.00 b,c,d,e,f ± 1.03 0.133 l ± 0.01 7.10 j ± 0.15 13.73 b ±0.13 0.30 c,d ± 0.08

B6 93.60 d,e ± 1.85 10.86 g,h ± 1.76 304.87 a,b,c,d ± 0.85 0.146 g ± 0.01 5.37 n ± 0.11 13.53 b ±0.29 0.30 c,d ± 0.03

B7 98.80 b,c ± 1.94 5.90 i,j ± 1.84 307.47 a,b,c,d ± 1.96 0.137 i ± 0.01 6.92 k ± 0.10 13.13 c ± 0.14 0.33 c ± 0.01

B8 101.00 b ± 0.89 3.81 j ± 0.85 308.97 a,b,c,d ± 0.47 0.130 k ± 0.05 8.33 i ± 0.21 12.74 d ±0.68 0.30 c,d ± 0.02

B9 91.60 e,f ± 1.50 12.76 f,g ± 1.42 293.67 a,b,c,d ± 0.59 0.093 m ± 0.01 3.74 p ±0.07 13.24 c ± 0.76 0.29 c,d ± 0.01

B10 98.80 a,b ± 1.67 4.76 i,j ± 1.59 314.33 a,b,c ± 0.51 0.142 h ± 0.01 13.87 e ± 0.07 13.04 c ± 0.75 0.27 d ± 0.01

B11 59.40 j ± 1.36 43.43 b ± 1.29 216.17 d,e,f,g ± 0.68 0.274 c ± 0.05 17.45 b ± 0.18 11.26 f ± 0.25 0.52 b ± 0.02

B12 76.80 i ± 1.60 26.86 c ± 1.52 169.23 f,g ± 0.57 0.288 a ± 0.15 16.42 c ± 0.02 10.34 g ±0.20 0.52 a,b ± 0.02

B13 101.20 b ± 1.33 3.62 j ± 1.26 248.37 b,c,d,e,f ± 4.46 0.261 d ± 0.10 26.11 a ± 0.03 11.73 e ± 0.19 0.56 a ± 0.03

B14 102.00 a,b ±1.10 2.86 j ± 1.04 288.27 a,b,c,d,e ± 4.02 * * 8.73 h ± 0.20 0.56 a ± 0.02

B15 92.00 d,e,f ± 0.89 12.38 f,g,h ± 0.85 230.60 c,d,e,f,g ± 3.04 0.175 g ± 0.10 8.93 h ± 0.02 8.51 h ± 0.43 0.56 a ± 0.02

B16 98.80 b,c ± 1.33 5.90 i,j ± 1.26 192.03 e,f,g ± 3.61 0.148 g ± 0.05 6.71 l ± 0.06 19.34 a ±0.11 0.55 a,b ± 0.01

B17 53.00 k ± 1.67 49.52 a ± 1.59 146.90 g ± 0.57 0.282 b ± 0.02 12.98 f ± 0.01 2.43 j ± 0.19 0.53 a,b ± 0.02

B18 96.20 c,d ± 1.17 8.38 h,i ± 1.11 222.60 c,d,e,f,g ± 3.63 0.131 k ± 0.10 6.44 m ± 0.01 4.54 i ± 0.36 0.53 a,b ± 0.01

B19 85.20 g,h ± 1.94 18.86 d,e ± 1.84 176.93 f,g ± 1.17 0.135 i.j ± 0.10 5.04 o ± 0.02 11.44 f ± 0.18 0.28 d ± 0.02

* The testing could not be carried out because the sample could not be sized according to STAS ASTM D882.
Means that do not share a letter are significantly different. a–j, Significance level α = 0.05.

The thickness of all the films increased with the increase in the volume of added
essential oil (Table 3). The biggest difference can be observed in the case of films with the
addition of chamomile EO, when the thickness varied by 43.20 µm. Thus, sample B17, with
10% addition of EO, had a thickness of 53 µm, and B18, with 20% EO, had 96.20 µm. The
smallest difference can be observed in the case of samples with ginger essential oil (B13,
B14), when the increase in the volume of essential oil led to an increase in thickness by
only 0.8 µm. The same thickness value can be observed in case of B1 and B2 samples, with
lemon EO added. The samples with 10% orange EO (B5), 10 and 20% mint EO (B11, B12)
and 10% chamomile EO (B17) had lower thicknesses than the control sample.

The values of the retraction ratio are directly correlated with those of the thickness.
This means that, when it will be replicated on an industrial scale, the processor can establish
the final composition of the materials knowing the retraction ratio and thickness values.
The lowest retraction ratio is observed for ginger EO films (B13, B14). For all developed
films, the reattraction ratio values decrease with the increase in the volume of essential oil
added to the composition. This can be attributed to their hydrophobic character, so that the
matrix becomes more compact and prevents the evaporation of water molecules from the
composition and, implicitly, the withdrawal of the film during drying.

Except for samples B15–B18, all the films presented lower values of moisture content
with the increase in the volume of EO. Compared to the control sample, most films had
minor (approximately 2%) moisture content variation, except for sample B16 (20% euca-
lyptus), where MC was higher with 8 percentual points and samples B17 and B18 (10 and,
respectively, 20% chamomile), where MC was lower with as much as 9 percentual points.

The water activity index showed similar values for the samples with the addition
of lemon, grapefruit, orange, cinnamon, or clove essential oil (0.30 ± 0.03). Those with
additions of mint, ginger, eucalyptus, or chamomile showed similar values (0.50 ± 0.6), but
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higher than the others. The control sample showed reduced values of the water activity
index (0.28), similar to those of the films with the addition of clove EO (B9, B10 with 0.29,
respectively 0.27).

According to the images in Figure 1, the addition of essential oil had negative effects on
the microstructure of the films. Thus, all samples with 10% EO volume in the composition
presented more homogeneous structures than those with 20%. This may indicate the need
to increase the amount of plasticizer in the composition or increase the mixing speed during
the homogenization of the film-forming solution.

The transmittance of the samples varied depending on the essential oil added to
the film-forming solution (Table 4). Thus, the addition of lemon, grapefruit, orange,
clove, cinnamon, and ginger oil favored the develompent of more transparent films than
the control sample (transmittance 68.9%). A quantity of 10% essential oil of chamomile
added had the effect of obtaining a film with the highest transmittance (77%), but the
addition of a further 10% essential oil favoured the development of a film with the lowest
value of transmittance, 18.33%. Mint essential oil, regardless of the added concentration,
had the effect of increasing the transmittance by 2.8, respectively 4.6% compared to the
control sample.

Table 4. Optical properties of films with essential oils incorporated.

Sample Transmittance,
%

Opacity,
A ×mm−1

Color

L* a* b*

B1 49.40 i ± 0.10 3.31 e ± 0.04 88.79 b,c ± 0.18 −0.49 a ± 0.02 10.76 e ± 0.31
B2 40.66 k ± 0.75 3.59 b ± 0.12 88.99 b,c ± 0.16 −0.42 a ± 0.24 10.61 e ± 0.29
B3 51.00 g ± 0.20 3.21 f ± 0.14 88.30 b,c,d ± 0.39 −0.54 a ± 0.02 11.33 d,e ± 0.48
B4 52.60 e ± 0.20 3.49 c ± 0.22 88.87 b,c ± 0.96 −0.61 a ± 0.05 10.72 e ± 0.53
B5 53.10 e ± 0.10 3.47 c ± 0.15 88.88 b,c ± 0.73 −0.51 a ± 0.86 9.35 e ± 0.65
B6 51.73 f ± 0.15 3.50 c ± 0.10 89.17 b ± 0.63 −0.48 a ± 0.15 9.85 e ± 0.73
B7 50.16 h ± 0.11 3.26 e,f ± 0.20 89.17 b ± 0.30 −0.48 a ± 0.16 10.03 e ± 0.28
B8 50.83 g,h ± 0.11 3.02 h ± 0.09 88.58 b,c ± 0.92 −0.49 a ± 0.02 11.21 d,e ± 0.83
B9 50.43 g,h ± 0.15 3.39 d ± 0.08 88.50 b,c,d ± 0.93 −0.47 a ± 0.03 11.16 d,e ± 1.02

B10 52.73 e ± 0.11 3.03 g,h ± 0.16 88.31 b,c,d ± 0.68 −0.52 a ± 0.01 10.73 e ± 0.65
B11 71.63 c ± 0.11 2.53 j ± 0.08 92.25 a ± 0.79 −5.78 c ± 0.07 13.70 b,c ± 0.53
B12 73.56 b ± 0.12 1.88 l ± 0.21 92.18 a ± 0.15 −5.79 c ± 0.02 12.84 c,d ± 0.52
B13 70.01 a ± 0.03 3.99 a ± 0.12 91.00 a ± 0.64 −5.76 c ± 0.01 15.26 b ± 0.94
B14 18.33 l ± 0.21 3.08 g ± 0.12 92.07 a ± 0.28 −5.85 c ± 0.03 13.61 b,c ± 0.37
B15 41.30 k ± 0.10 1.52 m ± 0.17 92.19 a ± 0.28 −5.83 c ± 0.03 13.11 c,d ± 0.42
B16 46.60 j ± 0.20 1.15 n ± 0.12 91.83 a ± 0.15 −5.76 c ± 0.08 14.31 b,c ± 1.17
B17 73.5 b ± 0.20 2.87 i ± 0.23 92.09 a ± 0.44 −5.91 c ± 0.10 12.84 c,d ± 0.67
B18 40.73 k ± 0.11 1.5 m ± 0.13 86.97 d ± 1.09 −5.18 b ± 0.22 21.97 a ± 1.09
B19 68.83 d ± 0.11 1.97 k ± 0.11 87.63 c,d ± 0.41 −0.62 a ± 0.02 10.32 e ± 0.56

* Means that do not share a letter are significantly different. a–n, Significance level α = 0.05.

The color was influenced by the type of essential oil used, although it did not vary
much from the control sample. All films showed high luminosity.

The swelling index values were inversely proportional to the volume of EO added
(Figure 2). This is perfectly normal if we take into account the strong hydrophobic nature
of essential oils. The obtained results confirm the fact that, when it is desired to use these
materials for the packaging of products with high humidity, the solubility can be improved
by increasing the volume of EO added to the composition. According to Figure 2, all the
samples showed a swelling tendency in the first 7 min after immersion in water (room
temperature), followed by a much lower increase and even a plateau phase up to 20 min
after immersion. It is very likely that the matrix will saturate and prevent additional liquid
absorption. This is beneficial because the tested samples did not disintegrate, so there was
no complete solubility of them.
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The results of microbiological determinations showed a reduction in the total number
of forming colony units in all samples, unlike the control sample (Table 5). Only the
films with the addition of eucalyptus and chamomile EO did not show any contamination.
It is very important that, before use, essential oils to be tested against microbiological
contamination and to be purchased only from reliable producers. Even if, in general, they
have an antimicrobial effect, they can become contaminated after being obtained.

Table 5. Microbiological assessment (ufc/g) of films developed with essential oils incorporated for
relevant microorganism categories and species.

Sample TC EC ETC CF YM X-SA LM

B1 1 - - 1 - - -
B2 - - - - - - -
B3 15 - - - - - -
B4 21 - - - - 1 -
B5 - - - - - - -
B6 7 - - - - - -
B7 2 - - - - - -
B8 - - - - - - -
B9 13 - - 2 - - -
B10 1 - - - - - -
B11 - - - 2 - - -
B12 8 - - - - - -
B13 19 - - - - 1 -
B14 6 - - - - - -
B15 - - - - - - -
B16 - - - - - - -
B17 - - - - - - -
B18 - - - - - - -
B19 28 - - - - - -

TC—total count, EC—Escherichia coli, ETC—Enterococcus, CF—coliforms, YM—yeasts and molds, X-SA—
Staphylococcus aureus, LM—Listeria monocytogenes.

The obtained results reinforce the possibility that these types of films can be suc-
cessfully used as packaging materials in the food industry (Figure 3). Depending on the
composition, the characteristics of the material may differ, so that it can be used for a wide
range of products, with different characteristics.
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Figure 3. Examples of potential applications of developed films: protein powder packed in biopoly-
meric foils with orange (B6) and cinnamon (B8) EO added. Each package contains a measure of
protein powder, according to the manufacturer. The packages are glued by hot thermowelding
(180 ◦C, 20 s). The addition of orange and cinnamon EO may improve the sensorial properties of
such powders and may sustain beneficial effect on health.
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3. Conclusions

Agar-alginate films developed with essential oils incorporated have shown adequate
structural properties for use in food packaging applications, especially at 10% EO concentra-
tion. All films have totally inhibited or significantly reduced microbial growth, compared
to control films, without EO included. Films with 10 and 20% eucalyptus oil showed best
performance when considering both structural (thickness, water activity index etc.) and
antimicrobial properties. Other well-performing composites were 10% mint and 10% and
20% orange EO films, while the rest of the films had good structural and optical properties
and partial reductions of microbiological counts.

The obtained results bring to the fore the advantages of using essential oils in the
development of biopolymer films. Even if, for similar polymeric composites, reductions
of physico-chemical performances of the films were reported after the addition of such
compounds, the results obtained in this case are much better than those of the control
sample. Films based on biopolymers have shown their benefits in use. These can be
extended and greatly improved by adding essential oils. Easy to obtain, use, and handle,
these materials can successfully replace the conventional ones, based on petroleum, difficult
to sort and almost impossible to recycle, so harmful for the environment. Future research
involves other practical applications of these materials, with time testing of the properties
of the films, but also of the packaged products, offering promising avenues for packaging
food products.

4. Materials and Methods

Agar, alginate, glycerol, and Tween 80 were purchased from Sigma Aldrich (Romanian
branch, Bucharest). All the essential oils used—lemon, grapefruit, orange, cinnamon, clove,
mint, ginger, eucalypt, and chamomile—were purchased from Carl Roth (Germany). For
the development of biopolymer films, the previously developed and tested composition,
with some changes, was used [12]. Thus, agar: alginate: glycerol in a ratio of 2: 1: 1 was
used for the film-forming solution. After obtaining the film-forming solution followed
by stirring for 20 min (90 ± 2 ◦C and 450 rpm), the solution was cooled to a temperature
of 40 ◦C and 10, respectively 20% v/v essential oil was added. Then the solutions were
poured on silicone support and maintained for 38–42 h, until complete drying, at room
temperature (24 ± 3 ◦C) and rH = 47 ± 3% (Figure 4). A total of 18 samples with the
addition of essential oil and one control were obtained.
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After development, the samples were observed to identify the regularity of the edges,
the presence of pores and fissures, the uniformity of the film or the degree of homog-
enization of the substances used. The photos of the developed films are available in
supplementary file (Figure S1—Photos of the films).

