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Abstract: Active packaging incorporated with natural extracts is a promising technology to extend
shelf life of perishable food. Therefore, this study aimed to produce a bionanocomposite based on
chitosan reinforced with sodium montmorillonite (MMT) and incorporated with ginger essential
oil (GEO). In vitro activity was assessed through migration assay and antimicrobial study against
foodborne bacteria. Phenolic compounds were diffused within 48 h of contact, and retained some of
their antioxidant activity. Films demonstrated antimicrobial activity against both Gram-positive and
-negative bacteria tested. The effect on the shelf life of fresh poultry meat was determined on samples
wrapped in the biopolymers and stored under refrigeration for 15 days, through physicochemical
and microbiological analyses. Compared to unwrapped poultry meat, samples wrapped in the
bionanocomposites showed a reduction in microorganisms count of 1.2–2.6 log CFU/g, maintained
color and pH values and thiobarbituric acid reactive substances (TBARS) index increased at a lower
rate, extending fresh poultry meat shelf life. The incorporation of GEO enhanced the biopolymer
activity, by reducing lipid oxidation and microbiological growth of the poultry meat. In contrast,
reinforcement with MMT imprisoned the active compounds in the polymeric chain, hindering its
activity. In conclusion, the bionanocomposites tested represent promising substitutes to commercial
and unsustainable plastic films.

Keywords: active packaging; antioxidant activity; antimicrobial activity; bionanocomposites; natural
preservatives; migration; shelf life extension; Zingiber officinale

1. Introduction

Poultry meat is considered a healthy source of high-quality protein, vitamins, minerals and
essential polyunsaturated fatty acids (PUFAs), especially the omega (n)-3 fatty acids [1], and still
remains one of the cheapest sources of protein [2]. The OECD-FAO agriculture outlook 2016–2025
forecasts an expansion of meat production by 1.8 Mt annually by 2025, mainly due to pork and
poultry products [2]. Moreover, the poultry sector is possibly the fastest growing and most flexible
of all livestock sectors [1]. Due to its intrinsic composition (i.e., high protein and moisture content)
and high pH, the growth of spoilage and pathogenic microorganisms is favored; therefore chicken
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meat is considered a high perishable food [3,4]. The losses through the production chain are an
economic burden to the producer; consequently, food industries are continuously searching for novel
technologies/methods to increase the shelf life and overall safety/quality of the poultry products [3].

Biodegradable bioactive food packaging has aroused considerable interest to extend shelf life
and guarantee safety of perishable food susceptible to microbial alteration [5]. Through this approach,
the industry is capable of overcoming its three currently big problems or concerns: reduce food
spoilage and food poisoning [5]; attend to the consumer’s demand for “healthier” and less chemically
modified products [3]; and reduce the disposal problem created through the growth of demand and
use of petroleum-based plastic materials [6], as biodegradable biopolymers are a more environmentally
friendly alternative. In active packaging technology, bioactive substances are incorporated into the
system to enhance the quality and to extend the shelf life of products, e.g., meat [7], through three
different methods, namely: by direct incorporation of active compounds into the polymeric matrix;
as edible films and coatings with bioactive substances; and as activated sachet, patch or tablet [8].

Antimicrobial active packaging with incorporation of essential oils (EOs) has been studied in the
past decades as an alternative to traditional technologies to preserve food products [9–11]. Despite their
good bioactivity, EOs when directly incorporated into food matrices have two main disadvantages:
their costs and intense aroma that can change the organoleptic properties of the product, impacting
the sensory perception of applied food [5,12]. By incorporating these powerful extracts into polymers,
this limitation can be overcome, once small amounts are necessary, enabling these natural additives to
be used in the food industry as active packaging [12]. Arkoun and collaborators [5] extended the shelf
life of fresh meat by one weak with the use of chitosan-based nanofibers. Fish fillets and chicken breast
recorded a higher shelf life with the use of edible films based in chitosan [13] and cellulose acetate [14]
incorporated with rosemary essential oil, respectively.

