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Abstract: Active packaging with biobased polymers aim to extend the shelf life of food and to improve
the environmental sustainability of the food industry. This new concept was tested with samples
of fresh poultry meat wrapped with chitosan reinforced with 2.5% of commercial nanocellulose
(NC) incorporating 1% of essential oils (EO) from Aloysia citrodora (ACEO) and Cymbopogon citratus
(CCEO). The performance of the bionanocomposites containing EOs was assessed and compared
with unwrapped meat samples and samples wrapped with chitosan/NC, during a 13 day period
of refrigerated storage for several physicochemical parameters related to food deterioration and
microbial growth. Wrapping the meat with the chitosan/NC polymer helped to increase the shelf life
of the meat. The incorporation of EOs added extra activity to the biocomposites, further delaying
the meat deterioration process, by halting the lipid oxidation and the Enterobactereaceae growth until
the 9th day. The composition of both EOs was similar, with the main components contributing
to the increased activity of the biopolymers being geranial and neral. The performance of ACEO
surpassed that of CCEO, namely on the Enterobactereaceae growth. This trend may be associated with
ACEO’s higher phenolic content and the higher antioxidant activity of the compounds released by
the ACEO biopolymers.

Keywords: active packaging; antioxidant activity; antimicrobial activity; shelf life extension; Aloysia
citrodora; Cymbopogon citratus; poultry meat preservation

1. Introduction

Until recently, consumers accepted the use of synthetic preservatives in food as an
inevitability to ensure the safety and long shelf life of products [1]. The use of preservatives
by the food industry is necessary to increase the shelf life and to maintain the quality and
safety of the product, by delaying the microbial growth, fermentation and acidification
reactions leading to its decomposition and alteration. However, consumers are increasingly
aware of the hazards of synthetic preservatives, namely, those reported or associated with
potentially life-threatening effects, such as allergic effects, intoxication and even cancer
and other degenerative diseases [2,3]. Thus, consumers are changing their preference to
natural and healthier options, free from synthetic chemicals, to extend products shelf life,
e.g., essential oils or extracts obtained from different plants and herbs that are rich in active
compounds [4,5].

Essential oils (EO) have been used by the food industry for preservation [1], production
of sanitary products and in agriculture [6]. Essential oils seem to be a promising substitute
for synthetic food preservatives, since their composition is rich in bioactive chemical
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components like terpenes, terpenoids and polyphenols. These compounds are recognized
worldwide for their biological activities, namely their antioxidant, anti-bacterial and anti-
fungal properties. The capacity to inhibit pathogenic microorganism growth contributes to
the microbial safety of the products [7]. Since the composition of EOs varies among plants,
it is important to analyze different species and have extensive data on the compounds’
concentration, identification and properties.

The food industry is also being increasingly challenged by the way products are
packaged and delivered. Active food packaging is a new concept and is a key element
to obtaining the optimal compromise between the sustainable management of the food
wastes produced and the expectation of consumers for fresher and safer products. This
new packaging concept includes the incorporation of active agents on the surface of the
packaging film or integrated in the polymeric matrix, or added to a sachet that is inserted in
the packaging. The migration of the active compounds to the food products can be achieved
via direct contact between food and packaging or through gas phase diffusion from the inner
packing layer to the food surface [8,9]. Those compounds that migrate from the packaging
to the food, interacting with the food products, may contribute to reduced contamination,
maintain or even enhance the nutritional value, and extend the product shelf-life. Among
the active packaging materials, bioplastics made of chitosan, alginates or proteins [10]
are considered promising environmentally friendly options, and good alternatives to
non-biodegradable materials made from non-renewable resources (fossil-based plastics).
Chitosan (Ch) is the second most abundant polysaccharide in nature. It is a biodegradable
and cationic hydrocolloidal with antimicrobial activity and film-forming capacity obtained
from the deacetylation of chitin from the exoskeletons of crustaceans and insects and
the cell walls of fungi and microorganisms [10]. This biopolymer, incorporated with
different EOs, has been tested as an active packaging to many different food matrices. One
successful example of this application was reported for the packing of sliced sausages using
chitosan films containing Eucalyptus globulus EOs, which contributed for the reduction of
the microbial activity and control of the food-borne contaminations in the food system [11].
Rosemary EO/Ch [12] and ginger EO/Ch [13] biobased films have been applied to fresh
poultry meat, and Cinnamodendron dinisii Schwanke EO/Ch films have been applied to
beef [14] in some other studies that show the applicability of chitosan loaded with active
compounds to stabilize food deterioration reactions. Moreover, incorporating EOs in the
polymer instead of directly in the food reduces the EO’s risk of chemical instability and
rapid oxidation and slows down their release into the food [15,16]. It also reduces the cost
associated with the use of EOs as food preservatives and the negative impact on the sensory
perception of the food where the EO was applied [17].

Nonetheless, more research and studies are needed to understand the potential of
other EOs in active food packaging. Therefore, this study aimed to assess the use of two
EOs from the plant species Aloysia citrodora (ACEO) and Cymbopogon citratus (CCEO) as
food preservatives incorporated in chitosan. As pristine chitosan’s hydrophilicity and weak
mechanical properties restrict its market application, nanocellulose (NC) was added to
Ch to improve its mechanical and barrier properties, as has been observed in different
works [18,19]. Both of the studied EOs have been shown to contain phytochemicals with
active properties, e.g., antioxidant properties, as in the case of ACEO [20], or antimicrobial
properties, as in the case of CCEO [21]. Coatings of chitosan with these EOs have been
tested on some different food products. For example, Ch enriched with lemon verbena
EO (ACEO) had been previously tested as an edible coating for rainbow trout [22], and a
composite of Ch and lemongrass EO (CCEO) was used as a coating for guava [17], and
the results of both studies showed a delay in food spoilage processes. However, to our
knowledge, the application of Ch/ACEO or Ch/CCEO to fresh poultry meat has not yet
been tested. Thus, Ch-NC/ACEO and Ch-NC/CCEO were tested as coatings for fresh
poultry meat, and the potential of both types of active packaging was evaluated along
the product’s shelf life. This study is also in line with the United Nations Sustainable
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Development Goals, namely Goal 12 (Responsible Consumption and Reduction), and
specifically, this study aims to contribute to a reduction in food waste and food losses [23].