In order to evaluate the physical and optical properties, the thickness, the retraction
ratio, the transmittance, the opacity, and the color were tested. The thickness was measured
with a Yato micrometer (Shanghai), with an accuracy of 0.001 mm and a test range of
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0–25 mm. For the evaluation of the film thickness, five readings were made, in different
areas of the surface, and the value noted in Table 3 represents the average. For the retraction
ratio (RR) values, the thickness of the film-forming solution (T1, 1050 µm), poured on the
silicone support immediately after obtaining and the final thickness of the film (T2, µm),
were taken into account. Thus, the result was calculated by the formula:

RR, (%) =
T1− T2

T1
∗ 100 (1)

Transmittance (T, %) and absorbance were read spectrophotometrically, using Epoch
equipment (BioTek Instruments, Winooski, VT, USA). For the determination, 1 cm × 3 cm
film samples were used. The determinations were performed in triplicate. The trans-
mittance was read at a wavelength of 660 nm and the absorbance at 600 nm. The read
absorbance was used to determine the opacity, after the following formula was applied:

Opacity, (A/mm) =
A
T

(2)

where A—absorbance and T—thickness, mm.
The color was evaluated using the Konica Minolta CR 400 colorimeter. The value

taken into account represents the average of at least five readings, made in different areas
of the film surface. The parameters considered were L*, a*, b*, and the blank values were
L* = 94.12, a* = −5.52, and b* = 9.27.

The method used in previous research [53] was used to determine the humidity.
Thus, 3 cm × 3 cm film samples were weighed before and after maintaining for 24 h at a
temperature of 110 ± 2 ◦C. The determination was made in triplicate and the result was
calculated with Formula (3):

MC, (%) =
W0−W1

W0
∗ 100 (3)

where W0 represent the sample mass before drying (g) and W1 the dried mass (g).
In order to evaluate the solubility, the swelling ratio index was taken into account.

This evaluation is important when the material is an edible one and it is intended to be
consumed with the product it contains. For determination, 3 × 3 cm film samples were
weighed (M0), immersed in water at room temperature and maintained for 0.5, 1, 3, 5, 7,
10, 15, 20 min. After this time, the excess water was removed using filter paper, and the
samples were re-weighed (M1). The determinations were made as single experiment.

The water activity index (aw) was determined with AquaLab 4TE equipment (Meter
Group, München, Germany) and the results were taken into account after at least 5 readings
performed in different areas of the film surface. The determinations were made at 25 ± 0.7 ◦C.

STAS ASTM D882 ((Standard Test Method for Tensile Properties of Thin Plastic Sheet-
ing) [54] was used to determine the mechanical properties. Thus, for the evaluation of tear
resistance and elongation, 1 cm × 10 cm film samples were tested using the ESM Mark 10
universal texturometer loaded with a 5 kN cell. Special grips for thin films and foils were
attached. The travel speed was set at 10 mm/min and temperature was 25.5 ± 0.2 ◦C.

Tensile strength (TS) was calculated according to the Formula (4):

TS, (MPa) =
F
S

(4)

where F is the maximum load (kN) and S represent the surface (mm2).
The elongation at break represents the ratio between final length and initial length

after breakage of the test specimen. It was calculated according to the following formula:

E, (%) =
∆l
l
∗ 100 (5)
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where ∆l represent the distance between final length and initial length, l, in mm.
The mechanical tests were performed in triplicate and the results are noted in Table 3.
Microbiological analysis of the films involved the use of Compact Dry (NISSUI

Pharma) type plates, with dehydrated culture medium. Thus, total count (TC), Escherichia
coli (EC), enterococcus (ETC), coliforms (CF), Listeria monocytogenes (LM), Staphylococcus
aureus (XSA), and yeasts and molds (YM) were tested.

For determination, 1 g of film was solubilized in 9 mL of saline. From the solution
thus obtained, 1 mL was poured on the culture medium. After rehydration, the plates were
thermostated at 37 degrees for 36 h for TC, EC, ETC, CF, and LM, respectively 72 h for
yeasts and molds.

The microstructure of images and 3D topographies were analyzed using Mountains 9
software (Digital Surf, Lavoisier, France). The roughness was calculated using the operators
of the same software, taking into account the highest point, the lowest point and other
areas on the surface of the films.

Significant differences of data were evaluated by carrying out one-way analysis of
variance (ANOVA) and Tukey’s test at p < 0.05. Data analysis was performed using
MiniTAB statistics software (MiniTAB Ltd., Coventry, UK).

5. Patents

The composition used as a matrix for the incorporation of essential oils was proposed
for patenting at the State Office for Inventions and Trademarks in Romania, registered with
number A000737/06.12.2021.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/gels8080505/s1, Figure S1: Photos of the films;
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Abstract: In this study, single-layer coating using chitosan (Ch) and sodium alginate (SA) solutions
and their gel coating (ChCSA) formed by layer-by-layer (LbL) electrostatic deposition using calcium
chloride (C) as a cross linking agent were prepared to improve storage qualities and shelf-life of fresh-
cut purple-flesh sweet potatoes (PFSP). The preservative effects of single-layer coating in comparison
with LbL on the quality parameters of fresh-cut PFSP, including color change, weight loss, firmness,
microbial analysis, CO2 production, pH, solid content, total anthocyanin content (TAC), and total
phenolic content (TPC) were evaluated during 16 days of storage at 5 ◦C. Uncoated samples were
applicable as a control. The result established the effectiveness of coating in reducing microbial
proliferation (~2 times), color changes (~3 times), and weight loss (~4 times) with negligible firmness
losses after the storage period. In addition, TAC and TPC were better retained in the coated samples
than in the uncoated samples. In contrast, quality deterioration was observed in the uncoated fresh
cuts, which progressed with storage time. Relatively, gel-coating ChCSA showed superior effects
in preserving the quality of fresh-cut PFSP and could be suggested as a commercial method for
preserving fresh-cut purple-flesh sweet potato and other similar roots.

Keywords: purple-flesh sweet-potato; chitosan; sodium alginate; gel coating; preservation

1. Introduction

Purple flesh sweet potato (Ipomoea batatas) is a very nutritious root vegetable native
to the tropical regions of America. They are an abundant source of carbohydrates, dietary
fiber, vitamins including A, B1, B2, C, and E, and minerals including Ca, Mg, K, and Zn [1].
In addition, purple flesh sweet potatoes (PFSP) contain a large amount of anthocyanins, an
antioxidant whose long-term dietary intake can prevent cancer, cardiovascular diseases,
viral infections, Alzheimer’s disease, and diabetes [2]. The growing consciousness among
consumers about what they eat, especially the health benefits, has led to an increase in the
consumption of fruits and vegetables. Combined with busy lifestyle patterns, the demand
for fresh-cut produce has increased significantly in recent years [3]. Ready-to-use fresh-cut
produce is convenient, eliminates consumer waste, and saves time. However, the minimal
processing of fresh-cut produce results in tissue softening and discoloration. It increases
microbiological deterioration due to the exposed tissues, which makes them vulnerable
to metabolism, microbial invasion, and mechanical damage [4]. These factors impact a
product’s storage and shelf life [5,6]. Therefore, a suitable packaging technique effective
to reduce these factors influence and preserve the quality of fresh-cut produce during
marketing and storage is required [4].

Antimicrobial coatings/films (inedible or edible) and modified atmosphere packaging
(MAP) have been applied to fresh produce to maintain their qualities and extend their
shelf life [7–10]. In particular, edible coatings have been investigated for their potential to
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enhance the quality and shelf life of food items [3,11]. Edible coatings can preserve fresh-cut
food from mechanical and microbial damage, delay biochemical changes, and enhance
their surface appearance [12]. Moreover, edible coatings can meet additional requirements,
such as having antimicrobial activity and acting as good moisture and oxygen barriers.
These requirements are beneficial for whole or fresh-cut fruits and vegetables that are often
prone to microbial harm and highly susceptible to water loss, which causes size shrinkage
and texture degradation [5]. Thus, coatings intended for fruit and vegetable preservation
are expected to have good gas permeability for typical CO2/O2 exchange, low water vapor
permeability to minimize moisture leakage, and antibacterial properties to inhibit microbial
proliferation. It is, however, challenging for a single coating material to satisfy all these
requirements [13]

The composite layer-by-layer (LbL) coating technique, which is based on electrostatic
deposition technology, was developed to incorporate numerous preservatives derived
from various polymer components [5,14]. This approach is based on the alternate de-
position of oppositely charged polyelectrolytes in the presence of a cross linking agent,
resulting in a novel gel coating with improved properties and functionalities [11]. Due to
the effectiveness of the LbL coating technique, its commercial implementation has been
suggested for preserving minimally processed fruits. Cationic biopolymers such as chitosan
and poly-L-lysine, and anionic biopolymers such as pectin and alginate are commonly
used for LbL coating of foods [15]. Alginate is a hydrophilic biopolymer with excellent
film-forming properties due to its unusual colloidal properties, including thickening, sus-
pension formation, gel formation, and emulsion stabilization [16]. In addition, sodium
alginate coating was beneficial in preserving the post-harvest quality of tomatoes [17] and
peaches [18]. However, alginate has no antimicrobial properties, and their poor mechanical
properties and water vapor resistance has limited their industrial applications [19]. In
contrast, chitosan, a cationic polysaccharide with a high molecular weight and soluble in
organic acids, is applicable as a preservative coating material for fruits due to its anti fungal
mechanisms [20–23].

Some studies have examined the effect of alginate and chitosan on fresh-cut melon,
mangoes, blueberries [24], guavas, and nectarines [25]. The combination of alginate and
chitosan displayed various preservative effects depending on the fresh-cut fruit. However,
the application of the sequential coating of chitosan and alginate on fresh-cut purple sweet
potatoes has not been studied. This study aimed to investigate the effect of chitosan coating
(Ch), sodium alginate gel coating (SA + C), and their composite gel coating (ChCSA) on the
quality and shelf life of fresh-cut purple sweet potatoes during refrigerated storage at 5 ◦C
for 16 days.

2. Results and Discussion
2.1. Effect of Coatings on the Color Change during Storage

Color is one of the significant visual characteristics of fresh-cut food items. Exces-
sive discoloration often impacts consumer acceptance, and indicates poor performance
packaging techniques used to preserve products [26]. The color change (∆E) value of the
samples was used to evaluate discoloration in samples during storage (Figure 1). Change
in color was observed in all samples, which was more pronounced in CON (uncoated fresh-
cuts). During the first 12 days of storage, no significant difference was observed in coated
samples (Ch, SA + C, and ChCSA). However, at the end of storage, notable differences
were observed between all samples. The ∆E values for CON, Ch, SA + C, and ChCSA
coated fresh-cuts were 22.90, 16.86, 13.05, and 8.97, respectively, indicating that ChCSA
gel coating was more efficient in retaining the color of fresh-cut purple sweet potatoes
than their single coatings. Biochemical reactions responsible for the degradation of color
pigments in sweet potatoes require oxygen and light [1]. The inner and outer film layers of
chitosan and alginate, respectively, form a protective barrier on the surface of the coated
fresh cuts, which impacts the selective permeability of gas and light [27,28]. Moreover, Ch
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and SA coatings have been reported to improve the storage quality of various fruits by
inhibiting color changes such as browning in papaya, apple, and melon [29–31].
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Figure 1. The effect of single-layer and gel coatings on the changes in total color difference value (∆E)
of fresh-cut purple sweet potatoes. Vertical bars represent means and standard deviation. Bars with
different alphabets within the same storage day (lower case) or same treatment group at different
storage days (upper case) are significantly different (Tukey’s HSD Test, p ≤ 0.05).

2.2. Effect of Coatings on Weight Loss during Storage

Fresh-cut products are susceptible to weight loss by transpiration [32]. In addition,
excessive weight loss reduces valuation and consumers’ perception of purchasing a prod-
uct [33]. Thus, evaluating weight loss during storage is crucial. Weight loss was gradually
increased in all samples according to the storage time (Figure 2). Higher weight loss was
recorded in the control samples throughout the storage period, whereas the coated samples
had minor weight losses. Significantly, SA + C and ChCSA gel coatings slowed down the
weight loss during storage, having the lowest weight loss value (~1.4%) after 16 days of
storage. The formation of gel films on the surface of fresh-cut samples improved moisture
retention and prevented excess transpiration. Similar to this study, weight loss reduction in
coated fresh-cut nectarines [34] and blueberries [24] have been reported.

2.3. Effect of Composite Edible Coatings on Firmness

The firmness of roots and vegetables is also an indicative quality parameter significant
for consumer acceptance. The firmness of the control sample decreased throughout the
storage period from 341.96 to 254.30 N, whereas CH- and SA + C-coated samples retained
their hardness until day 12 (Figure 3). After 16 days of storage, a slight decrease in firmness
was observed in Ch (from 384.42 to 314.19 N) and SA + C (411.21 to 306.02 N). However,
no noticeable decrease was observed for the ChCSA-coated samples, indicating the bene-
ficial and synergetic effect of multilayer gel coating over their single-layer film coatings.
Previous studies reported that layer-by-layer coating enhanced the cell-wall structure and
slowed down the cell degradation of fresh-cut products [35,36]. In addition, the combined
antimicrobial and adhesion effects of Ch and SA inhibited the production and activities
of microbial hydrolytic enzymes associated with cell wall components hydrolysis [11].
Moreover, the use of calcium chloride as a cross linking agent in ChCSA could have further
enhanced firmness of coated samples [24].
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Figure 2. The effect of single-layer and gel coatings on the percentage of weight loss of fresh-cut
purple sweet potatoes. Vertical bars represent means and standard deviation. Bars with different
alphabets within the same storage day (lower case) or same treatment group at different storage days
(upper case) are significantly different (Tukey’s HSD Test, p ≤ 0.05).

Gels 2022, 8, x FOR PEER REVIEW 5 of 14 
 

 

 
Figure 3. The effect of single-layer and gel coatings on the flesh firmness of fresh-cut purple sweet 
potatoes. Vertical bars represent means and standard deviation. Bars with different alphabets within 
the same storage day (lower case) or same treatment group at different storage days (upper case) 
are significantly different (Tukey’s HSD Test, p ≤ 0.05). 