Chitosan (Ch) is the second most abundant polysaccharide in nature after cellulose and considered
as a natural biopolymer [15]. It has the advantages of being derived from renewable sources
(i.e., found in the exoskeleton of crustaceans and in the cell wall of microorganisms), is biocompatible,
biodegradable, non-toxic, able to form membranes, films, gels, and fibers and also exhibits intrinsic
antimicrobial properties [9,16]. Biopolymers, including chitosan, are also known for their good oxygen
barrier properties [17]—a positive characteristic that plays and important role in the preservation of
foodstuffs. Still, being a hydrophilic compound, chitosan films have high permeability to water [18]
and, when compared to traditional plastic material, weaker mechanical properties [19]. To enhance
such characteristics, nanofillers are generally added [6]. Through the interaction with the polymeric
chain, a more tortuous path and stronger structures are created, improving both mechanical and barrier
properties [20,21]. Montmorillonite (MMT)—a layered silicate mineral clay—is the most researched
and used nanomaterial for this purpose due to its low cost, abundancy, mechanical resistance, swelling
and plasticizer ability [22].

Ginger is a spice obtained from the rhizomes of Zingiber officinale (Rosc.), family Zingiberaceae,
typically consumed as a fresh paste, slices, dried powder, in candies or as flavoring in culinary
products or tea [23]. Essential oils and oleoresins extracted from the species Z. officinale are rich in
diverse chemical compounds, such as zingiberene, α-curcumene, monoterpenes camphene, geranial,
linalool, 1,8-cineole, which confer bioactivity as antioxidants and anti-inflammatory or antimicrobial
extract [24]. Currently, ginger essential oil (GEO) is being used in studies aiming the development of
novel active packaging materials to be used in the food industry: chitosan–carboxymethyl cellulose
films incorporated with GEO and cinnamon EO [25]; nanofilms based on Tilapia fish skin gelatin and
ZnO nanoparticles incorporated with GEO for meat packaging application [26]; nanoemulsion-based
edible sodium caseinate coatings applied in fresh meat [27], edible coatings based on hydroxypropyl
methylcellulose, beeswax, nanoclay and ginger oil applied in fresh mango cuts [28].

However, to the best of our knowledge, to date, the combination of chitosan, montmorillonite and
ginger essential oil have never been produced and tested in fresh poultry meat. Moreover, despite the
number of published papers on the development and characterization of chitosan-based films, only a
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very limited number of studies assessed the antimicrobial potential of chitosan in real food systems [5].
Thus, this work aimed to develop a bionanocomposite on chitosan/MMT and GEO and to evaluate its
activity by in vitro and in situ assays.

2. Materials and Methods

2.1. Materials and Reagents

Food grade classification ginger (Zingiber officinale Roscoe) essential oil (Biover, Nazareth,
Belgium) was purchased in local market. The biopolymer (chitosan-75% of deacetylation and
high molecular weight (31–37 kDa)), ethanol absolute, 1,1,3,3-tetraethoxypropane (TEP) and
2,2-diphenyl-1-picrylhydrazyl (DPPH) were acquired from Sigma-Aldrich (Steinheim, Germany).
Folin-Ciocalteu Reagent, trichloroacetic acid (TCA), 2-thiobarbituric acid (TBA) and sodium carbonate
anhydrous were obtained from PanReac (Barcelona, Spain), while glacial acetic acid, glycerol, sodium
hydroxide (NaOH), and tween 80 from Alfa Aesar (Kandel, Germany). Dimethyl sulfoxide (DMSO)
was purchased from Fisher Scientific (Pittsburgh, PA, USA). All microbiological reagents were
purchased from Biokar (Allonne, Beauvais, France): Tripto-casein soy broth (TSB), tripto-casein
agar (TSA), plate count agar (PCA), brilliant green lactose bile broth and mueller hinton agar (MHA).
The nanoclay used (sodium montmorillonite (Cloisite®Na+)), in this paper will be referred as MMT,
was kindly donated by BYK Additives & Instruments (Wesel, Germany). The MMT is a commercial
montmorillonite on its natural state (with sodium interlayer cation), available as a solid powder with
off-white color and odorless, 2.9 g/cm3 density, pH of 9.0 in 2% aqueous dispersion and an interplanar
distance d001 = 1.17 nm [29]. All water used was purified using Milli-Q system (Millipore, Billerica,
MA, USA) and all chemicals were of analytical reagent grade.