2. Materials and Methods
2.1. Materials and Reagents

Essential oils obtained via steam distillation from the aerial parts of A. citrodora and C.
citratus were supplied by the company Biomater—Soulful Farming Company (Alentejo,
Portugal) and were stored at 4 ◦C and protected from light until use. Chitosan (Poly(D-
glucosamine)) with 75% deacetylation and high molecular weight (31–37 kDa) was used as
a polymeric matrix and purchased from Sigma Aldrich (Darmstadt, Germany). Commercial
Nanocellulose was kindly supplied by Nanocrystacell (Podcerkev, Slovenia).

All reagents used were of analytical reagent grade and were used as purchased. Glacial
acetic acid, glycerol, tween 80 (polyethylene glycol sorbitan monolaurate) and sodium
hydroxide (NaOH) were purchased from Alfa Aesar (Kandel, Germany). Ethanol absolute,
2,2-diphenyl-1-picrylhydrazyl (DPPH) and 1,1,3,3-tetraethoxypropane (TEP) were acquired
from Sigma-Aldrich (Steinheim, Germany). Sodium chloride (NaCl), Folin–Ciocalteu
reagent, trichloroacetic acid (TCA), 2-thiobarbituric acid (TBA) and sodium carbonate
anhydrous were obtained from PanReac (Barcelona, Spain). Plate count agar (PCA), violet
red bile glucose (VRBG) and tryptone were purchased from Biokar (Allonne, Beauvais,
France). The water used during the experiment was purified using a Milli-Q system
(Millipore, Bedford, MA, USA).

2.2. Essential Oils Characterization
2.2.1. GC-MS Analysis

Analysis of chemical composition was conducted using Gas Chromatography cou-
pled with Mass Spectrometry (GC-MS), using an Agilent 7890A GC coupled with an
Agilent 5975C, inert XL with triple-axis mass selective detector and data processing system
GC/MSD Chemstation. For the separation of the volatile compounds, a DB-5 J&W GC
capillary column (5% phenylmethylpolysiloxane, 30 m length, 0.25 mm diameter and
0.25 µm film) was used, with helium as the mobile phase, at 1 mL/min. Temperature
profile: injector temperature, 250 ◦C; oven initial temperature, 60 ◦C for 5 min; temperature
rise, 10 ◦C/min until 250 ◦C. The GC operated with an injection volume of 1 mL and a split
ratio of 1:50. The components were identified based on comparison of their mass spectra
with those of NIST and Wiley mass spectral library, as well as in relation to a homologous
series of n-alkanes (C7–C25) under the same operating conditions.

2.2.2. Total Phenolic Content

The total phenolic content (TPC) of the ACEO and CCEO was analyzed diluted in
four simulant media: water, ethanol 10%, ethanol 50%, ethanol 95%. Those four different
simulant media can mimic a more or less hydrophilic substrate. To quantify the total
phenolic content, the procedure of Singleton and collaborators was followed [24]. In the
procedure, 3 mL of water Mili Q and 0.25 mL of Folin–Ciocalteu reagent were added to 1 mL
of the sample diluted in each simulant. The mixtures were incubated for 5 min in the dark at
room temperature, and after, 0.75 mL of sodium carbonate solution 5% (w/v) was added to
the tubes. Then, the mixtures were stored again for 60 min in the dark, at room temperature.
After the incubation period, the absorbance of the solutions was measured at 760 nm using
a UV–Vis spectrophotometer (SPEKOL 1500, Analytik Jena, Jena, Germany). Different
calibration curves were constructed using gallic acid solutions from 0 to 100 mg·L–1. The
TPC of the different EOs in the different simulant media were calculated using those
calibration curves. Results were expressed in mg gallic acid equivalent (GAE)·L–1 of EO.

2.2.3. Antioxidant Activity

For the determination of the antioxidant activity, the ability to scavenge free radicals by
EOs was determined using the DPPH assay [25]. The EOs were diluted (1:20) in the different
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simulant media (water, ethanol 10%, ethanol 50%, ethanol 95%). A diluted aliquot of 1 mL
of each EO in each simulant media was added to 3 mL of DPPH solution (60 µmol·L−1).
The mixtures were incubated for 20 min at room temperature in the dark. The absorbance
of the mixtures was read at 517 nm (UV-VIS spectrophotometer, SPEKOL 1500), before
and after the incubation. The radical form of DPPH is purple, and upon the activity of
antioxidant, the compound is reduced (losing the purple color) and its absorption decreases.
The percentage radical scavenging can be calculated with Equation (1):

Radical scavenging (%) =
(Initial absorbance − absorbance a f ter incubation)

(Initial absorbance)
× 100 (1)

2.3. Bionanocomposites Preparation

The bionanocomposites films were prepared according to Siripatrawan and Harte [26]
and Dias et al. [27], with minor adjustments. First, the filmogenic solution (FS) was
prepared by dissolving 1.5% (w/v) of chitosan in a 1% (v/v) solution of glacial acetic
acid, with constant agitation for 24 h, at room temperature. Glycerol was added to all
the samples (30% w/w of chitosan) as a plasticizer, and the commercial NC (2.5% w/w
of chitosan) was added as a nanofiller to reinforce the chitosan films. Previous works
helped to define the proportion of glycerol [12] and NC added [19]. For the control films
(Ch-NC), after the addition of glycerol and before adding NC, the FS was submitted to
5 min agitation with ultraturrax (15,000 rpm, IKA® T18, IKA, Bitterfeld-Wolfen, Germany),
followed by 15 min degasification in an ultrasound bath (360 W, Selecta, Barcelona, Spain).
Afterwards, the NC was incorporated and two more cycles of ultraturrax and ultrasound
in the same conditions were performed to guarantee the correct exfoliation and dispersion
of all components into the polymeric chain. The finished solution was cast in glass molds
(18 × 25 cm) and dried with the aid of a circulatory hot fan (30 ◦C) for 24 h to 48 h. When
dried, the bionanocomposites were peeled and stored to be protected from light at 25 ◦C
and 50% relative humidity, until application. For the films with ACEO (Ch-NC/ACEO)
and CCEO (Ch-NC/CCEO), the procedure was the same as for the control films, except
the EO (1% (v/v FS) and tween 80 (0.2% v/v in EO) were incorporated before the last cycle.
The EO was applied at the rate of 1% (v/v) because, in previous works, it was verified that
the range of 1–2% was optimal [12,28,29]. Each type of film was made in triplicate.