2.4. Effect of Composite Edible Coatings on Microbial Growth 
Microbial contamination is the major reason for the deterioration of fresh-cut prod-

ucts. The presence and growth of microorganisms during product storage and distribu-
tion affects food quality and safety [5]. However, some edible coatings have shown barrier 
properties, inhibiting their proliferation in coated foods [35]. Notably, the application of 
coatings reduced the initial population of aerobic bacteria (Figure 4) and total fungi (Fig-
ure 5). However, an increase in bacteria (3.48 log CFU/mL in CON) and fungi (up to ~4.57 
log CFU/mL in CON) were observed in samples at the end of storage. However, all coated 
samples showed lower microbial concentration. For instance, after 16 days of storage, 
ChCSA-coated samples had aerobic bacteria and total fungi counts of 2.44 log CFU/mL, 
and 2.37 log CFU/mL, respectively. The antimicrobial properties of ChCSA coatings could 
be attributed to the intrinsic bacteriostatic and fungistatic characteristics of chitosan, com-
bined with the oxygen barrier properties of Ch and SA coatings which limited oxygen 
requirement for microbial proliferation [3,5]  

 
Figure 4. The effect of single-layer and gel coatings on the aerobic bacteria on fresh-cut purple sweet 
potatoes. Vertical bars represent means and standard deviation. Bars with different alphabets within 
the same storage day (lower case) or same treatment group at different storage days (upper case) 
are significantly different (Tukey’s HSD Test, p ≤ 0.05). 

Storage Time ( days)

0 4 8 12 16

Fi
rm

ne
ss

 (N
)

200

300

400

500

600 CON
Ch
SA+C
ChCSA

Ca

Cbc

Cc

Aab
BCa

Bab

Cc
Abc

Ba

BbBbAb

Ba
BbBbcAc

Aa
AabAab

Ab

Storage Time (days)

0 4 8 12 16

A
er

ob
ic

 B
ac

te
ri

a 
(lo

g 
C

FU
/m

l)

0

1

2

3

4

5

Aa Aa
Aa

Ab

AaAa
Aa

Bc

Ab
AaBab

Cc

Ba

Cb

Db

Ba Ca Ca

Aab
Ab

CON
Ch
SA+C
ChCSA

Figure 3. The effect of single-layer and gel coatings on the flesh firmness of fresh-cut purple sweet
potatoes. Vertical bars represent means and standard deviation. Bars with different alphabets within
the same storage day (lower case) or same treatment group at different storage days (upper case) are
significantly different (Tukey’s HSD Test, p ≤ 0.05).

2.4. Effect of Composite Edible Coatings on Microbial Growth

Microbial contamination is the major reason for the deterioration of fresh-cut products.
The presence and growth of microorganisms during product storage and distribution
affects food quality and safety [5]. However, some edible coatings have shown barrier
properties, inhibiting their proliferation in coated foods [35]. Notably, the application
of coatings reduced the initial population of aerobic bacteria (Figure 4) and total fungi
(Figure 5). However, an increase in bacteria (3.48 log CFU/mL in CON) and fungi (up to
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~4.57 log CFU/mL in CON) were observed in samples at the end of storage. However, all
coated samples showed lower microbial concentration. For instance, after 16 days of storage,
ChCSA-coated samples had aerobic bacteria and total fungi counts of 2.44 log CFU/mL,
and 2.37 log CFU/mL, respectively. The antimicrobial properties of ChCSA coatings
could be attributed to the intrinsic bacteriostatic and fungistatic characteristics of chitosan,
combined with the oxygen barrier properties of Ch and SA coatings which limited oxygen
requirement for microbial proliferation [3,5]
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Figure 4. The effect of single-layer and gel coatings on the aerobic bacteria on fresh-cut purple sweet
potatoes. Vertical bars represent means and standard deviation. Bars with different alphabets within
the same storage day (lower case) or same treatment group at different storage days (upper case) are
significantly different (Tukey’s HSD Test, p ≤ 0.05).
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Figure 5. The effect of single-layer and gel coatings on the yeast and mold on fresh-cut purple sweet
potatoes. Vertical bars represent means and standard deviation. Bars with different alphabets within
the same storage day (lower case) or same treatment group at different storage days (upper case) are
significantly different (Tukey’s HSD Test, p ≤ 0.05).

2.5. Effect of Coatings on CO2 Production

The thin film layer formed by coatings on the food surface controls gas permeability,
and provides a delicate balance between inhibiting over-ripening and preventing senes-
cence. In addition, it regulates normal gas exchange to avoid the buildup of CO2, which
promotes anaerobic conditions that lead to off flavors [37]. High rate of respiration is one
of the problems for fresh-cut products [11]. The composition of CO2 in the headspace gas
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was used to explain the rate of respiration in packaged samples (Figure 6). There were
no noticeable differences in CO2 production during the first 8 days of storage. Thereafter,
CO2 concentration slowly increased in all samples until the end of storage. Notably, a
sharp increase in CO2 production was observed in uncoated fresh-cuts compared to the
coated samples. Gel coatings (SA + C and ChCSA) showed better effectiveness in retarding
CO2 production. High CO2 production in fruits corresponds to high oxygen consumption.
Thus, the low oxygen permeability of coated samples resulted in tissue respiration, and
subsequently, low CO2 production [38].
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Figure 6. The effect of layer-by-layer and single-layer coatings on the percentage of carbon dioxide gas
emission on fresh-cut purple sweet potatoes. Vertical bars represent means and standard deviation.
Bars with different alphabets within the same storage day (lower case) or same treatment group at
different storage days (upper case) are significantly different (Tukey’s HSD Test, p ≤ 0.05).

By modifying the gas atmosphere around the fruit tissue, polysaccharide coatings
with semipermeable properties on the surface of fruits impede the rate of respiration and
ripening during storage, thus retaining the quality attributes of products [39]. Similar
gaseous barrier effects of polysaccharide-based coatings on fresh-cut products have been
reported [33,40].

2.6. Effect of Coatings on Soluble Solid Concentration and pH

As shown in Figure 7, the total soluble solid (TSS), measured as oBrix value, increased
in all samples during the storage period. The increase in TSS is due to the conversion
of starch and non-starch polysaccharides to simple sugar by hydrolytic processes [27].
After 16 days of storage, TSS was highest in CON (21.3 oBrix) and lowest in ChCSA
(14.3 oBrix). Chitosan- and alginate-based coatings were observed to inhibit metabolic
and hydrolytic reactions associated with TSS increase in various fruits, including Chinese
winter jujube, longan, and fig fruits [27,40–42].Thus, low TSS in ChCSA-coated samples
could be attributed to the effective combination of Ch and SA, which reduced metabolic
reactions and retarded polysaccharides breakdown processes [13].

Noticeable changes in the pH value of samples occurred after 16 days of storage
(Figure 8). CON sample showed a sharp decrease (6.5 to 4.9), while coated samples
showed marginal pH changes after the storage period. During post-harvest storage, a
decrease in pH is typical and attributed to the production of organic acids by respiratory
metabolism [34]. Low pH in CON may be related to the utilization of polysaccharide sub-
strates by microorganisms, which led to the increased production of acidic metabolites [6].
Similar marginal changes in pH value were observed for coated nectarine slices [25] and
fresh-cut watermelon [43].
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Figure 7. The effect of layer-by-layer and single-layer coatings on the percentage of oBrix of fresh-cut
purple sweet potatoes. Vertical bars represent means and standard deviation. Bars with different
alphabets within the same storage day (lower case) or same treatment group at different storage days
(upper case) are significantly different (Tukey’s HSD Test, p ≤ 0.05).
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Figure 8. The effect of single-layer and gel coatings on the pH on fresh-cut purple sweet potato
potatoes. Vertical bars represent means and standard deviation. Bars with different alphabets within
the same storage day (lower case) or same treatment group at different storage days (upper case) are
significantly different (Tukey’s HSD Test, p ≤ 0.05).

2.7. Effect of Coatings on Total Anthocyanin Content and Total Phenolic Content

Variations in the total anthocyanin content (TAC) were observed in samples dur-
ing storage, with a more pronounced decrease in CON from 11.1 to 8.4 mg cyanidin-3-
glucoside/g after 16 days of storage (Figure 9). These data are consistent with previous
studies which showed that anthocyanin content was influenced by the storage time as well
as the coating treatment [24]. Moreover, edible coatings have been reported to be benefi-
cial in inhibiting the degradation pathways of anthocyanins in various anthocyanin-rich
produce [44–46]. Moreover, variations in TAC during storage according to different edible
coatings have been previously observed [27,47].
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Figure 9. The effect of single-layer and gel coatings on the anthocyanin content on fresh-cut purple
sweet potatoes. Vertical bars represent means and standard deviation. Bars with different alphabets
within the same storage day (lower case) or same treatment group at different storage days (upper
case) are significantly different (Tukey’s HSD Test, p ≤ 0.05).

Similar trends were observed for TPC, in which coated samples prevented phenolic
compounds oxidation and degradation, having higher TPC values (2.27–3.56 mg GAE/g)
compared to uncoated samples (1.41 mg GAE/g) throughout the storage period (Figure 10).
Connor et al. [48] reported that several causes of physiological stress could promote the
enzymatic oxidation of phenolic compounds during storage. However, coatings, especially
composite coatings, could be beneficial in alleviating these oxidation processes [49]. Similar
to the reports of Kou et al. [27], composite ChCSA-coated samples maintained a higher
phenolic content throughout 16 days of storage. Moreover, the increase in the phenolic
contents could be explained by the effect of Ch/SA coating in promoting phenylalanine
ammonia-lyase (PAL) activity which led to the accumulation of phenolic compounds [27].
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Figure 10. The effect of single-layer and gel coatings on the total phenolic content on fresh-cut purple
sweet potatoes. Vertical bars represent means and standard deviation. Bars with different alphabets
within the same storage day (lower case) or same treatment group at different storage days (upper
case) are significantly different (Tukey’s HSD Test, p ≤ 0.05).

3. Conclusions

This study examined the effect of chitosan-, sodium alginate-, and their composite gel-
coatings on the post harvest quality and shelf life of fresh-cut purple sweet potatoes. During
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16 days of storage, various physiological and biochemical reactions associated with quality
deterioration were effectively controlled in coated samples. For instance, improved quality
retention and microbial inhibitions were observed in samples preserved with gel coating
formed by Ch and SA multilayer solutions in the presence of CaCl2, as a cross linking agent.
The observed effects were attributed to enhanced barrier properties and antimicrobial
properties, which regulated quality losses by transpiration, respiration, oxidation, and
cellular degradation. In summary, ChCSA gel coating achieved the best preservative effect
on the post harvest quality and shelf life of fresh-cut purple sweet potatoes, indicating the
superiority of layer-by-layer coating over single-layer coating.

4. Materials and Methods
4.1. Materials

The experiments were performed with mature purple flesh sweet potato (PFSP) from
a farm in Haenam-gun in Korea. The samples were stored at 5 ◦C. In addition, sodium
alginate (32–250 kDa, Duksan Chemicals, Ansan-si, Republic of Korea), high molecular
weight chitosan (≥75% deacetylation, Sigma Aldrich, USA), calcium chloride, glacial acetic
acid, and Tween-80 were obtained from Sigma Aldrich (St. Louis, MO, USA).

4.2. Coating Solutions Preparation

The chitosan solution was prepared according to the method described by [50]. Chi-
tosan powder was mixed with distilled water containing glacial acetic acid (0.5% v/v) at
70 ◦C under stirring until fully dissolved to produce a 2% chitosan solution. Finally, the
pH of the solution was adjusted to 5.6 with 1 N NaOH.

The sodium alginate solution was prepared according to the method described by [11],
with some modifications. Sodium alginate powder was dissolved in 100 mL of distilled
water to obtain a 2% concentration. Then, the solution was stirred in a 70 ◦C water
bath for 2 h to dissolve completely. Finally, the sodium alginate solution was cooled at
room temperature.

Calcium chloride was used as the cross linking agent to produce gel coatings via layer-
by-layer treatment. Calcium chloride was weighed and dissolved in 100 mL of distilled
water to obtain a 2% solution. Then, the solution was shaken in the incubator to become
dissolved entirely.

4.3. Sample Preparation

Purple flesh sweet potatoes without mechanical injuries or fungal infections were
selected and washed in running water. Then, they were peeled and diced to get 1 cm pieces
for flesh-cut coating.

4.4. Coating Application on the Samples

The coating procedure is illustrated in Figure 11. For a single-layer Ch coating,
approximately 2 kg of flesh-cut purple sweet potatoes were dipped in 5 L of Ch solution for
2 min and dried at room temperature for 30 min. For SA gel coating, flesh-cuts were dipped
in SA solution, rinsed for 30 s to remove the residual solution, and thereafter immersed in
calcium chloride solution and dried. For the multilayer gel coating (ChCSA), the fresh-cuts
were dipped in Ch solution for 2 min, rinsed for 30 s to remove the residual solution,
immersed in calcium chloride for 2 min, then rinsed for 30 s and finally dipped in SA
solution for 2 min before air-drying. Lastly, distilled water was used as an immersion
solution for uncoated samples.

For each coating treatment, approximately 200 g of coated fresh-cuts were weighed
and stored in triplicate in Ziploc bags (5 ◦C). Stored samples were removed at 4-days
interval during a 16-day storage period and analyzed for quality parameters.
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ness) ranged from 0 (black) to 100% (white); the a-axis ranged from − a (green) to + a (red); 

Figure 11. Illustration of coating procedure for fresh-cut purple flesh sweet potatoes.

4.5. Color Measurement

The surface color of the samples was determined by randomly selecting 3 samples
and taking 3 readings for each treatment using a chromameter (CR-300, Minolta Co.,
Osaka, Japan). The L*, a*, b* value (CIE L a b) system was numerically specified in a three-
dimensional spherical space defined by the three perpendicular axes: the L-axis (brightness)
ranged from 0 (black) to 100% (white); the a-axis ranged from − a (green) to + a (red); and
the b-axis ranged from − b (blue) to + b (yellow). Total color difference (∆E) was calculated
using L, a, and b values with the following equation [51]:

∆E =

√
(L2 − L1)2 + (a2 − a1)

2 + (b2 − b1)
2 (1)

where subscripts 1 and 2 represent the final and initial readings, respectively at a particular
storage interval.

4.6. Weight Loss Measurement

The coated and control fresh-cut sweet purple potatoes were individually weighed
using a digital laboratory scale (Mettler Toledo, CH/PL 3002) at each data collection interval.
The weight loss was calculated as follows:

Weight loss (%) =

[
win − wfin

win

]
× 100 (2)

where win and wfin represent the initial and the final weight, respectively, measured at a
particular storage interval.

4.7. Firmness Measurement

The firmness of the fresh-cut purple sweet potato samples was measured using a
texture analyzer (Compac-100, Scientific Co., Tokyo, Japan) equipped with a 3 mm cylinder
probe was used to assess the hardness of a fresh-cut purple sweet potato. A puncture test
was carried out on a horizontally-positioned sample over a 13 mm hole at the speed of
60 mm/min and a travel distance of 20 mm [3]. The maximum force required to penetrate
the sample was recorded for seven randomly selected fresh-cut PFSP per treatment group.