2.2. Films Production

Bionanocomposites were prepared according to Souza et al. [30] and Dias et al. [31]. Chitosan
(1.5%, w/v) film form dispersion (FFD) in 1% (v/v) of glacial acetic acid solution was prepared with
continuous agitation overnight at room temperature. A plasticizer, glycerol, was added to all samples
(30% w/w of polymer). In order to achieve good miscibility and dispersion of the 2.5% (w/w of
chitosan) of MMT into chitosan chains an exfoliation process consisting of three agitation cycles (5 min
agitation with the ultraturrax (15,000 rpm) (IKA® T18, Staufen, Germany) followed by 15 min (360 W)
in an ultrasound bath (Selecta, Barcelona, Spain)) was carried out. Before the last agitation cycle
GEO (0.5%; 1% and 2% v/v in FFD) and tween 80 (0.2% w/v in GEO) were added. Biofilms without
the nanoreinforcement were produced without the two first agitation cycles. Also films without
incorporation of MMT nor GEO were produced in the same conditions. The resulting composite was
casted in glass molds (18 cm × 25 cm) or in glass Petri Dish (10 cm diameter) and dried for 72 h at room
temperature (relative humidity approximately 50%). Dried films were peeled and stored protected
from light at 25 ◦C until evaluation.

2.3. In Vitro Active Characterization

2.3.1. Migration Assays

Migration assays were performed to determine the diffusion of the active compounds (total
phenolic compounds present in the GEO) incorporated into the film towards a fatty food simulant
(95% ethanol solution) at 37 ± 2 ◦C during 10 days [32]. Periodically, total phenol content present in
the simulant media and its antioxidant activity were determined by Folin–Ciocalteu method [33] and
DPPH assays [34], respectively:

Total phenol content (TPC): 1 mL of simulant was mixed with 3 mL of water and 0.25 mL of
Folin–Ciocalteu reagent. After 5 min incubation at the dark, 0.75 mL of sodium carbonate solution
5% (w/v) was added and the system incubated for more 60 min in the same conditions. Absorbance
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at 760 nm was measured using spectrophotometer UV/Vis (Spekol 1500, Analytikjena, Germany).
Calibration curve with known concentration (0–120 mg·L−1) of gallic acid solutions was used to
quantify the TPC. Results were expressed in mg gallic acid equivalent (GAE)·L−1 of simulant.

DPPH free radical scavenging assay: antioxidant activity of the active compounds diffused to
the simulant media was determined with DPPH assay. Briefly, 1 mL of simulant was mixed with
3 mL of 60 µmol·L−1 DPPH ethanolic solution and incubated in dark for 20 min. The absorbance was
read at 517 nm using UV/VIS spectrophotometer and the percentage of inhibition calculated using
Equation (1):

Radical scavenging (%) =
(Initial absorbance − Sample absorbance)

Initial absorbance
× 100 (1)

In a complementary manner, the diffusion coefficient (D) of phenolic compounds was calculated
from the plot of MF,t/MP,0 versus t0.5 using initial migration data according to the model based on the
Fick’s second law described in Equation (2) [35]:

MF,t

MP,0
=

2
δ

(
Dt
π

)0.5
(2)

where MF,t (mg GAE) is the total phenol content in the food simulant at time t, MP,0 (mg GAE) is the
initial TPC in the packaging film, D (m2·s−1) is the diffusion coefficient of TPC in the packaging film
and δ (m) is the thickness of the packaging film.