2.4. In Vitro Bioactivity Study

A migration assay was performed to study the in vitro bioactivity of the bionanocom-
posites produced. To test the antioxidant activity of the films, diffusion tests were performed
at 40 ± 2 ◦C for 10 days [13,30]. In these tests, four different food simulant solutions were
chosen: 95% ethanol solution, 50% ethanol solution, 10% ethanol solution and 100% dis-
tilled water. Those solutions mimic different types of food products, from more lipidic (95%
ethanol solution) to more hydrophilic (100% water). Square samples of 2.4 cm2 of each
treatment were placed inside amber vials, and 4 mL of the simulant to be tested was added,
achieving an area-to-volume ratio of 6 dm2·L–1. Periodically, in the simulant, TPC and the
antioxidant activities of the compounds diffused from the films were quantified with the
Folin–Ciocalteu method and DPPH assays, respectively. The migration assay was carried
out in triplicate for each film and food simulant solution.

2.5. Packaging of Fresh Poultry Meat

Fresh poultry meat was acquired at a local market and was ground. Portions of 30 g
were wrapped in the previously made films (5 × 18 cm2). Unwrapped meat acted as the
control and the experiment was carried out in triplicate. The poultry meat samples were
stocked inside plastic boxes with a screw cap and placed under refrigeration (4 ± 2 ◦C)
for 13 days. Each set was indiscriminately collected and characterized at 0, 3, 6, 9 and
13 days of storage. Even though the normal shelf life of fresh poultry meat stored under
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refrigeration is less than 7 days, in this work, we chose to evaluate the samples until the
13th day of storage to verify the shelf life extension capacity of the active packaging.

2.6. Poultry Meat Characterization
2.6.1. Moisture Content

For moisture determination, based on the AOAC method [31], 1 g of poultry meat was
weighed in a previously weighed crucible. Samples were placed in an oven at 103 ± 2 ◦C
until constant weight. For moisture content calculation, Equation (2) was applied, where P1
represents the weight of the crucible + meat before oven, P2 the weight of crucible + meat
after oven and PF the weight of the crucible alone.

Moisture (%) =
(P1 − P2)

(P1 − PF)
× 100 (2)

2.6.2. pH and Titratable Acidity

The pH analysis is based on the determination of hydrogen ion activity. The methodol-
ogy was performed according to the AOAC [31], where 5 g of poultry meat was weighted
and 50 mL of deionized water at 40 ◦C added. The mixture was agitated for 15 min. After
filtration using qualitative filter paper, pH was determined in the solution with a pH digital
meter (CRISON micropH 2001, Barcelona, Spain), previously calibrated with pH 4 and
pH 7 buffer solutions.

For titratable acidity analysis, based on the AOAC method [31], the previously filtrated
extract from the pH analysis was used. The titratable total acidity was determined with
a titration using a standardize solution of NaOH 0.1 N. The results are expressed in g of
oleic acid equivalent per 100 g of poultry meat. For this calculation, Equation (3) was used,
where V corresponds to the NaOH volume and M to the poultry meat mass:

Titratable acidity (g oleic acid equivalent per 100 g poultry meat) =
V × 0.1 × 28.2

M
(3)

2.6.3. Lipid Oxidation

To monitor the lipid oxidation of the samples, the thiobarbituric acid reactive sub-
stances (TBARS) method was used [32]. The samples were homogenized with 7.5%
trichloroacetic acid and then filtered through a Whatman No.1 filter paper. The filtrate was
combined with 5 mL of TBA (thiobarbituric acid) 0.02 M and heated (95 ◦C/30 min) in a
water bath (Memmert, Schwabach, Germany). After cooling, the absorbance of the samples
was measured at 530 nm in a UV/VIS spectrophotometer (Spekol 1500, Analytikjena, Ger-
many). A calibration curve was constructed with solutions of 1,1,3,3-tetraethoxypropane
(TEP) with different concentrations, to quantify the malonaldehyde (MDA) [31]. To calcu-
late the TBARS Index, results were expressed as mg of MDA/kg of meat, and Equation (4)
was used, where C corresponds to the value of MDA obtained from the calibration curve
upon the application of the absorbance readings (µmol), M is the poultry meat mass in g, H
is the moisture content (g/g poultry meat) and V is the volume of filtered extract, added to
TBA:

TBARS Index
(

mg MDA
Kg sample

)
= 72.06 × C ×

(
30 + (M × H)

M × V

)
(4)

2.6.4. Total Volatile Basic Nitrogen

Total volatile basic nitrogen (TVB-N) determinations were based on the Malle and
Poumeyrol method [33]. To extract the TVB-N, the same extract obtained for the determina-
tion of TBARS was used. After the filtration process, a certain volume of filtered sample
was neutralized with NaOH 6 N. Afterwards, the sample was distilled to a 2% boric acid
solution containing an indicator. The distillate solution was titrated with hydrochloric



Macromol 2023, 3 709

acid (HCl 0.02 N). Calculation was made using Equation (5) and results were expressed as
grams of nitrogen per 100 g of poultry meat.