4.8. Microbial Analysis

The microbial growth in samples during storage was evaluated by counting the total
number of aerobic bacteria and total fungi (yeast and mold). Ten g of the sample was
taken aseptically from each treatment and transferred into sterile plastic bags with 30 mL of
0.1% peptone in water. The materials were homogenized in a Stomacher blender (Thomas
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Scientific, Swedesboro, NJ, USA) and filtered to obtain the sample stock for microbial
analysis. Dilutions were done using 0.1% peptone water prior to plating.

Total aerobic bacteria counts were determined by inoculating 100 µL of the diluted
extract on the surface of plate count agar (PCA; Becton Dickinson, NJ, USA). The plates
were incubated at 37 ◦C for 24 h. Total fungi counts were determined using the surface
inoculation of potato dextrose agar (PDA; Becton Dickinson, NJ, USA), supplemented with
ampicillin to control bacterial growth. The plates were also incubated at 30 ◦C for 48 h [11].
Afterward, the colonies were enumerated, and the results were expressed as the logarithm
of colony-forming unit per mL (Log CFU g/mL) of sweet potato.

4.9. Carbon Dioxide Production

The samples were analyzed using a digital gas analyzer (Quantek Gas Analyzer Model
902D, Quantek Instruments, Grafton, MA, USA) by inserting the device’s needle probe
into the packaging film, enclosing the sample to determine the CO2 concentration. The
CO2 concentration was displayed on the device screen and was computed as the % CO2
produced using the following equation [3]:

CO2 produced (%) = CO2fin − CO2in

where CO2in and CO2fin are CO2 concentration on the first day, and at each storage interval.

4.10. Soluble Solid Concentration and pH

The soluble solid concentration (TSS) and pH of a sample were measured using
the juice extracted from 1 g of the treated sample blended with 20 mL of distilled water
in a tissue homogenizer. Soluble solid concentration was determined using a digital
refractometer (Atago refractometer model PAL-1, Co., Ltd., Saitama, Japan), and the results
were described as oBrix. The pH was measured using a pH meter (METTLER TOLEDO
AG8608, Schwerzenbach, Switzerland).

4.11. Sample Extraction for Total Anthocyanin Content and Total Phenolic Content

Before analyzing the TAC and TPC of fresh-cut purple sweet potatoes, the sample
pieces were frozen (−80 ◦C) and freeze-dried (FDS8518, Ilsin BioBase Co. Ltd., Dongducheon-si,
Republic of Korea) for 7 days. Finally, the freeze-dried samples were ground, and their
powder was stored in a freezer at −20 ◦C using extraction. 0.5 g of dried powder was
weighed into a centrifuge tube and dissolved in 10 mL of 50% ethanol. Next, the sample
solutions were homogenized for 30 min using an ultrasonic cleaner (JAC-3010; KODO,
Hwaseong, Republic of Korea). The tube was placed in a centrifuge (45,000 rpm for 15 min),
and finally, clear supernatant was obtained after filtration.

4.11.1. Total Anthocyanin Content

Total anthocyanin content was determined using the pH differential method [52].
Anthocyanin content was measured at the absorbance of 530 and 700 nm at pH 1.0 and
4.5. The results were described as mg of cyanidin-3-glucoside/g (Cy3G/g) of fresh purple
sweet potato.

4.11.2. Total Phenolic Content

Total Phenolic Content (TPC) was analyzed using the Folin-Ciocalteu reagent as de-
scribed in our previous study [9]. TPC values were presented in mg gallic acid equivalents
(GAE) per g of fresh-cut purple sweet potato.

4.12. Statistical Analysis

The data were analyzed using IBM SPSS (V.20, SPSS Inc., Chicago, IL, USA); The
Tukey’s HSP test (honest significant differences) was used to determine the significance of
the differences among the treatment means. The results were expressed as the mean ± standard
deviation (Turkey’s HSD Test, p ≤ 0.05).
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Abstract: In the present investigation, Aloe vera gel (AVG)-based edible coatings enriched with
anthocyanin were prepared. We investigated the effect of different formulations of aloe-vera-based
edible coatings, such as neat AVG (T1), AVG with glycerol (T2), Aloe vera with 0.2% anthocyanin
+ glycerol (T3), and AVG with 0.5% anthocyanin + glycerol (T4), on the postharvest quality of fig
(Ficus carica L.) fruits under refrigerated conditions (4 ◦C) for up to 12 days of storage with 2-day
examination intervals. The results of the present study revealed that the T4 treatment was the most
effective for reducing the weight loss in fig fruits throughout the storage period (~4%), followed
by T3, T2, and T1. The minimum weight loss after 12 days of storage (3.76%) was recorded for the
T4 treatment, followed by T3 (4.34%), which was significantly higher than that of uncoated fruit
(~11%). The best quality attributes, such as the total soluble solids (TSS), titratable acidity (TA), and
pH, were also demonstrated by the T3 and T4 treatments. The T4 coating caused a marginal change
of 0.16 in the fruit titratable acidity, compared to the change of 0.33 in the untreated fruit control after
12 days of storage at 4 ◦C. Similarly, the total soluble solids in the T4-coated fruits increased marginally
(0.43 ◦Brix) compared to the uncoated control fruits (>2 ◦Brix) after 12 days of storage at 4 ◦C. The
results revealed that the incorporation of anthocyanin content into AVG is a promising technology
for the development of active edible coatings to extend the shelf life of fig fruits.

Keywords: coating; anthocyanin; fruit decay; postharvest shelf life; Aloe vera; antioxidant; fig

1. Introduction

In the past decade, there has been remarkable growth in the development of bio-based
and active edible packaging to ensure food safety and quality and reduce postharvest
losses of fruits and vegetables [1–5]. Edible packaging is an ecofriendly and sustainable
approach to maintaining the quality attributes of fruits and vegetables during storage by
(i) minimizing lipid peroxidation, (ii) altering the respiration rate, (iii) reducing weight
loss, and (iv) maintaining other quality attributes [6–8]. Furthermore, edible coatings
also increase fruit microbiological safety and protect them from the effects of external
environmental conditions, hence extending their shelf lives [9]. Moreover, the application
of functional agents/compounds such as antioxidants, antimicrobials, and nutraceuticals
in edible coatings improves the quality attributes and postharvest characteristics of fruits
and vegetables [10–13].
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Figs (Ficus carica. L.) are a popular fruit due their health benefits and functional prop-
erties, including boosting immunity and being rich in fiber and antioxidant compounds.
However, they are highly perishable due to their susceptibility to deterioration, oxidation,
and microbial growth [14–18]. These fruits are also sensitive to microbial contamination un-
der cold storage conditions, resulting in an unpleasant taste and aroma that affect consumer
acceptability [19]. The postharvest shelf life of fig fruits can be extended using various
technologies, i.e., cold storage, modified atmosphere packaging, controlled atmospheres,
vacuum application, and edible packaging (coating) [20–23].

Edible coating is an alternative postharvest management strategy to extend the shelf
life of fig fruits by preserving their quality attributes [17,24]. Different types of edible
coatings based on polysaccharides, proteins, lipids, or composites have been used for
fruit and vegetable preservation. The advantages of these edible coatings include their
eco-friendliness, biodegradability in nature, and ability to extend the shelf life of fruits
and vegetables [6,7]. Aloe vera is a succulent plant of the Asphodelaceae family of the genus
Aloe that has been used as a medicinal plant for millennia. Aloe vera gel (AVG) is the pulp
produced by Aloe vera plants, and its gelatinous matrix can be used to produce natural
edible coatings. Its applicability in the preservation of certain fruits has been reported
previously [25]. The preservation effectiveness of AVG coatings has been attributed to
its ability to (i) reduce phenolic oxidation, (ii) inhibit peroxidase and polyphenol oxidase
enzyme activity, and (iii) reduce the browning of fruits while preserving their quality
from the detrimental effects of weight loss, enzymatic browning, electrolytic leakage,
respiration rate degradation, and chlorophyll degradation [26]. Fruit preservation quality
can be assessed in terms of firmness, visual appeal, nutrient content, and freshness [27,28].
AVG is considered an excellent source of nutritional and phytochemical compounds such
phenols, flavonoids, terpenoids, lectins, and fatty acids. AVG also contains vitamins and
polysaccharides, which function as natural antioxidants [29]. AVG has shown antiviral,
antibacterial, laxative, antioxidant, anti-inflammation, anticancer, antidiabetic, antiallergic,
immunostimulatory, and UV-protective properties due to presence of high amounts of
bioactive compounds [30]. However, neat AVG is highly hydrophilic, which limits its
functional duration as a fruit protective coating. To this end, AVG is supplemented with
other constituents to improve its properties and longevity. While a range of different
coatings have been developed and tested on various fruits [31,32], to the best of our
knowledge, no study has explored the potential of anthocyanin (as a natural antioxidant)
and AVG supplemented with anthocyanin in natural edible coatings.

The present study aimed to investigate the physicochemical, morphological, and func-
tional characteristics of AVG-based edible coatings enriched with anthocyanin extracted
from onion peel. We assessed the effects of different treatments based on the developed
AVG edible coating with or without anthocyanin on the shelf life of Ficus carica fruit during
12 days of storage at 4 ◦C.

2. Results and Discussion
2.1. Physicochemical Properties of Aloe vera Gel (AVG)

Table 1 depicts the physicochemical observations for the AVG. The results showed that
the AVG had a moisture content of 97.52%, a pH of 5.29 with 0.06% acidity, a carbohydrate
content of 0.65%, a viscosity of 4.66, a refractive index of 1.33, and TSS of 3.10 ◦Bx. Our
results were in agreement with previous studies [33–35]. The obtained refractive index
of 1.33 was in line with the International Aloe Science Council’s recommendation (IASC).
A gel’s refractive index is a physical measure that defines its purity when compared to
double-distilled water. The optimum treatment for the coating process is a gel with the
lowest refractive index. Impurities in the extracted gel are indicated by a higher refractive
index [36].
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Table 1. Physicochemical characteristics of AVG.

Characteristic Parameter Mean± Standard Deviation

Moisture 97.52 ± 0.83
pH 5.29 ± 0.037

Acidity 0.06 ± 0.00
Carbohydrates 0.65 ± 0.01

Viscosity 4.66 ± 0.00
Refractive index 1.33 ± 0.00

Total soluble solids 3.10 ± 0.00

2.2. Microstructure Analysis

The microstructure analysis was conducted using SEM (Figure 1). The AVG image
showed a more organized and smoother structure compared to the others, with an intact
parenchymal cell of a well-rounded shape and characteristic diameter, whose dimensions
were in the range of 28–50 nm due to the presence of a high water content. Similarly, the
close contact between the walls of adjacent cells was in line with previous reports [37,38].
Compared to the control samples, all coating samples exhibited decreased intracellular
integrity and cell shape regularity. The results showed that the incorporation of glycerol
and anthocyanin into the AVG introduced ruptured cell structures. The microstructure
of the AVG with anthocyanin content was more shrinkable and less porous compared
to the others. The pore sizes of the AVG + glycerol + anthocyanin coating (T3 and T4)
samples (Figure 1c,d) were smaller than those of the neat AVG and AVG + glycerol coatings
(Figure 1a,b). The observed differences were attributed to the weaker hydrogen bonds
between the carboxylic group of the AVG and anthocyanin. An increased concentration of
anthocyanin in the AVG resulted in a more complex and rougher film microstructure. The
obtained results were similar to those of a previous report on aloe-vera–gelatin–glycerol
edible films enriched with Pimenta dioica L. Merrill essential oil [39]. In this study, it was
reported that the incorporation of the active ingredient (Pimenta dioica L. Merrill essential
oil) affected the microstructure of the AV–gelatin–glycerol-based films by increasing the
roughness and the flocculation rate on the surface.
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nin + 0.5% (T4). Scale bar: (a,b) = 200 nm, (c,d) = 10 µm. Magnifications: (a,b) 200,000×, (b,c) 5000×. 
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fruits was attributed to the formation of a semi-permeable barrier that prevented water 
loss [25,40]. Furthermore, the superior performance of the AVG + glycerol + anthocyanin 
coating could have been caused by a reduction in the water loss of the fruits due the 
crosslinking of anthocyanin, glycerol, and AVG [41,42]. In the presence of plant extracts 
(AVG), the properties of biopolymeric films can be changed as a result of interactions 
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loss measured for the fruits coated using the developed (AVG + glycerol-based) edible 
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Figure 1. SEM images showing the microstructure of AVG-based edible coatings. (a) AVG (T1),
(b) AVG + glycerol (T2), (c) AVG + glycerol + anthocyanin + 0.2% (T3), (d) AVG + glycerol + an-
thocyanin + 0.5% (T4). Scale bar: (a,b) = 200 nm, (c,d) = 10 µm. Magnifications: (a,b) 200,000×,
(b,c) 5000×.