Volatile Basic Nitrogen
(

g N
100 g meat

)
=

VT × 0.02 × 1.401
m

× 100
VE

(5)

where VT corresponds to the HCl solution volume (mL) used, m to the mass of poultry
meat and VE to the volume of extract used.

2.6.5. Color

Color measurements of the poultry meat samples were determined with CIE-L*a*b*
coordinates, using a colorimeter CR410 (Minolta Co., Tokyo, Japan) with a D65 light source
and a visual angle of 10◦. The coordinate L* corresponds to the luminosity, going from 0
(black) to 100 (white); a* corresponds to the chromaticity of green, going from green to red,
and b* the chromaticity of blue, going from blue to yellow. Samples were placed in a Petri
plaque and measured three times to evaluate the Hue angle (Equations (6) and (7)) [16] and
color variation (Equation (8)) [28]:

Hue angle = arctan
(

b∗
a∗

)
(i f a∗ > 0) or (6)

Hue angle = arctan
(

b∗
a∗

)
+ 180◦ (i f a∗ < 0) (7)

∆E =

√(
L∗

0 − L∗
)2

+
(
a∗0 − a∗

)2
+
(
b∗0 − b∗

)2 (8)

where L0*, a0* and b0* are the coordinates measured at the beginning of the essay, while L*,
a* and b* are the coordinates measured at each sampling day.

2.6.6. Microbiological Analysis

The assessment of the microbiological growth in the poultry meat was made using
three parameters: total aerobic mesophilic microorganisms (TAMM) [34], total aerobic
psychotropic microorganisms (TAPM) [35] and Enterobacteriaceae [36]. During the analysis,
all the procedures were carried out in a laminar flow chamber (Steril-Helios, Angelantoni
Life Science Srl., Massa Martana, Italy) to prevent possible contaminations. Appropriate
dilutions were made for each meat sample and applied to Petri dishes (1 mL) with a suitable
medium. Plate Count Agar (PCA) was used to test the first two types of microorganism,
while Violet Red Bile Glucose (VRBG) agar was used for Enterobacteriaceae. The seeded
Petri dishes were incubated at 30 ◦C for 72 h (TAMM), 7 ◦C for 168 h (TAPM) and 37 ◦C
for 24 h (Enterobacteriaceae). The results are expressed as log CFU (colony forming units)/g
poultry meat.

3. Results and Discussion
3.1. Essential Oils Characterization
3.1.1. Chemical Characterization by GC-MS

The GC-MS analysis of the EOs allowed the identification of 38 compounds for A.
citrodora and 28 compounds for C. citratus, accounting for 88.0% and 97.7% of the total oils,
respectively. The major constituent in both oils was geranial, with a percentage of 21.2% for
A. citrodora and 36.3% for C. citratus, followed by neral, with percentages of 16.5% and 26.1%,
respectively. The third major constituent of these oils was different, being limonene, at 9.9%
for A. citrodora and β-myrcene at 17.1% for C. citratus. The complete chemical composition
of the oils is presented in Table S1 (Supplementary Materials). Results obtained from those
two essential oils produced in Portugal are in agreement with data presented by other
studies, which also show that the main components in those EOs are geranial and neral,
and that C. citratus is richer in those two compounds than A. citrodora [37–39]
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3.1.2. Total Phenolic Content and Antioxidant Activity

Table 1 presents the total phenolic content and the antioxidant activity of both EOs,
dissolved in an array of ethanolic/water solutions.

Table 1. Total phenolic content of the EOs (mg GAE/L) and Antioxidant activity (% Radical Scaveng-
ing) measured in a proportion 1:20 of the EO in different solutions.

Sample Water Ethanol 10% Ethanol 50% Ethanol 95%

Total phenolic content
(mg/L)

ACEO 216.0 ± 5.0 255.0 ± 34.0 288 ± 59.0 -
CCEO 109.0 ± 18.0 110.0 ± 6.0 133.0 ± 5.0 268.0 ± 11.0

Antioxidant activity
(% radical scavenging)

ACEO 77.0 ± 12.0 78.0 ± 1.0 77.0 ± 0.4 60.0 ± 3.0
CCEO 83.0 ± 2.0 85.0 ± 15.0 87.0 ± 7.0 89.0 ± 5.0

ACEO—A. citrodora Essential oil; CCEO—C. citratus Essential oil.

Both EOs presented an increment in total phenolic content from the water (H2O) to the
more ethanolic solution (ethanol 95%) (Table 1), being always higher in ACEO. The high
levels of turbidity for the ACEO with ethanol 95% medium restrained the determination
up to ethanol solvent at 50%. These results might indicate that, in more alcoholic solutions
(with less polarity), there is a higher concentration of phenolics. This would be in agreement
with the literature, since increasing the water content in a solvent causes a decrease in
the total phenolic content [40]. As reported in Table 1, both ACEO and CCEO presented
high percentages of radical scavenging, with CCEO presenting higher values than ACEO.
No differences were observed in the antioxidant activity with the different ethanol/water
solutions used for preparing the solutions. The antioxidant activity was correlated with the
stabilization of free radical and reactive oxygen species [16].

The presence of three main components in CCEO—geranial, neral and myrcene—
contributes to the antibacterial properties associated with this EO [41]. Geranial and neral
individually elicit antibacterial action on Gram-negative and Gram-positive organisms,
while myrcene does not show observable antibacterial activity on its own. However,
myrcene showed enhanced bioactivity when it was mixed with either geranial or neral
or both [42,43]. The presence of geranial and neral in ACEO may also add antibacterial
properties to this EO, which still need to be evaluated. The antioxidant activity of CCEO
is due to the synergistic effect of all its constituents [44]. However, other studies have
indicated that geranial and neral show antioxidant activity as well, which is a result of
co-oxidation with the target substrate and cross-termination of the oxidative chain [45].
The presence of higher amounts of geranial and neral in CCEO may explain why this EO
presented a higher radical scavenging activity then ACEO.

3.2. Migration Assay

Migration assays from coatings/packaging to food should follow well-established
procedures that allow users to identify if there is a significant migration to food of a toxic
compound or if the active compounds of the packaging/coating are migrating to the
food. In this work, four different ethanolic/water solutions were tested, each of them
representing a food simulant: water (for water-based products); 10% (v/v) ethanol in water
(for alcoholic products); 50% (v/v) ethanol in water (for dairy products); and 95% (v/v)
ethanol in water (for fatty products) [46,47]. For the migration assay, the total phenolic
content and antioxidant activity were analyzed in the different food simulants over time.

3.2.1. Total Phenolic Content

With the TPC of the migration assay, it was possible to identify the quantity of phenolic
content that migrates from the film to the medium (Figures 1 and 2).
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Figure 1. Total phenolic content (mg GAE/L) obtained in the different simulant media when chitosan
films were incorporated with ACEO.
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Figure 2. Total phenolic content (mg GAE/L) obtained in the different simulant media when chitosan
films were incorporated with CCEO.

Results presented some irregularities, due to chitosan’s low water resistance and
hydrophilic nature [28]. It was more difficult for ACEO films to migrate in aqueous and
ethanol 10% mediums without the film being dissolved in the medium (which inhibited
the determination of TPC due to turbidity of the samples); however, they presented very
significant levels of phenolic migration for ethanol 50% (from around 4 to 9 mg GAE/L), in
a slow grade of migration, but even higher for ethanol 95% (from 8 to 23 mg GAE/L), with
high phenolic liberation in the first 8 h. It can be observed a higher affinity to the solutions
with high content in ethanol. CCEO films presented a more consistent migration throughout
the mediums, even in water and ethanol 10%, with low degradation of the film. The films
with this oil showed a slow and consistent migration of phenolic compounds throughout
the experiment. In this case, after an initial higher rate of migration, the amount of phenolic
compounds in the simulant media remained constant over time. These results suggest
that CCEO was well entrapped in the chitosan matrix with NC, although with a steady
and constant migration of its phenolic content to the different simulants. CCEO presents
a high content in oxygenated monoterpenes (81%) and a lower content in sesquiterpenes
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(3.7%) and monoterpene hydrocarbons (10%) [38]. Therefore, the oxygenated character
of its composition may contribute to the formation of bonds with chitosan (hydrophilic
character) and NC, reducing its release to the simulants. This entrapment also restrains
the dissolution of chitosan in the more hydrophilic simulants (water and 10% ethanol).
Contrary to this, ACEO presents a lower content in oxygenated monoterpenes (60–69%) and
a higher content in sesquiterpenes (16–24%) and monoterpene hydrocarbons (15–17%) [37].
The composition of this EO, which is more lipophilic, and with compounds that occupy a
higher volume in the chitosan matrix (sesquiterpenes), suggests higher free volume in the
polymeric matrix and lower affinity to the chitosan/NC, and thus higher relaxation of the
matrix and higher release of active compounds, which explains the higher release of TPC to
the 95% ethanol simulant, compared with CCEO. The composition of ACEO also explains
why the chitosan polymer was easily dissolved in the water and 10% ethanol simulants,
once the ACEO was not trapped in the polymeric matrix. Both films reached equilibrium
during the first 48 h of assay, as previously reported in the literature [13,46]. These results
indicate that ACEO films would be more adequate for more hydrophobic and fatty foods,
once chitosan–ACEO films dissolved easily in water (water-based products) and 10% (v/v)
ethanol in water (alcoholic products). CCEO films can be applied to different types of food,
from water-based products, alcoholic products, dairy products, fatty products, indicating
that the interaction between CCEO and chitosan remained the same whether the simulants
were more hydrophilic (water) or less hydrophilic (95% ethanol). Little or no dissolution
of the films was observed in the different simulants. The interaction between the EOs
and the chitosan polymer is important. The type of interaction will contribute to a higher
migration rate of the active substances to the simulant/food or a lower rate of migration.
The existing interaction may play different roles against food oxidation: the migration of
compounds with antioxidant properties will enhance the protective action against food
oxidation; however, the barrier properties provided by the film containing the EO may
also delay the contact of the food with water, oxygen and light, acting also as a shield to
protect the product [48]. Comparing both EOs, the release of phenolic compounds to the
simulants is higher in ACEO films, which follows a correlation with the higher amount of
total phenolic content presented by ACEO compared to CCEO (Table 1). The same was
also observed in the study reported by Souza et al. [13].

3.2.2. Antioxidant Activity

The antioxidant activity study of the migration assay allows us to identify the capacity
of the migrated compounds to the medium to inhibit the oxidation procedure. Results
showed values below 20% radical scavenging in all the sample trials.

The CCEO film (Figure 3) presented around 8–10% percentage of inhibition over
time in all the simulant mediums, with the exception of the ethanol 50%, which showed a
decrease in the radical scavenging results over time. In this case, it seems that the amount of
compounds with antioxidant activity that migrated to the simulant media either decreased
over time or reacted, loosing the capacity to scavenge DPPH. It may also indicate that
compounds with antioxidant activity remained trapped in the polymeric matrix, not being
released to the simulant media. The composition of CCEO, rich in oxygenated monoter-
penes, may explain the entrapment in the polymeric matrix as discussed in Section 3.2.1.
Higher antioxidant activity in the simulant media was observed in the first 8 h of the
migration assay, with ethanol 50% having the highest maximum activity, at 8 h, followed by
ethanol 10%. These results indicate that the active compounds migrated at a fast rate from
the films to all simulant media. The highest activity observed in the ethanol 50% media
indicates that most of the active compounds incorporated in the films were released to the
media in the first 8 h. This also may explain why, over time, the antioxidant activity in
this simulant decreased; perhaps because the amount of antioxidant compounds released
by the film was reduced after 8 h. When designing an active packaging, the migration of
active compounds should occur gradually during the shelf life of the product packaged [10].
Additionally, this was observed for all the simulant media with the CCEO film, except with



Macromol 2023, 3 713

the ethanol 50% simulant, where most of the active compounds migrated to the media in
the first 8 h. In this case, the lack of stability of phenolic compounds might affect their
final concentration after release studies, in the polymer and in the simulant, which explains
the decrease in the antioxidant activity observed for the ethanol 50% simulant. This jus-
tification was presented in some works that also showed a decrease in the antioxidant
activity over time, measured in simulants [10]. In the other simulants, the amount of active
compounds was released gradually, and therefore the degradation rate of the compounds
being released was counterbalanced by the constant release of active compounds, which
helped to maintain constant the antioxidant capacity identified in those simulants.
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Figure 3. Radical scavenging (%) results obtained in the different simulant media when chitosan
films were incorporated with CCEO.