2.3. Effect of AVG-Based Edible Coatings on Postharvest Quality of Fig Fruits
2.3.1. Weight Loss

Figs are highly susceptible to weight loss due to their thin peels, which allow for
rapid water loss and tissue deterioration. Figure 2 presents the weight loss (%) of the
coated and uncoated figs. We observed significantly reduced weight loss (p < 0.05) in the
coated fruits after 10 days of storage (<2.94%) compared to the uncoated figs (maximum
weight loss of 9.68%). The combination of anthocyanin with AVG + glycerol effectively
contributed to reducing weight loss. The observed reduction in weight loss in the coated
fruits was attributed to the formation of a semi-permeable barrier that prevented water
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loss [25,40]. Furthermore, the superior performance of the AVG + glycerol + anthocyanin
coating could have been caused by a reduction in the water loss of the fruits due the
crosslinking of anthocyanin, glycerol, and AVG [41,42]. In the presence of plant extracts
(AVG), the properties of biopolymeric films can be changed as a result of interactions
between the biopolymer and polyphenolic compounds (anthocyanin) [43]. The weight
loss measured for the fruits coated using the developed (AVG + glycerol-based) edible
coatings was either similar to or significantly better than the results obtained by previous
studies [17,44,45]. For example, contrary to our study, the application of zein containing
cystein (0.2%), ascorbic acid (0.2%), and jamun leaf extract (0.2%) coatings on jamun fruit
resulted in significantly higher weight loss as the storage period progressed [46]. In another
study, an Aloe vera and gum tragacanth coating applied to button mushrooms was shown
to cause a significant weight loss of ~40–50% over the 13-day storage period, compared
to the figure of ~2–5% obtained for our AVG + glycerol + anthocyanin-coated figs over
the 12-day storage period [47]. The difference between the abovementioned work [47]
and our study could be attributed to a combination of (i) the superior performance of our
coatings and (ii) the higher water content of button mushrooms compared to fig fruits.
Furthermore, the significant difference in weight loss between the uncoated and coated
fruits observed in our study was in disagreement with a previous report on the application
of quinoa protein/chitosan coatings containing a thymol nanoemulsion on refrigerated
strawberries, which showed no difference between the coated and uncoated fruit [48].
The observed disagreement could be attributed to the significant differences in the (fruit)
surface adhesion of the two coatings, i.e., chitosan + quinoa protein + thymol nanoemulsion
and AVG + glycerol + anthocyanin.
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0.5% (T4). Data are presented as mean ± SD, (n = 3) (error bars are significantly smaller than the
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2.3.2. pH

The change in pH is an important indicator of fruit properties, with an increase in pH
indicating the ripening and oxidation of the fruit over time. To prolong a fruit’s shelf life, it
is important that the change in pH is marginal over the storage period. The pH analysis of
the juice extracted from the coated and uncoated fruits revealed a gradual increase as the
storage period progressed (Figure 3). Compared to the control fruits (T0—water-washed
fruits), the coated fruits exhibited a lower increase in pH values over time. We observed a
maximum increase in pH for the control fruits (from ~4.3 at day 0 to ~4.7 at day 12) as the
storage period progressed. The lowest pH increase was observed for the figs coated with
T4 (AVG + glycerol + anthocyanin 0.5%) over the storage period. Coatings are known to
reduce the respiratory and metabolic rates of fruit, thereby limiting the utilization of organic
acids and restricting the pH change over the storage period [49]. The addition of active
compounds such as anthocyanin promotes coatings’ functional performance, enhancing
the stability; quality (reducing biochemical deterioration, enzymatic browning, and the
development of off-flavors); and safety of foods [50,51]. Similar results in terms of marginal
changes in pH value have been reported previously for an AVG-based edible coating on
freshly cut papaya [28], a nanostructured lipid carriers + cinnamon essential oil coating
on tangerine [52], and a pectin + candelilla wax + aloe mucilage + glycerol + polyphenol
Larrea leaf extract coating on avocados [53].
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glycerol (T2), AVG + glycerol + anthocyanin + 0.2% (T3), and AVG + glycerol + anthocyanin + 0.5%
(T4). Data are presented as mean ± SD, (n = 3).

2.3.3. Titratable Acidity (TA)

The TA of the treated and untreated figs gradually reduced with increasing storage
time (Figure 4). The fig fruits treated with T2 (AVG + glycerol), T3 (AVG + glycerol +
anthocyanin 0.2%), and T4 (AVG + glycerol + anthocyanin 0.5%) showed a slower reduction
in TA compared to the control (water-washed) and T1 (AVG)-treated fruits. Between
T3 and T4, a lower reduction in TA was observed in the figs coated with T4 compared
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to T3. The significantly lower reduction in the coated figs could be attributed to the
restriction of the respiration rate and water loss in the fruits [54]. The TSS were significantly
reduced in the coated fruits compared to the uncoated control fruits after 10 days of
storage due to the increase in the respiration rate and fruit maturity in the uncoated fruits
compared to the coated fruits. Based on our findings, we postulated that the anthocyanin-
containing coatings (T3 and T4) decreased the oxidation and fruit cellular senescence,
resulting in a higher TA compared to the other coatings over the 12-day storage period.
These results supported the changes observed in the pH values, with the coated samples
showing significantly lower pH changes over the storage period compared to the uncoated
(T0) fruits.
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+ anthocyanin + 0.5% (T4). Data are presented as mean ± SD, (n = 3).

2.3.4. Total Soluble Solids (TSS)

The TSS are a very important characteristic of fruits and vegetables, being indicative
of their freshness and sweetness. We observed an increase in the TSS of all the treated and
control fruits with increasing storage time (Figure 5). However, we observed a marginal
increase in the coated figs compared to the uncoated control fruits, which exhibited the
highest TSS value (16.34 ± 0.02 ◦Brix at day 12). Furthermore, the lowest increase in
TSS was observed in the figs coated with T3 (AVG + glycerol + anthocyanin 0.2%) and
T4 (AVG + glycerol + anthocyanin 0.5%). The superior performance of the T3 and T4
coatings could be ascribed to the reduction in water loss and the minimized oxidation
of the fruits due to the presence of anthocyanin [21]. On the 12th day of storage, the
higher TSS (14.93 ± 0.01 ◦Brix) value was observed for the fruits coated with T3 compared
to the T4-coated fruits (14.70 ± 0.01 ◦Brix). Similar trends in results for fig fruits have
been reported previously [55]. In study [55], a chitosan and alginate emulsion coating
enriched with olive-oil was shown to inhibit a TSS increase in coated figs. The presence
of anthocyanins as an active agent in an AVG-based coating has been previously shown
to maintain the TSS of fruits throughout the storage period due to natural fruit ripen-
ing processes [56,57]. Furthermore, an increase in TSS during storage could be linked
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to the transformation of pectic compounds, starch hydrolysis, and the solubilization of
polyuronides and hemicelluloses in fruit cell walls, as well as the hydrolysis of insoluble
polysaccharides into simple sugars [58,59]. The incorporation of polysaccharides to support
bioactive compounds from plant sources could be a potential way to extend the shelf life
of fresh fruit during postharvest storage [47]. In addition, the performance of our AVG
+ glycerol + anthocyanin coatings in maintaining fruit TSS was similar to that of other
types of coatings reported previously, including a alginate + black cumin extract coating on
guava fruit [44], a sodium alginate + cinnamaldehyde-loaded nanostructured lipid carrier
coating on date palm fruit [60], and a chitosan coating on sweet cherry cultivars [61]. Our
AVG + glycerol + anthocyanin coatings performed better in maintaining TSS levels over the
storage period than other coatings reported in the literature, including a chitosan + quinoa
protein + thymol nanoemulsion coating on refrigerated strawberries [48] and a starch +
mango peel powder coating on apple slices [62].
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(T1), AVG + glycerol (T2), AVG + glycerol + anthocyanin 0.2% (T3), AVG + glycerol + anthocyanin
0.5% (T4). Data are presented as mean ± SD, (n = 3) (error bars are significantly smaller than the
data points).

3. Conclusions

Edible coatings continue to attract significant attention as means to extend the shelf
life of perishable foods. In this study, we explored the potential of aloe-vera-based edible
coatings. Aloe vera gel (AVG) enriched with anthocyanin was developed as an edible coating
to improve the shelf and storage life of fig fruits. Different edible coatings were tested on
fig fruits over a 12-day storage period under regular refrigerated conditions. We observed
significant improvements in coating performance and the maintenance of fruit quality with
the inclusion of anthocyanin in the AVG coatings, as judged by the weight of the coated
fruits and the changes in their pH, total soluble solids, and titratable acidity. The AVG +
anthocyanin (0.5%) (T4) coating extended the fruit shelf life by limiting weight loss (~4%)
compared to the uncoated control fruit (which lost >10% weight) after 12 days of storage at
4 ◦C, due to the loss of water from the fruits. The T4 coating also preserved fruit acidity
(20% reduction in acidity) and total soluble solids (0.25 ◦Brix) compared to the uncoated
control fruits (with a ~60% reduction in acidity and 2.5 ◦Brix total soluble solids). The
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coating performance improved significantly with an increasing amount of anthocyanin,
with the T4 coatings exhibiting better performance in preserving the innate properties
of coated fig fruits compared to the T3 (AVG + anthocyanin (0.2%)) and neat AVG (T1)
coatings, as judged by the changes in weight loss, titratable acidity, and total soluble solids.
Overall, this study found that the inclusion of anthocyanin in natural edible nanocomposite
coatings can significantly improve the coating performance and shelf life of coated fruits.
In the future, we hope to carry out a taste test of fruits coated using AVG + anthocyanin
coatings. The developed strategy and coatings are envisaged to inspire further research
exploring the commercial use of naturally occurring anthocyanin in edible coatings.

4. Material and Methods
4.1. Materials

Fresh and homogeneously sized figs (Ficus carica), free from physical and microbial
damage, were procured from a local market in Basrah, Iraq in July 2020. The fruits were
chosen based on their size, maturity stage, color, and the absence of visible defects, and
they were transported in refrigerated containers to the laboratories of the Department of
Food Sciences of the College of Agriculture at the University of Basrah. Fresh Aloe vera
(Aloe barbadensis Miller) leaves were collected from a local orchard in Basrah city, Iraq.

4.2. Experimental Methods
Preparation of Aloe vera Gel (AVG)

For the preparation of AVG, the leaves were washed using chlorinated water and
dried to remove dirt and contamination. The margin of the leaves was mechanically cut to
remove the external epidermis and extract the gel. We then added 1% (w/w) vitamin C to
the obtained gel and stirred for 30 min at 50 ◦C to prevent browning, and the mixture was
stored in airtight, opaque glass containers for further analysis and use.

4.3. Physiochemical Analysis of AVG
4.3.1. pH

The pH of the AVG was analyzed by AOAC (2010) standard methods. The pH
of the samples was assessing using a pH meter (pH-EMCO-256071, Japan). After the
homogenization of the samples, pH was measured by the direct immersion of the electrode.

4.3.2. Moisture Content

AOAC (2012) gravimetric techniques were used to determine moisture content. Ten
grams of each sample was weighed and dried in an oven for 24 h at 120 ◦C (Heraeus, Hanau,
Germany). The change in the weight was determined using the standard gravimetry
method and presented in terms of sample mass loss (percentage).

4.3.3. Viscosity

An Ostwald viscometer size D was used to measure the viscosity of the AVG at 21 ◦C,
which was calculated using the following equation:

r1 =
r2 × p1 × t1

p2 × t2

where r1 = viscosity of the gel, p1 = density of the gel, r2 = viscosity of water, t1 = gel descent
time in seconds, p2 = density of water, and t2 = water descent time in seconds.

4.3.4. Refractive Index

The refractive index of the AVG was measured using an Abbe Refractometer (A87117,
Bellingham, UK). At 22 ◦C, the refractive indices ranged between 1.3000 and 1.7000, with
an accuracy of 0.0003. Instrument calibration was conducted using distilled water. Data are
presented as the average ± standard deviation of five measurements.
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4.4. Anthocyanin Pigment Extraction from Red Onion Peel

For the extraction of anthocyanin from red onion peel, 10 g sections of fresh red onion
(Allium cepa) peel were washed with tap water to remove impurities. Clean wet peels
were then dried in an oven at 50 ◦C for 24 h. Dried peels were then grounded to obtain
a powder. To extract anthocyanin, 10 g of clean, dried onion peel powder was dispersed
in 40 mL of acidified ethanol and 1% ascorbic acid, and the mixture was stirred for 1 min
using a magnetic hot plate stirrer (GFL, Korea). The solution was incubated overnight at
30 ◦C in an oven (Binder) for the extraction and recovery of anthocyanin pigments. The
obtained solution was filtered using Whatman filter paper (540), after which the solvent
was evaporated using a rotary evaporator (Franklin Electric, UK) at 40 ◦C to obtain dry
powdered anthocyanin. The obtained anthocyanin pigment powder was stored in a sterile
container for further use.

4.5. Preparation of AVG-Based Coating

AVG was diluted with distilled water to 40% (v/v) as a coating solution. We added
2% glycerol as a plasticizer, and the solution was homogenized using a magnetic stirrer
at 1500 rpm for 6 h. Anthocyanin (0.2 mg/100 mL and 0.5 mg/100 mL) was added to the
coating solution as an antioxidant agent. The pH of the coating mixture was maintained at
4 using citric acid (4.5–4.6 g/L). We placed 15 mL of each AVG solution into petri dishes to
dry at 45 ◦C in a sterilized oven to obtain different coatings.

4.6. Microstructure Analysis

The surface morphology of the AVG-based edible coatings enriched with antho-
cyanin was analyzed by a scanning electron microscope (SEM) (Supra 55 VP, Carl Zeiss,
Germany) with a voltage of 1 KV and a magnification power of 1000–15,000×. The
results are expressed in terms of the appearance of the scattered electrons at different
magnification powers.

4.7. Application of AVG-Based Coatings Enriched with Anthocyanin

Fig fruits was carefully washed with chlorinated water to remove any foreign debris,
such as dust and dirt. Maximum effort was put into selecting fruits that were uniform in
size, high in quality, and free from injury or disease. The different formulations of edible
coatings, i.e., AVG (T1), AVG + glycerol (T2), AVG + glycerol + anthocyanin + 0.2% (T3),
and AVG + glycerol + anthocyanin + 0.5% (T4), were applied to the fruits. The deposition of
coating materials on the fruits was carried out via a dipping procedure for 5 min, and fruits
were dried using an oven at 45 ◦C for 30 min. The fruits were stored under refrigerated
conditions at 4 ◦C throughout the storage period of 12 days. Deionized water used as a
control (T0) to treat fig fruits. The postharvest quality evaluation was performed at two-day
intervals (i.e., on days 2, 4, 6, 8, and 12).

4.8. Scanning Electron Microscopy (SEM) Imaging of Edible Coatings

We conducted SEM imaging of coating samples, which were prepared by dropcasting
0.5 mL of each coating solution onto a copper stub and drying under ambient conditions.
Dried coatings were gold-coated prior to imaging using an SEM (Zeiss SUPRA 55VP,
Germany) at a 10 kV accelerating voltage.

4.9. Physicochemical Analyses of Ficus carica Fruit

To prepare samples for physicochemical analysis, 10 g of uncoated and coated fruits at
different time points (2, 4, 6, 8, 12 days) were homogenized with 80 mL distilled water using
a kitchen blender (MX-KM5070, Panasonic, Malaysia). The obtained homogenized fruit was
squeezed through a muslin cloth to obtain fruit juice, which was used for further analysis.
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4.9.1. Weight Loss

The weight loss of control and treated fig fruits was calculated using the mass differ-
ence technique, as reported previously [12]. The fruits were weighed every 2 days over the
storage period of 12 days using an analytical weighing balance. Weight loss was calculated
by taking the difference between fruit weights at specific time points and day 0. Three
repeats were performed under all conditions at each time point, and data are presented as
an average ± standard deviation.

4.9.2. pH

The pH of the extracted fruit juice was determined using the standard AOAC (2010)
method. A 10 mL sample of juice from control (water-washed fruit) and treated fig fruits
was placed in a beaker, before an electrode of the digital pH meter (pH-EMCO-256071,
Japan) was dipped inside the beaker containing the sample and left for 10 min. This
technique was carried out a minimum of three times for all samples, and data are presented
as average ± standard deviation. Before use, the pH meter was calibrated with buffer
solutions of pH 4 and 7.

4.9.3. Titratable Acidity (TA)

The TA of control and AVG-coated fruits was measured using the titration method
reported previously, with minor modifications [32]. A 25 mL sample of extracted fruit juice
prepared using 10 g of fruit pulp in 40 mL distilled water was titrated with 0.1 N NaOH
solution. Phenolphthalein was used as an indicator for marking the end point. TA was
measured as malic acid (%) and calculated using the equation below:

Titratable acidity (%) = volume of NaOH × miliequivalent weight of acid × normality of NaOH × volume of sample

4.9.4. Total Soluble Solids (TSS)

The TSS of the control and treated fruits were estimated using a refractometer (A87117,
Bellingham, UK) with a precision of ±0.1%. Distilled water was used to calibrate the
refractometer. Two drops of fruit juice were placed on the refractometer prism, and the
measurements were taken again. This procedure was repeated three times for each fruit
sample, and the prism was cleaned with ethanol after each measurement.
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Abstract: Worldwide aquaculture production is increasing, but with this increase comes quality and
safety related problems. Hence, there is an urgent need to develop potent technologies to extend
the shelf life of fish. Xanthan gum is commonly used in the food industry because of its high-water
solubility, stability of its aqueous solutions in a wide pH range, and high viscosity. One of its modern
food applications is its use as a gelling agent in edible coatings building. Therefore, in this study,
the effect of xanthan coating containing various concentrations (0, 1, 2%; w/v) of ethanolic extract of
propolis (EEP) on physicochemical, microbial, and sensory quality indices in mackerel fillets stored
at 2 ◦C for 20 days was evaluated. The pH, peroxide value, K-value, TVB-N, TBARS, microbiological
and sensory characteristics were determined every 5 days over the storage period (20 days). Samples
treated with xanthan (XAN) coatings containing 1 and 2% of EEP were shown to have the highest
level of physicochemical protection and maximum level of microbial inhibition (p < 0.05) compared
to uncoated samples (control) over the storage period. Furthermore, the addition of EEP to XAN
was more effective in notably preserving (p < 0.05) the taste and odor of coated samples compared
to control.

Keywords: bioactive packaging; xanthan; propolis; physicochemical properties; microbiological
analyses; sensory evaluation

1. Introduction

With the continuous increase in the world population, which may reach over 9 billion
by the year 2050, global food production needs to increase by an estimated 50% at least to
keep pace with this population increase and meet its nutritional needs [1]. Fish and fishery
products can meet a significant proportion of the world’s food needs by 2050 [2]. In this
context, it was noted that the world per capita fish consumption increased from an average
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of 9.9 kg in the 1960s to 20.5 kg in 2018 [3]. Although fish has high commercial value, it
is an extremely perishable product. Mackerel tuna (Euthynnus affinis) is a commercially
important fish in high demand. As with other fish, Mackerel tuna is easily and rapidly
damaged (highly perishable), so it is very susceptible to quality degradation. The major
factor causing quality degradation in fish, including mackerel tuna, is microbial activity,
even though the first changes are caused by the endogenous enzymes of fish, which
ultimately shortens their shelf life [4–6]. Microbial deterioration proceeds fast because of
the presence of large amounts of low-molecular-weight compounds, high water activity,
and high post-mortem (pH > 6) in fish muscles. Hence, cooling is necessary to prolong the
shelf life of fish and is often combined with vacuum packaging to prevent the growth of
aerobic microflora that cause spoilage [5,7]. Thus, the application of appropriate packaging
and/or processing techniques will be the best solution to extend the shelf life of fish and
fish products [8]. In addition to the short shelf life, another challenge facing fresh fish
consumption is that seafood products take a long time to prepare as meals [9]. Despite
freezing and cold storage being significant and frequent methods of preserving fish and
fish products, they cannot completely prevent chemical and oxidation reactions in fish and
fish products [10]. The reason for the occurrence of these reactions may be related to the
presence of polyunsaturated fatty acids in fish and fish products, which oxidize rapidly in
the presence of oxygen [11]. Therefore, the use of preservatives, especially natural ones,
has become an urgent need to extend the shelf life of perishable foods such as fish [12].

Propolis (bee glue) is a balsamic product obtained from exotic Africanized bees
Apis mellifera L. [13]. Propolis extract is well-known for its functional properties, such
as anti-inflammatory, pharmacological, antiviral, anticancer, antioxidant, antifungal, and
antibacterial activities [14]. Natural preservatives benefits have recently been enhanced by
incorporating them into various edible coatings and films on food products [15,16]. Due to
the edible coatings’ simplicity and eco-friendly nature. Several characteristics distinguish
the edible coating. It acts as a carrier for bioactive components and is a semi-permeable
barrier to moisture loss, gas exchange, and oxidative reactions [17,18]. Several studies
have been conducted showing the possibility of using natural gums such as xanthan in
formulating edible coatings and improving their characteristics [19–22].

Xanthan gum is a polysaccharide produced by Xanthomonas campestris, and a food
additive that is commonly added to foods as a thickener or stabilizer [23,24]. Xanthan is
featured because of its ability to enhance food flavor, consistency, texture, shelf life, and
appearance [24]. Xanthan has multiple technological advantages that make it a rich raw
material with various applications, especially for food. The features of xanthan could be
listed as follows [23,25]: (1) high viscosity at low concentrations: for example, a solution
with a concentration of 1% appears almost gel-like at rest, yet pours readily and has a very
low resistance to mixing and pumping; (2) high resistance to a wide pH range (2–12) makes
xanthan well-suited to foods; (3) high thermal stability; the viscosity is not affected by
temperatures in the range of (0–100 ◦C), and it has excellent freeze-thaw ability; (4) high
solubility of xanthan gum renders it appropriate for many applications, including foods;
(5) high compatibility with most of the commercially available thickeners.

Furthermore, one of the new food applications of xanthan is its use as a gelling agent
in edible coating building [26].

Bioactive edible coatings or films from natural preservatives with antioxidant and
antibacterial properties, prolong the shelf life of fish and fish products [27]. The main
advantage is that the edible film helps in the reduction of environmental pollution [28,29].
In this sense, there is just one study that indicates the effect of using edible coatings on
extending the shelf life of mackerel tuna fish (Euthynnus affinis) fillets [30]. Kumar and
others’ [30] study aimed to develop a bioactive edible coating from gelatin and chitosan,
incorporated with different concentrations of clove oil as a natural preservative, and
evaluate their effect on the shelf life of mackerel fillets under refrigerated conditions (4 ◦C).
This edible coating demonstrated its potential as a natural antibacterial agent which can be
used for packaging tuna and other fishery products.
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Due to the features of propolis as a natural preservative (antioxidant and antimicrobial
agent), it could be integrated with xanthan gum in formulating gel-based edible coating [31]
to extend the shelf life of fish and fishery products. There is no published data on the
application of a xanthan/propolis composite coating to preserve fish and fish products’
quality and shelf life. Therefore, to our knowledge, this is the first paper to study the effects
of using a composite edible coating from xanthan containing various levels (0, 1, and 2%)
of ethanolic extract of propolis (EEP) on the physicochemical, microbiological, and sensory
quality parameters of mackerel tuna fish (Euthynnus affinis) fillets during chilled storage
(2 ◦C) for 20 days.

2. Results and Discussion
2.1. Test Probabilities for Physicochemical, Microbiological, and Sensory Criteria of Mackerel Tuna
Fillets—Multi-Aspect Variance Analysis, including Interactions

The storage time and coating treatment of mackerel tuna fillets can have a significant
impact on their physicochemical, microbiological, and sensory quality indices. The data
presented in Table 1 show a significant effect (p < 0.001) of storage period on all measured
parameters except taste, in which the significant effect was p < 0.01. Furthermore, Table 1
illustrates a significant effect (p < 0.001) of coating treatment on all measured parameters
except TBARS, TVC, PTC, and Enterobacteriaceae, in which the significant effect was
p < 0.01. In addition, the coating treatment had a smaller effect on K-value (p < 0.05). The
interactions between the storage time and the coating treatment were also indicated for
all the tested parameters. The storage time and coating treatment had a significant effect
(p < 0.001) on all measured parameters.

Table 1. Test probabilities for physicochemical, microbiological, and sensory quality indices of
mackerel tuna fillets—multi-aspect variance analysis, including interactions.

Quality Indices
Effect

Interaction T × ST
Treatment (T) Storage Time (ST)

Physicochemical properties

pH XXX 1 XXX XXX
Peroxide value XXX XXX XXX

TBARS XX 2 XXX XXX
TVB-N XXX XXX XXX
K-value X 3 XXX XXX

Microbiological analyses

TVC XX XXX XXX
PTC XX XXX XXX

Enterobacteriaceae XX XXX XXX
E. coli XXX XXX XXX

Pseudomonas fluorescens XXX XXX XXX
Lactic acid bacteria XXX XXX XXX

Yeasts/molds XXX XXX XXX

Sensory evaluation
Taste XXX XX XXX
Odor XXX XXX XXX

Overall acceptability XXX XXX XXX
1 XXX: significant effect (p < 0.001); 2 XX: significant effect (p < 0.01); 3 X: significant effect (p < 0.05).

2.2. Physicochemical Analyses of Mackerel Tuna Fillets
2.2.1. pH Values of Mackerel Fillets

Figure 1 shows the pH value changes in mackerel tuna fish fillets stored at 2 ◦C for
20 days. The primary pH values of fresh mackerel tuna fillets (pH 5.93–5.98) were consistent
with previous studies [32,33]. In our study, the pH value of control samples increased from
5.95 to 7.21 after 20 days of cold storage, while the pH values for XAN-EEP 0%, XAN-EEP
1%, and XAN-EEP 2% samples after 20 days of storage were 6.81, 6.60, and 6.35, respectively.
These results exhibited the protective effect of XAN edible coating against spoilage, which
was significantly (p < 0.05) increased by propolis, especially in the higher dose group.
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The lower pH value of the other treatments (XAN-EEP 0%, XAN-EEP 1%, and XAN-EEP
2%) could have prevented exogenous (microbial) and endogenous proteases from acting
in treated mackerel tuna fillets through the storage period. Propolis’ antimicrobial and
antioxidant properties may be responsible for the observed pH changes in stored fish fillets,
preventing changes in proteolysis and microbiological development [34].
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Figure 1. The influence of coating treatments on pH values in mackerel tuna fillet samples during
storage at 2 ◦C for 20 days. Control: Uncoated mackerel tuna fillet samples (soaked samples in sterile
distilled water). XAN-EEP 0%: Coated samples with xanthan containing (0%) ethanolic extract of
propolis. XAN-EEP 1%: Coated samples with xanthan containing (1%) ethanolic extract of propolis.
XAN-EEP 2%: Coated samples with xanthan containing (2%) ethanolic extract of propolis. a–d: Within
a column, different superscripts indicate significant differences (p < 0.05).

Furthermore, the pH values of coated and uncoated mackerel tuna fillets increased as
the storage period increased. At the end of the storage period, the increase in pH values
of the uncoated samples (controls) was more pronounced. This can happen as a result of
the accumulation of ammonia and amino acid degradation products, which causes the pH
to rise [33]. An increase in the pH values of stored fish may be linked to the production
of peptides, amino acids, and ammonia due to increased protease activity or microbial
development [35,36].

2.2.2. Oxidative Stability of Mackerel Tuna Fillets

The deterioration of the quality of fish and its products during storage is mainly due
to the oxidation of lipid [11]. Lipid peroxidation is the reaction of oxygen with unsaturated
lipids; hence, one of the methods that delays or prevents oxidation processes is the use of
edible coatings for fish fillets [37] because the edible coatings can guarantee performance
as a low oxygen barrier [24].

The peroxide value (POV) is a substantial indicator of fat rancidity, but how does
fat rancidity happen? Rancidity happens through the process of lipid oxidation, which
is accompanied by the production of free radicals, which in turn leads to the formation
of aldehydes and ketones, all of which, of course, negatively affect the quality of fish [38].
As the storage period progressed, the peroxide values in coated and uncoated mackerel
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tuna fillets increased, with the control (uncoated) samples having the highest (p < 0.05)
peroxide value at each interval storage period (Figure 2). The peroxide value of the
control (uncoated fillet samples) increased from 2.22 to 17.32 meq peroxides/kg lipid,
while during this time, the peroxide value of XAN-EEP 0%, XAN-EEP 1%, and XAN-EEP
2% increased from 2.23 to 14.55, 2.18 to 9.89, and 2.25 to 8.44 meq peroxides/kg lipid,
respectively, after 20 days of chilled storage. In all treatments (coated fillet samples), the
values were significantly reduced (p < 0.05) compared to the control samples. In this
context, Roy et al. [39] found that the composite coating based on propolis could reduce the
peroxide index in coated meat products over the storage period compared to the control
(uncoated samples). The XAN-EEP 2% treatment resulted in a maximal decrease in the
peroxide formation, followed by XAN-EEP 1% and XAN-EEP 0%; this condition may be
due to the potent antioxidant activity of XAN-EEP 2%. These results may be in line with
what was mentioned by Shavisi et al. [40]. They observed that a polylactic acid (PLA) film
containing ethanolic extract of propolis (EEP) reduced the peroxide value of minced beef
more than the control samples that were stored in the refrigerator.
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Figure 2. The influence of coating treatments on peroxide values (meq/kg) in mackerel tuna fillet
samples during storage at 2 ◦C for 20 days. Control: Uncoated mackerel tuna fillet samples (soaked
samples in sterile distilled water). XAN-EEP 0%: Coated samples with xanthan containing (0%)
ethanolic extract of propolis. XAN-EEP 1%: Coated samples with xanthan containing (1%) ethanolic
extract of propolis. XAN-EEP 2%: Coated samples with xanthan containing (2%) ethanolic extract of
propolis. a–d: Within a column, different superscripts indicate significant differences (p < 0.05).