The results for ACEO biobased films (Figure 4) presented a higher radical scavenging
capacity, going from 9 to values up to 20%. Migration results showed that the highest
percentage of radical scavenging occurred later for the ethanol 10% and 50%, with the max-
imum being around 96 h, showing an increased liberation of compounds with antioxidant
activity compared to the CCEO. For water and 95% ethanol, the release of compounds
with antioxidant activity started already at the beginning of the essay, and was steady
throughout the study. The fact that this trend was observed for the ACEO biobased films in-
dicates that the release was gradual, which helped to maintain and increase the antioxidant
activity observed in the different simulant media, particularly in the ethanolic solutions.
This characteristic is important to increase the shelf life of products. A higher affinity of the
CCEO to the polymeric matrix compared with the affinity of ACEO, given the composition
of both oils (as discussed previously in Section 3.2.1) may explain the higher antioxidant
activity observed in the simulants obtained after the migration of ACEO from chitosan
films.

The antioxidant activity present in the simulants due to the release of EO from the
biobased films may be attributed to the release of the phenolic compounds and terpenoids
that demonstrate their antioxidant properties according to different mechanisms, such as
hydrogen donation, free radical scavenging activity, among others [48].
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Figure 4. Radical scavenging (%) results obtained in the different simulant media when chitosan
films were incorporated with ACEO.

3.3. Contact Assay
3.3.1. Moisture Content

The moisture present in food can influence both the sensorial quality and the stability
of the product, since the deterioration process can correlate with the content of water [49].
The results (Table 2) show that the unwrapped meat (without biofilm) presented an increase
of up to 3% in moisture content during the 13 days of storage. Interestingly, all the meat
wrapped in biofilms presented a decrease in the moisture because chitosan has hydrophilic
properties; it is possible that the film absorbed some of the meat water, explaining the
decrease [50]. Comparing the biofilm of chitosan with Eos, it was observed that the ACEO
film presented a similar decrease in terms of moisture, in contrast to CCEO film, which
presented a lower decrease in terms of moisture, having values after the 13th day between
those of the unwrapped sample and samples wrapped with chitosan biofilm and the biofilm
with ACEO. The behavior of CCEO can be explained by the higher degree of hydrophobicity
given to the chitosan film, that reduced its water absorption, but that should be confirmed
with physical tests on the biofilms, such as swelling and water permeability [48].

Table 2. Moisture content (%) of the poultry meat wrapped and unwrapped throughout storage time.

Time (Days) Unwrapped Chitosan CCEO ACEO

0 73.9 ± 0.1 73.9 ± 0.1 73.9 ± 0.1 73.9 ± 0.1
3 75.3 ± 0.8 71.0 ± 0.2 72.6 ± 0.6 70.0 ± 3.6
6 75.2 ± 0.7 71.3 ± 0.6 71.0 ± 0.3 69.7 ± 0.1
9 75.9 ± 0.9 68.9 ± 0.7 69.4 ± 0.9 67.1 ± 3.8

13 76.6 ± 0.9 67.7 ± 0.7 70.4 ± 0.7 67.1 ± 0.7
Values are mean ± SD (n = 3).

Previous studies have reported that biofilm water absorption can increase with the
thickness of the meat, which can alter the experience of the consumer in terms of taste and
texture; however, the reduction in water content is helpful to delay microbial growth [29].

3.3.2. pH and Titratable Acidity

The pH value regulates the reactions that follow the food production and deterioration
process; therefore, it is relevant to keep track of this value to maintain a safe and well-
preserved product. The muscle pH after the animal is slaughtered and converted into meat
can drop from around 7.2 to values of around 5, since the glycogen is converted to lactic
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acid. pH values normally range from 5 to 7, being in between 5.7 and 6 for higher quality
products [28,51].

The initial pH value for the sample meat was 5.95, achieving a 7.51 pH at the 13th
day wrapped (Table 3). The deterioration of the meat increased the pH, as expected. The
increase in pH values may be attributed to the growth of microorganisms that produce
volatile basic components [13]. Different results were presented by the wrapped meat,
which maintained values similar to the initial day, while the CCEO-wrapped sample
produced more stable results.

Table 3. pH and total titratable acidity (g oleic acid/100 g meat) of the wrapped and unwrapped
poultry meat throughout storage time.

Time (Days) Unwrapped Chitosan CCEO ACEO

pH

0 5.95 ± 0.04 5.95 ± 0.04 5.95 ± 0.04 5.95 ± 0.04
3 6.30 ± 0.06 6.26 ± 0.01 6.40 ± 0.06 6.33 ± 0.02
6 6.78 ± 0.19 5.63 ± 0.01 5.78 ± 0.01 5.51 ± 0.07
9 6.73 ± 0.35 5.49 ± 0.04 5.77 ± 0.01 5.44 ± 0.03

13 7.51 ± 0.16 5.58 ± 0.04 5.72 ± 0.01 5.39 ± 0.01

Total Titratable
Acidity (g oleic

acid/100 g
meat)

0 1.06 ± 0.07 1.06 ± 0.07 1.06 ± 0.07 1.06 ± 0.07
3 1.58 ± 0.16 0.98 ± 0.10 0.84 ± 0.17 0.89 ± 0.23
6 0.62 ± 0.01 0.83 ± 0.15 0.91 ± 0.16 0.87 ± 0.06
9 0.82 ± 0.59 0.90 ± 0.16 1.05 ± 0.21 1.11 ± 0.12

13 0.38 ± 0.07 1.40 ± 0.07 1.13 ± 0.25 1.39 ± 0.08
Values are mean ± SD (n = 3).

A previous study by Rezaeifar et al. 2020 [22] reported using 1% ACEO in edible
coatings for trout and observed pH values similar to the control chitosan, although slightly
more acidic, as our results also show. However, in this study, the application of ACEO
also slightly reduced the pH of the meat, which was attributed to the migration of the
oil to the meat. As to coatings with 0.2% sodium alginate and 0.5% ACEO in chicken
breast, as presented by [52], no significant difference was reported in comparison with the
chitosan control. Regarding CCEO, a previous study reported that minced meat wrapped
in films with 0.5% and 1.5% CCEO presented a pH reduction of 0.17 and 0.22, respectively,
compared to the chitosan control [53]. A similar reduction in pH was also observed in this
study, which was attributed to the migration of the EO to the meat. Wrapping the meat in
pristine chitosan also maintained the pH, although there was a small reduction in pH with
the time, which can be attributed to the chelation of some free fatty acids released from the
meat to the chitosan (to the amine groups). Therefore, the maintenance of the pH indicates
the efficiency of the films in the extension of the shelf life of the products.

Titratable acidity measures the total acid concentration present in food. It is determined
by titration of intrinsic acids with a standard base, and can be used as a complement to
the pH analysis since it is a better indicator of the microbiological stability of certain
foods [28,54].

The unwrapped meat presented the highest decrease in oleic acid equivalents, which
is in accordance with the pH values observed, since they became less acidic (Table 3). The
wrapped meat presented a smaller increase in value, which was also in accordance with
the pH values.

3.3.3. Color Variation

Since one of the first things the consumer notices when searching for food is their
appearance, it is important to find a package that maintains the common color of the
product. In this case, the “reddish”/pink and bright color of the meat is an indicator that it
is fresh, and is one of the factors that can cause the consumer to exclude other pieces if it is
not present [55]. The color of the poultry meat depends on numerous factors, for instance,
age, sex, genetics, diet, intramuscular fat, moisture, among others [55].
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The initial Hue angle from the meat without the film was 40 and increased to 48 by the
end of the 13 days (Table 4). The wrapped meat with EO films were those that presented
a higher Hue angle change for a long time, to a more yellowish tone, especially ACEO.
Meat with EOs also presented a higher Hue angle than the chitosan film, which maintained
a similar variation with the unwrapped meat. This is contrary to what has been shown
by other essential oils studies; for example, Souza et al. 2018 [29] showed the Hue angle
of unwrapped meat (70◦) was 15◦ higher than meat wrapped with ginger EO, and Pires
et al. 2018 [28] showed 15◦ lower values for the meat wrapped with rosemary EO (69◦),
as well as 10◦ lower for ginger EO [28]. These results indicate that the Hue angle of the
unwrapped meat was lower in our study than the ones reported by the literature, but also
that the EO provided an increase in the Hue values; nonetheless, this color variation might
be due to the natural color of the essential oil that migrated to the meat [56]. Variations in
color (Table 5) of unwrapped meat increase with time, and were more pronounced with
chitosan and CCEO. In this case, the changes in the color of the meat due to ACEO were
less pronounced and compared with unwrapped meat at day 0.

Table 4. Hue Angle of the poultry meat wrapped and unwrapped along storage time.

Time (Days) Unwrapped Chitosan CCEO ACEO

0 40 ± 5 40 ± 5 40 ± 5 40 ± 5
3 46 ± 3 46 ± 1 46 ± 4 48 ± 1
6 41 ± 6 46 ± 1 49 ± 2 52 ± 0
9 47 ± 3 49 ± 2 52 ± 1 61 ± 1

13 48 ± 2 50 ± 1 53 ± 6 61 ± 0
Values are mean ± SD (n = 3).

Table 5. Color variation (∆E) of the poultry meat wrapped and unwrapped along storage time.

Time (Days) Unwrapped Chitosan CCEO ACEO

0 2.10 ± 1.49 7.54 ± 1.68 8.55 ± 2.25 5.58 ± 0.15
3 5.42 ± 2.27 7.74 ± 3.04 9.19 ± 1.86 6.47 ± 0.13
6 4.52 ± 0.54 7.92 ± 0.77 9.53 ± 1.19 5.84 ± 0.63
9 4.77 ± 0.83 7.87 ± 2.02 8.92 ± 1.05 6.18 ± 1.23

13 2.10 ± 1.49 7.54 ± 1.68 8.55 ± 2.25 5.58 ± 0.15
Values are mean ± SD (n = 3).

3.3.4. Lipid Oxidation (TBARS Assays)

The TBARS assay is used to quantify the malonaldehyde (MDA) present in the sample
and indicates the lipid rancidity of meat products [16]. In terms of results, in all the samples,
an increase in the malonaldehyde concentration was observed, being the highest in the
unwrapped meat, but also very similar to the meat wrapped with pristine chitosan at day 9
(Figure 5). Until day 9, the application of EOs to the film prevented the lipidic oxidation of
the meat, at which point the lower values can be observed, both in CCEO or in ACEO. The
CCEO-wrapped samples presented a slightly lower MDA concentration, with the lowest
being observed in the sample wrapped with film without EOs at day 13. Rezaeifar et al.
2020 [22] studied the edible coating of trout and its chitosan control and showed that ACEO
presented a good effect on the antioxidant activity of the coating, reducing the TBARS
value from 2.78 to 1.67 mg MDA/Kg meat. Hosseini et al., 2021 [52] also showed effective
results from the application of ACEO to the coating, due to the presence of geranial, neral
and limonene as antioxidants [52]. Olorunsanya et al., 2010 [57] reported that, in various
concentrations (0.5, 1 and 1.5% in films), CCEO always showed an effective improvement
of the lipidic stability during storage [57]. In this study, both essential oils were effective
until day 9, but at day 13, the difference with chitosan was neglectable, probably due to the
oxidation of the EOs themselves.
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3.3.5. Basic Volatile Nitrogen

One of the ways to identify the stage of degradation of a product is by their spoilage
mechanisms, one of which is the degradation of proteins and other compounds that produce
nitrogen. This mechanism causes the accumulation of organic amines that can be identified
by the total volatile basic nitrogen. Basic volatile nitrogen will not only cause changes in
color and flavor, but can also be toxic in elevated quantities, affecting the safety of the
product [58].