The results for TBARS which is an indicator of lipid oxidation [41] of mackerel tuna
fillets coated in (Figure 3) showed a significant effect of the coating on the oxidation of
mackerel fillets. During refrigeration, the TBARS values of XAN-EEP 0%, XAN-EEP 1%,
and XAN-EEP 2% were significantly (p < 0.05) lower than the control. After 20 days of cold
storage, the TBARS values of the XAN-EEP 0%, XAN-EEP 1%, and XAN-EEP 2% treatments
were 2.25, 1.98, and 1.31 mg MDA/kg, respectively. The malondialdehyde (MDA) levels
in the treated fillets (XAN, XAN-EEP 1%, and XAN-EEP 2%) were significantly lower
(p < 0.05) than in the control sample (2.9 mg MDA/kg). Connell [42] also mentioned that
the acceptable limit for the value of TBARS in a fish sample is in the range of 1 to 2 mg
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MDA/kg, and if the value exceeds this limit, an unpleasant smell of fish begins to develop.
All tested samples for all treatments in our study exceeded the TBARS value limit after
20 days of storage.
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Figure 3. The influence of coating treatments on TBARS values (MDA mg/kg) in mackerel tuna fillet
samples during storage at 2 ◦C for 20 days. Control: Uncoated mackerel tuna fillet samples (soaked
samples in sterile distilled water). XAN-EEP 0%: Coated samples with xanthan containing (0%)
ethanolic extract of propolis. XAN-EEP 1%: Coated samples with xanthan containing (1%) ethanolic
extract of propolis. XAN-EEP 2%: Coated samples with xanthan containing (2%) ethanolic extract of
propolis. a–d: Within a column, different superscripts indicate significant differences (p < 0.05).

TBARS values were significantly lower in the EEP-containing coated mackerel tuna
fillet samples than in others, most likely due to the antioxidants present (EEP) [40]. Addi-
tionally, the highest effects were noted with XAN-EEP at a concentration of 2%.

2.2.3. Total Volatile Basic Nitrogen (TVB-N) of Mackerel Tuna Fillet Samples

Amongst the important indicators of spoilage is TVB-N, which results from the degra-
dation of proteins and non-protein nitrogen compounds as a response to bacterial activity
as well as the presence of endogenous enzymes [43]. Figure 4 shows the changes in TVB-N
values for all chip processors during cryogenic storage. At the start of storage (zero-time),
TVB-N content ranged from 8.12 to 8.20 mg N/100 g for all mackerel tuna fillet samples.
Over time TVB-N values increased for all samples, which was, of course, consistent with
increases in pH values during later stages of storage. The results of our study are in
line with those obtained by Yu et al. [44]. On the 20th day, TVB-N values for the control,
XAN-EEP 0%, XAN-EEP 1%, and XAN-EEP 2% were 50.19, 42.15, 27.14, and 22.87 mg
N/100 g, respectively. Thirty-five to forty milligrams of nitrogen per one hundred grams
is the acceptable limit for TVB-N values in fresh fish, as reported by Connell [42]. Grig-
orakis et al. [45] suggested that the acceptable limit for TVB-N values in chilled sea bass
is 19–20 mg N/100 g. Twenty-five to thirty-five of nitrogen per one hundred grams was
considered a limit for mackerel tuna fillet damage in our study. The edible films may ex-
tend the shelf life of the fish fillet by reducing gas permeability and penetration, especially
oxygen permeability, thereby limiting bacterial growth and activity [46].
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Figure 4. The influence of coating treatments on TVB-N values (mg/100 g) in mackerel tuna fillet
samples during storage at 2 ◦C for 20 days. Control: Uncoated mackerel tuna fillet samples (soaked
samples in sterile distilled water). XAN-EEP 0%: Coated samples with xanthan containing (0%)
ethanolic extract of propolis. XAN-EEP 1%: Coated samples with xanthan containing (1%) ethanolic
extract of propolis. XAN-EEP 2%: Coated samples with xanthan containing (2%) ethanolic extract of
propolis. a–d: Within a column, different superscripts indicate significant differences (p < 0.05).

In comparison to the other treatments, the propolis-treated mackerel tuna fillets had
the lowest TVB-N values. Similar observations were obtained by Bazargani-Gilani et al. [47].
These results can be interpreted based on the ability of propolis to inhibit microbial activity,
including the inhibition of bacteria responsible for the deamination reaction of non-protein
nitrogen (NPN) components [46].

2.2.4. K-Value of Mackerel Tuna Fillet Samples

Endogenous biochemical changes occur in fish muscle during postmortem fish storage,
among which is nucleotide degradation [48]. Calculation of the contents of ATP and its
associated degradation products is an effective indicator for monitoring the freshness of
fish fillets [47]. Changes in the K value during cryogenic storage of mackerel tuna fillets are
shown in Figure 5. The initial K-values of the control and treated mackerel tuna samples
ranged from 15.31 to 16.82%. K-values of uncoated (control) and coated mackerel tuna fillet
samples increased significantly (p < 0.05) with storage time. Additionally, the treatments
illustrated significantly lower K-values (p < 0.05) than the control sample. According to
previous studies, the rejection level of the K-value was close to 60% [49]. Control exceeded
this limit on the 10th day (68.14%), while XAN-EEP 0% exceeded this limit on the 15th day
(72.19%), and both XAN-EEP 1% and XAN-EEP 2% exceeded this limit on the 20th day
(68.04, 59.99%).
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2.3. Microbiological Analyses of Mackerel Tuna Fillets

Generally, propolis’ antimicrobial characteristics may be responsible for the inhibition
of microbial growth in stored fish fillets [50]. Specifically, the following sections will focus
on the changes in each microbial group in mackerel tuna fillet samples.

2.3.1. Total Viable Count (TVC)

Changes in total viable count (TVC) of mackerel tuna fillet samples during refrigerated
storage are shown in Figure 6A. The initial TVC (log10 CFU/g) of all samples, including
the control and treatments, ranged from 2.5 to 3.0. Compared to the values reported by
Yu et al. [44] for grass carp fillets (4.90 log10 CFU/g), the values obtained in our study were
lower. The reason for this may be attributed to individual differences or the handling of
the fish during processing. The lower initial TVC for coated mackerel tuna fillets indicated
that XAN-EPP coating reduced the microbial population. According to the International
Commission on Microbiological Specifications for Foods (ICMSF) [51], the maximum
allowable TVC is 7.0 log10 CFU/g. Based on that and looking at the results of our study, it
was found that over the storage period, there was a noticeable increase (p < 0.05) in TVC for
untreated samples compared to treated samples, until the untreated samples (control group)
exceeded the permissible limit of TVC after 11 days. XAN-EEP 0% samples have exceeded
the TVC limit after 16 days. For mackerel tuna fillets treated with 1% and 2% ethanolic
extract of propolis (EEP), TVC was below the limit level during the whole storage period.
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2.3.2. Psychotropic Count (PTC) 
Among the major pathogens of microbial spoilage of refrigerated fish fillets are psy-

chotropic bacteria [45]. Changes in the PTC of fish fillets are shown in Figure 6B. PTC of 
mackerel tuna fillets increased progressively (p < 0.05) from initial values of 2.11, 2.17, 2.15, 
and 2.22 log10 CFU/g to final values of 10.44, 7.88, 5.99, and 5.34 log10 CFU/g for control, 
XAN-EEP 0%, XAN-EEP 1%, and XAN-EEP 2%, respectively. The results depicted that 
the composite edible coating formed from xanthan and ethanolic extracted propolis sig-
nificantly (p < 0.05) inhibited the growth of the total psychotropic bacteria. 

2.3.3. Enterobacteriaceae 
Based on previous studies, Enterobacteriaceae were found to be among the main 

spoilers in rainbow trout fillets stored at 4 °C [52]. The initial count of Enterobacteriaceae 
was 2.12 log10 CFU/g on trout fillets coated under fridge temperature [47,53]. After 15 stor-
age days, Enterobacteriaceae counts reached 4.04, 5.19, 6.44, and 7.18 log10 CFU/g in the 
XAN-EEP 2%, XAN-EEP 1%, XAN-EEP 0%, and control fillets, respectively (Figure 6C). 
Moreover, according to the studies done by Volpe et al. [53], Bazargani-Gilani et al. [44], 
steady growth in Enterobacteriaceae was observed for refrigerator-stored trout chips. The 
findings of these studies are consistent with what was revealed by our study of the ability 
of coating with XAN and EEP to reduce the growth rate of Enterobacteriaceae in fillets (p 
< 0.05) compared to the uncoated samples (control samples) during cold storage. The 

Figure 6. The influence of coating treatments on (A) total viable count (TVC) (log10 CFU/g), (B) psy-
chotropic count (PTC) (log10 CFU/g), (C) Enterobacteriaceae (log10 CFU/g), (D) E. coli (log10 CFU/g),
(E) Pseudomonas fluorescens (log10 CFU/g), (F) lactic acid bacteria (LAB) (log10 CFU/g), and (G) yeasts
and molds (log10 CFU/g) in mackerel tuna fillet samples during storage at 2 ◦C for 20 days. Control:
Uncoated mackerel tuna fillet samples (soaked samples in sterile distilled water). XAN-EEP 0%:
Coated samples with xanthan containing (0%) ethanolic extract of propolis. XAN-EEP 1%: Coated
samples with xanthan containing (1%) ethanolic extract of propolis. XAN-EEP 2%: Coated sam-
ples with xanthan containing (2%) ethanolic extract of propolis. a–d: Within a column, different
superscripts indicate significant differences (p < 0.05).

2.3.2. Psychotropic Count (PTC)

Among the major pathogens of microbial spoilage of refrigerated fish fillets are psy-
chotropic bacteria [45]. Changes in the PTC of fish fillets are shown in Figure 6B. PTC
of mackerel tuna fillets increased progressively (p < 0.05) from initial values of 2.11, 2.17,
2.15, and 2.22 log10 CFU/g to final values of 10.44, 7.88, 5.99, and 5.34 log10 CFU/g for
control, XAN-EEP 0%, XAN-EEP 1%, and XAN-EEP 2%, respectively. The results depicted
that the composite edible coating formed from xanthan and ethanolic extracted propolis
significantly (p < 0.05) inhibited the growth of the total psychotropic bacteria.

2.3.3. Enterobacteriaceae

Based on previous studies, Enterobacteriaceae were found to be among the main spoil-
ers in rainbow trout fillets stored at 4 ◦C [52]. The initial count of Enterobacteriaceae was
2.12 log10 CFU/g on trout fillets coated under fridge temperature [47,53]. After 15 storage
days, Enterobacteriaceae counts reached 4.04, 5.19, 6.44, and 7.18 log10 CFU/g in the XAN-
EEP 2%, XAN-EEP 1%, XAN-EEP 0%, and control fillets, respectively (Figure 6C). Moreover,
according to the studies done by Volpe et al. [53], Bazargani-Gilani et al. [44], steady growth
in Enterobacteriaceae was observed for refrigerator-stored trout chips. The findings of these
studies are consistent with what was revealed by our study of the ability of coating with
XAN and EEP to reduce the growth rate of Enterobacteriaceae in fillets (p < 0.05) compared
to the uncoated samples (control samples) during cold storage. The lowest number of
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Enterobacteriaceae communities was found in XAN-EEP 2% fillet samples, followed by
XAN-EEP 1% and XAN-EEP 0%.

As mentioned by Jalali et al. [54], Escherichia coli O157:H7 is the major member of
Enterobacteriaceae found in the chilled silver carp flesh. The initial count of E. coli O157:H7
ranged from 2.11 to 2.21 log10 CFU/g. After 20 storage days, E. coli O157:H7 counts reached
4.48, 5.15, 5.88, and 6.61 log10 CFU/g in the XAN-EEP 2%, XAN-EEP 1%, XAN-EEP 0%, and
control fillets, respectively (Figure 6D). A previous study showed that propolis extracts can
be considered natural preservatives. Their efficacy has been proven to inhibit Escherichia
coli bacteria in vitro due to the polyphenol compounds that propolis extracts contain, which
are known for their antimicrobial effect. Among these phenolic compounds is gallic acid,
known for its antibacterial activity [55]. Phenolic compounds act on the bacterial cell
membrane, interfere with nucleic acid synthesis, inhibit bacterial metabolism, coagulate
cytoplasmic proteins, and interfere with biofilm formation [56].

2.3.4. Pseudomonas Fluorescens

According to the primary count of about 2.74–2.89 log10 CFU/g for Pseudomonas
fluorescens (day 0) of the mackerel tuna fillet samples (Figure 6E), similar initial numeration
(day 0) related to the rainbow trout was also found by other studies [44]. During the
storage time, the P. fluorescens count rose to the final numeration of 12.03 log10 CFU/g
(control fillets), while the counts of XAN-EEP 0%, XAN-EEP 1%, and XAN-EEP 2% reached
9.55, 8.04, and 6.99 log10 CFU/g at the last interval, being less than the control fillets.
The P. fluorescens count in all groups was significantly (p < 0.05) less than the control,
showing that EEP-containing treatments were the strongest concerning the inhibition
treatments of P. fluorescens. The use of propolis extracts can be effective in inhibiting the
activity of P. aeruginosa that causes chronic putrefaction as shown by studies conducted by
Mohammadzadeh et al. [57], and De Marco et al. [58].

2.3.5. Lactic Acid Bacteria

Lactic acid bacteria (LAB) as facultative anaerobic bacteria are part of the original
microflora of mackerel tuna flesh; hence, the number of these bacteria can increase under
both aerobic and anaerobic conditions [59]. As shown in Figure 6F, it is clear that the initial
number of LAB was 1.59 log10 CFU/g and did not exceed 4.88 log10 CFU/g in control
fillets until the 15th day of the storage period. It was also observed that the LAB counts of
the XAN and XAN-EEP fillet samples were significantly lower (p < 0.05) compared to the
control samples (uncoated fillets) during the refrigerated storage period.

The best treatment in terms of inhibiting LAB proliferation in mackerel tuna fillet
samples among the other tested groups was XAN-EEP 2% compared to the other tested
groups, and this could be attributed to the synergistic antimicrobial effect of EEP. It has been
known that LAB bacteria are the most resistant Gram-positive bacteria to antimicrobial
agents [60]. The results of our study confirmed this as LAB bacteria were more resistant
compared with other spoilage bacteria versus XAN combined with EEP.

This conclusion regarding the synergistic antimicrobial effect of EEP may agree with
what was indicated by Duman and Özpolat [61] concerning the effect of aqueous extract
of propolis during storage of shibuta (Barbus grypus) fillets at 4 ◦C. It was observed that
0.5% aqueous extract of propolis significantly reduced the number of shibuta’s lactic acid
bacteria at all storage times compared to the control samples. Duman and Özpolat [61]
attributed this effect to the phenolic content of propolis.

In another study conducted in Greece and Cyprus on evaluating the antibacterial
activities of propolis ethanolic extracts (PEs), the results concluded that the minimum
inhibitory concentration (MIC) of all studied propolis ethanolic extracts was higher for
lactic acid bacteria compared to the other tested bacterial species (Listeria monocytogenes,
Staphylococcus aureus, and Bacillus cereus) [62].
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2.3.6. Yeasts/Molds

The yeast and mold species are common agents of microbial spoilage in refrigerated
fish [63]. A in prior investigations, the primary count (day 0) of yeast/mold of mackerel
tuna fillets was 2.13–2.16 log10 CFU/g (Figure 6G) [44,64]. It was shown from the results of
all treatments (XAN-EEP 0%, XAN-EEP 1%, and XAN-EEP 2%) in the present study that
they had a significant ability (p < 0.05) to reduce the number of yeasts/molds compared to
the untreated fillet samples (control) under cooling conditions (Figure 6G). These results
were in agreement with Duman and Özpolat [61], confirming the antifungal activity of
propolis from refrigerated shibuta fillets.

Other studies have highlighted the role of propolis extracts against Candida tropicalis
and Candida albicans [62], and also against Aspergillus niger and Candida albicans [57].

2.4. Sensory Evaluation

It is worth noting that the use of xanthan and ethanolic extract of propolis as food-grade
components in coating-forming makes it safe for consumers [65,66]. The freshness of mackerel
tuna fillets during storage was assessed sensorially by taste, odor, and overall acceptability.
At the beginning of the storage period, all groups of fillets were characterized by a smell
of fresh fish and a distinctive shiny surface, but with the continuation of the cold storage
process, the sensory properties of the samples deteriorated, but the rate of deterioration was
significantly faster (p < 0.05) in the uncoated fillet samples (control) compared to the samples
coated with xanthan/ethanolic extract of propolis (Figure 7A–C; Supplementary Table S1).
According to Bazargani-Gilani and Pajohi-Alamoti [67], the permissible sensory level must be
higher than 4 for the samples of fish fillets to be fit for consumption. Fishy and putrid odors
increased gradually in control after 10 days of storage. Microbial damage and the consequent
accumulation of receptors, such as trimethylamine (TMA) and biogenic amines, are the cause
of unpleasant odors [68]. The results obtained in our study from the panelists in terms of
the general acceptance of all the fillet samples under examination showed that: (a) uncoated
fillet samples (control) had a shelf life of fewer than 11 days; (b) treatment with XAN-EEP
0% had a viability of more than 11 days; (c) treatment with XAN-EEP 1%, viable for 15 days;
(d) treatment with XAN-EEP 2% had a viability of 20 days.
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Figure 7. The response surface plot of coating treatments on the (A) taste, (B) odor, and (C) overall
acceptability of mackerel tuna fillet samples during storage at 2 ◦C for 20 days. 0.0 *: Control samples
[Uncoated mackerel tuna fillet samples (soaked samples in sterile distilled water)]. 0.00 **: XAN-EEP
0% [Coated samples with xanthan containing (0%) ethanolic extract of propolis]. 1.00: XAN-EEP
1% [Coated samples with xanthan containing (1%) ethanolic extract of propolis]. 2.00: XAN-EEP 2%
[Coated samples with xanthan containing (2%) ethanolic extract of propolis].

These results can be attributed to the fact that the incorporation of EEP into the XAN
coating significantly (p < 0.05) preserved the general acceptability scores and the fresh
organoleptic characteristics of taste and aroma in trout meat until the last period of time.
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These results are also in agreement with what was reported by Duman and Özpolat [61]
about shibuta fillets.

The results of general acceptance of the studied treatments can be linked to the
antimicrobial effect of EEP associated with its content of phenolic compounds [47].

3. Conclusions

Through the results of physical, chemical, microbiological, and sensory analyses
conducted in our study, it can be concluded that the composite coating of xanthan and
ethanolic extract of propolis preserves the properties of mackerel tuna fillets for a longer
time when stored under refrigerated conditions. For example, the shelf life of mackerel tuna
steaks extended by about 4 and 7 days for XAN-EEP 1% and XAN-EEP 2%, respectively,
compared to the uncoated mackerel tuna fillet samples (control). Xanthan gum is a natural
gelling agent that has advantages over synthetic ones owing to its safer, biodegradable
nature. Moreover, the orientation of the food coating industry toward these naturally
derived gelling agents has led to increasing efforts to discover, extract, and purify such
compounds from the natural origin.

This work presented an edible coating containing propolis as a potent, natural, safer,
and cost-effective alternative to synthetic preservatives to produce active packaging coat-
ings that might be applicable for other food types. However, further studies are required
to identify the effect of propolis on other fish species and fishery products. Furthermore,
more applications of EEP-containing packages or coatings on new food models should be
tested in future works.

4. Materials and Methods
4.1. Materials

Propolis was taken from an apiary around Shibin El-Kom City, Menoufia, Egypt,
and kept frozen (−18 ◦C) until used. A total number of 40 samples of mackerel tuna
fish (Euthynnus affinis) with an average weight of 100–150 g were obtained from a local
aquacultural farm (Sadat City, Egypt). Mackerel tuna fish samples were transported to the
laboratory in insulated boxes containing ice within one hour of fishing. All experiments
were performed in April 2021 at the Department of Food Science and Technology, Faculty
of Agriculture, Menofiya University, Shebin El-Kom City, Egypt.

4.2. Chemicals and Reagents

Xanthan gum with a molecular weight of around 500 kDa, glycerol, ethanol, methanol,
potato dextrose agar, peptone, nutrient agar, plate count agar, and chemical reagents
were obtained from Sigma-Aldrich (St. Louis, MO, USA). Trichloroacetic acid (TCA) and
thiobarbituric acid (TBA) were procured from Sigma-Aldrich Chemie GmbH (Eschenstr,
Taufkirchen, Germany). Stomacher was obtained from Lab Blender 400 (London, UK).
Violet red bile glucose agar (VRBGA) was obtained from Trafalgar Scientific Ltd. (Leicester,
UK). Potato dextrose agar (PDA) was purchased from Biokar diagnostics (Allonne, France).
Man rogosa sharpe agar (MRS) was purchased from Oxoid Ltd. (Basingstoke, UK). Sorbitol-
MacConkey agar (SMAC) was obtained from Merck (Darmstadt, Germany).

4.3. Preparation of Ethanolic Extract of Propolis (EEP)

The frozen crude propolis kept at –18 ◦C was grinded in a mortar until a powder
was obtained, then blended with ethanol at a ratio of 25:100 g/mL, stirred at 500 rpm for
24–30 h using an Earlene shaker. The resulting solution was then filtered and evaporated
at 40–45 ◦C using a rotary evaporator (Rotavapor RE121, Büchi, Fawil, Switzerland). Lastly,
the concentrated extracts were dried at 50–55 ◦C in a vacuum oven. The final ethanolic
extract of propolis (EEP) was stored at −18 ◦C until used.
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4.4. Preparation of Coating Formulas

The coating solution was prepared using sterile distilled water and 1.5% xanthan
(w/v). As a plasticizer agent, glycerol 0.5% (v/v) was utilized in the xanthan (XAN) coating
solution, followed by stirring for 30 min on magnetic stirrer. The gel formed after heating
the coating solution at 85–90 ◦C for 3–5 min, then the solution was cooled at room tempera-
ture. Different percentages (0, 1, and 2%) of ethanolic extract of propolis (EEP) were added
to xanthan to prepare the composite coating formulas (XAN-EEP 0%, XAN -EEP 1%, and
XAN-EEP 2%).

4.5. Dip Coating Procedure

There were 48 fish divided into four groups (each 12 fish). The mackerel fillet samples
were skinned and washed with sterile water. Then the fillets were cut into portions of
approximately 3.5 cm × 2.5 cm × 1.6 cm (10–15 g). The mackerel fillet samples were
divided into 4 groups. The first group was soaked in sterile distilled water to prepare
the control samples (uncoated). The other three groups were soaked in the XAN/EEP
composite coating solution for 2 min to prepare the three coated treatments (XAN-EEP 0%,
XAN-EEP 1%, and XAN-EEP 2%). The mackerel fillet samples were dipped in respective
coating solutions (XAN-EEP 0%, XAN-EEP 1%, and XAN-EEP 2%) in a ratio of 1:2 (w/v)
for 5 min and were then air dried on filter paper for 15–20 min. After that, each sample
for each treatment was placed individually in a sterile zip plastic stomach bag under
aerobic conditions and all packages were stored in the refrigerator at a temperature of 2 ◦C.
Physical, chemical, microbial, and sensory analyses were carried out every 5 days, starting
from 0 to over 20 days from the storage process.

4.6. Physicochemical Quality Criteria Analyses
4.6.1. Analysis of pH Value

Ten grams of each sample of fish fillets from all treatments were placed in 100 mL
of distilled water and then the homogenization process was carried out for about 30 s;
the pH-meter (350 Jenway pH meter, Fisher Scientific, Leicestershire, UK) was calibrated
with the pH 7 buffer solution and pH 4 buffer solution, then the electrode was rinsed with
distilled water and wipe with a lint-free tissue. After that, the electrode was submerged
into each prepared sample to measure its pH value [69].

4.6.2. Oxidative Stability of Mackerel Fillets

Peroxide and TBARS values were used to determine the oxidative stability of
mackerel fillets.

1. Determination of peroxide value
By adopting the procedure described by Shon and Chin [70], the peroxide value of

mackerel fillets was calculated. Five grams of fillet sample was heated in a water bath at
60 ◦C for 3 min, followed by the addition of 30 mL of a solution of acetic acid-chloroform
(3:2 v/v) accompanied by thorough mixing by stirring to ensure homogeneity of the sample
and also to dissolve the fat. Then a filtration process was carried out, followed by the
addition of 0.5 mL of saturated potassium iodide solution to the filtrate. Titration was
carried out with a standard solution of sodium thiosulfate (25 g/L) in the presence of a
starch solution as an indicator. The value of peroxide was expressed in peroxide equivalent
units, in milliequivalent peroxides per kilogram of lipid, which was calculated by the
following equation:

POV
(

meq.kg−1
)
=

S × N
W

× 1000 (1)

where S is the volume of titration (mL), N is the normality of the sodium thiosulfate solution,
and W is sample weight (kg).

2. Determination of TBARS (Thiobarbituric Acid-Reactive Substances)
Each fish fillet sample (5 g) was dispersed in 20 mL of thiobarbituric acid solution

(0.375% thiobarbituric acid, 15% trichloroacetic acid, and 0.25 mol/L HCl). The mixture
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was heated in boiling water for 10 min, cooled with water, and centrifuged at 3600× g for
20 min at room temperature. Then, the TBARS value of the coated fish fillets was assessed
spectrophotometrically at 531 nm by spectrophotometer (Model UV-VIS- 2802PC, USA)
according to the method described by Song et al. [49]. TBARS values were expressed in
milligrams of malondialdehyde (MDA) per kilogram of fish fillet.

4.6.3. Total Volatile Basic Nitrogen (TVB-N) Measurement

Total volatile basic nitrogen (TVB-N) was measured in a mackerel meat sample (10 g)
according to the method described by Sallam et al. [71], where the sample was dispersed
in 100 mL of distilled water by stirring for 30 min and then filtered. Then, to 5 mL of the
filtrate, 5 mL of a MgO solution (1%) was added and a Kjeldahl apparatus was used to
distill the sample. The results were calculated as milligrams of nitrogen (N) per 100 g of
fish fillets.

4.6.4. K-Value Determination

The K-value was measured, according to the method described by Choi et al. [72]
and by using high-performance liquid chromatography (HPLC) (1100 series; Agilent Tech-
nologies, Palo Alto, CA, USA). The nucleic acid-related compounds (NARCs) (adenosine
triphosphate (ATP), adenosine diphosphate (ADP), adenosine monophosphate (AMP),
inosine monophosphate (IMP), inosine, (HXR), and hypoxanthine (HX)) were analyzed
under the following conditions: UV detection at 254 nm, the absorbed dose range (AUF)
was 0.5, µBondapak column C18 (3.9 mm × 300 mm; water, Milford, MA, USA), and the
column oven temperature was 40 ◦C, the flow rate was 2.0 mL/min, and the mobile phase
was 1% triethylamine (pH 6.5) modified with 10% H3PO4. The K-value was calculated
using the following equation:

K − value (%) =
[(HXR) + (HX)]

[(ATP) + (ADP) + (AMP) + (IMP) + (HXR) + (HX)]
× 100 (2)

4.7. Microbiological Analysis

The total viable count (TVC) and psychotropic count (PTC) as well as yeasts and molds
were determined by the method described by Yu et al. [44], under aseptic conditions 10 g
of each sample was naturalized with 90 mL of sterile normal saline (0.85%). A series of
dilutions were then prepared from each sample and an aliquot (1 mL) of the diluent was
poured into a petri dish and mixed with platelet agar medium. The inoculated plates were
incubated at 30 ◦C for 2 days to measure TVC. The inoculated plates were incubated at
10 ◦C for a week for PTC. The inoculated plates were incubated at 25 ◦C for 5 days to count
the yeasts and molds. Using the overlay casting method using violet red bile glucose agar
(VRBGA), Enterobacteriaceae were enumerated as the corresponding plates were incubated
for 24 h at 37 ◦C [73].

Escherichia coli O157:H7 were enumerated using sorbitol-McConkey agar (SMAC).
Dilutions were coated on SMAC using the casting plate technique and then the plates were
incubated for 24 h at 37 ◦C [74].

According to the procedure described by Tang et al. [75] Pseudomonas fluorescens were
enumerated on king agar medium, and the inoculated plates were then incubated for 24 h
at 30 ◦C.

Using de man rogosa Sharpe agar (MRS) and under anaerobic conditions lactic acid
bacteria (LAB) were enumerated at 30 ◦C for 24 h [76].

All counts were expressed as log10 colony-forming units (CFU) g−1.

4.8. Sensory Evaluation

A sensory evaluation of cooked mackerel fillet samples (microwave oven for six
min at 60% of maximum power (Mw60)) was conducted by 25 trained panelists of staff
members (aged 21–40 years) of the Department of Food Science and Technology, Faculty of
Agriculture, Menofiya University, according to the method described by Allam et al. [74,77].
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Panelists were selected based on their interests and availability. The panelists were asked
to rate the cooked samples’ color and odor using a scale point ranging from 0 to 10, where
10 = excellent; 9 = very good; 8 = good; 7 = acceptable; 6 = poor. The product was defined
as unacceptable after the onset of a bad odor or unpleasant taste. The fresh mackerel fillet
was used as a reference. The sensory analysis was done in three independent sessions.

4.9. Statistical Analysis

The study was replicated three times. Data were analyzed using the SPSS software
(IBM SPSS statistics 21). Mean values of different parameters were used to compare chemical
and microbiological indices. Sensory attributes data were analyzed by analysis of variance
(ANOVA). The mean values ± standard deviation (SD) of the analyses were calculated.
When a significant main effect was detected, the means were separated with the least
significant difference (LSD) procedure. A two-way analysis of variance was used for
multiple variable comparisons. Using analysis of variance (ANOVA), Tukey’s test, and
independent sample t-test for all data interpretation at p < 0.05.
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