The unwrapped meat presented the highest increase in BVN, which went from 2.1 to
14.7 g of N per 100 g of meat (Figure 6). Contrary to this, all the wrapped meat presented
similar nitrogen values to the initial ones, which is probably significant in terms of slower
times of the degradation of the proteins and amines, increasing the shelf life. In a way
similar to our samples, [22] presented results with a significant increase in the control with
no film, with levels of BVN in samples wrapped in chitosan and ACEO being lower by
around 80%, reporting a possibility of the phenolic compounds decreasing the growth of
microorganisms and consequently preventing the spoilage and breakdown of the proteins.
For CCEO, the change in BNV presented by Hosseinzadeh et al., 2020 [53] was similar
to the results presented in this study for 0.5% and 1.5% CCEO films, but BNV data were
smaller than those from this study because it was a study with minced meat.
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3.3.6. Microbial Growth

The use of refrigeration has long been known to have an unfavorable effect on bac-
teria. This is a common way of storing food using low temperatures, due to the delay of
development and spoilage of bacteria. Since meat is considered one of the most perishable
foods, refrigeration is used for storage after slaughter, distribution and then at retail [59].
Spoilage of meat is associated with microbial growth as well as biochemical and enzymatic
deterioration [28]. In this assay, psychotropic microorganisms were analyzed that grow at
temperatures around 7 ◦C or less and include both Gram-positive (lactic acid bacteria) and
Gram-negative bacteria (Pseudomonas spp., Enterobacteriaceae) [28,59], but also mesophilic
microorganisms, with optimum growth between 30 and 39 ◦C, which is a group containing
some pathogens like Streptococcus aureus, Salmonella spp. and Escherichia coli [59].

The results show that both mesophilic (Figure 7) and psychotropic (Figure 8) mi-
croorganisms grew throughout the 13 days, and that in the wrapped meat the growth
was slower compared to the unwrapped meat, as expected. All the wrapped samples
presented throughout the 13 days similar behavior, with no differences among films with
and without EOs. This reduced growth of microorganisms wrapped in chitosan is attribute
to the intrinsic antimicrobial activity of the chitosan [10].
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In terms of Enterobacteriaceae, the behavior presented a small variation, with ACEO
presenting lower growth values (6.8 log (CFU/g)) on the 13th day compared to the chitosan
film and the CCEO film, which presented 7.6 and 7.7 log (CFU/g), respectively (Figure 9).
Indeed, ACEO presented lower microbial growth than CCEO and pristine chitosan, al-
though it was not statistically significant. Moreover, at day 9, films with both EOs showed
a significantly lower Enterobacteriaceae growth, compared with chitosan, thus indicating the
beneficial effect of adding those EOs to improve the activity of the films.
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storage time.

In general, all the wrappers were effective in controlling the microbial growth of
the analyzed microorganisms, showing the capacity to increase shelf life. Previous in-
vestigations also reported similar behavior of essential oils as that seen in this study,
reporting around 6 log(CFU/g) for mesophilic bacteria in poultry wrapped with ACEO,
near 7 log(CFU/g) for psychotropic bacteria and around 4 log(CFU/g) for Enterobacteri-
aceae, although it was not possible to compare to a chitosan film without oil [53]. Trout
samples wrapped with edible ACEO presented levels of 4.56 log (CFU/g) compared to a
control chitosan (6.19 log (CFU/g)) at 12 days of storage for the total volatile countable
microorganisms, and 4.89 log(CFU/g) for Enterobacteriaceae with ACEO, which is 1.3 lower
than the chitosan control [27]. CCEO in minced meat presented values for total bacteria a
little below 8 log(CFU/g) for 0.5 and 1.5% EO, compared to chitosan and unwrapped meat,
which almost reached 9 log(CFU/g). Psychotropic bacteria presented similar values for
the EO, but with chitosan and unwrapped meat at around 8.5 log(CFU/g), followed by
Enterobacteriaceae with a 8.5 to 9.5 log(CFU/g) difference between them [55].

4. Conclusions

Chemical composition of both EOs was very similar to those from other countries,
with geranial and neral being the main compounds, followed by limonene for ACEO
and β-myrcene for CCEO. In terms of phenolic content and antioxidant activity of the
EOs, the contact assays showed their contribution to slowing down the deterioration
speed of the poultry meat, since they decrease the pH values and delay the degradation
and microbial growth processes. Although differences were not significant, ACEO had a
stronger contribution to reduce Enterobactereacea growth in the poultry meat. Up to the
9th day of storage, the EOs contribute to preserve the lipidic oxidation. The reduction
in moisture content in the meat samples, turning the meat more dry and less conditional
for bacterial growth, was more significant with the wrapped samples than unwrapped
samples. Wrapping the poultry meat with biofilms also contributed to maintaining the
pH levels and a decrease in the nitrogen levels of 62% compared to the unwrapped meat
was observed. The wrapping with chitosan also helped to lower lipidic oxidation and
microbial growth. The study provided the information that fresh poultry meat protected
by bioplastics can improve the shelf life time, and the incorporation of the essential oils
facilitated the delay of the oxidation process compared with the chitosan + NC control.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/macromol3040040/s1, Table S1: Relative chemical composition (%)
of essential oils from A. citrodora and C. citratus.
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