2.3.2. Antimicrobial Studies

In vitro antimicrobial activity of pure GEO and films was studied by agar diffusion method [36]
against Gram-positive bacteria (Bacillus cereus (ATCC11778), Enterococcus faecalis (ATCC29212),
Listeria monocytogenes (ATCC15313), Staphylococcus aureus (ATCC6538)); Gram-negative bacteria
(Escherichia coli (ATCC8739), Pseudomonas aeruginosa (ATCC9027), Salmonella enterica (ATCC10708));
and one yeast Candida albicans (ATCC10231). Firstly, glycerol stock cultures stored at −80 ◦C in
ultra-low temperature freezer (New Brunswick Scientific, St. Albans, Hertfordshire, UK) were
inoculated in TSA or MHA and incubated at 30 ◦C for B. cereus and C. albicans or at 37 ◦C for the other
microorganisms during 16–24 h for bacteria and 48 h for the yeast. Petri dish (8.5 cm of diameter)
containing Mueller Hinton Agar were inoculated with a suspension containing 1 × 108 CFU/mL for
the bacteria or 1 × 106 CFU/mL for the yeast (both previously adjusted to match a 0.5 McFarland
turbidity standard using a Mc-Farland densitometer (Model Den-1B, Grant Instruments, Cambridge,
UK)). For the assessment of pure GEO, wells with 6 mm diameter were cut in the MHA and filled
with 50 µL of the pure essential oil or also diluted in DMSO (1:1) for C. albicans. Wells filled with
DMSO were used as negative control. For the films, disks (6 mm diameter) were cut and placed onto
inoculated plate surface and incubated during 24 h in the fridge (5 ± 2 ◦C) to allow the migration
of the active compounds to MHA, prior to the incubation at 37 ◦C or 30 ◦C (depending on the
microorganism) for 20 h or 48 h (yeast). Inhibition zone below films disks was also considered as
positive antimicrobial activity.

Antimicrobial activity of bionanocomposites was also assessed by viable cell colony count
(CFU) method [36,37] against Gram-positive (B. cereus (ATCC11778)) and Gram-negative (S. enterica
(ATCC10708)) foodborne bacteria. An amount of 0.2 g of each film was immersed in 4 mL of TSB
containing ~106 CFU/mL of the tested bacteria. Subsequently, the tubes were kept shaking (150 RPM)
incubated at 37 ◦C (S. enterica) or 30 ◦C (B. cereus) during 24 h. Tubes without films were used as
control. One hundred microliters of serial dilutions were spread onto TSA plates, incubated for 16–24 h
and the number of viable microorganism colonies was then manually counted. Results were expressed
as the number of log reductions calculated according to Equation (3):
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number of log reductions = log B − log A (3)

where B and A are the mean number of bacteria (CFU/mL) in the control samples and treated samples
after 24 h incubation, respectively.

2.4. In Situ Active Characterization

Fresh poultry minced meat was purchased in local market and packaged in the biopolymers
produced. Approximately 30 g of meat were wrapped on films specimens (5 cm × 18 cm) and stored
into plastic boxes with screw cap, under refrigeration (5 ± 2 ◦C) for 15 days. Meat unwrapped
and wrapped in commercial adherent films (polyvinyl chloride (PVC)) were also evaluated as
controls. Periodically, meat was characterized in terms of the lipid oxidation, physicochemical and
microbiological quality at 0, 3, 7, 10 and 15 days of storage.

2.4.1. Physicochemical Characterization

Physicochemical characterization was evaluated in terms of pH, titratable acidity and moisture
according to AOAC method [38]. Color was also determined by measurement of CIE-L*a*b* coordinates
(L = 0 (black) to L = 100 (white), −a (greenness) to +a (redness), and −b (blueness) to +b (yellowness))
on the surface of the meat using a CR 410 colorimeter (Minolta Co., Tokyo, Japan) with D65 light
source, and visual angle of 10◦. Hue angle was calculated according to Equation (4) [32]:

Hue angle = tan
(

b∗

a∗

)−1
(4)

where b* and a* are the coordinates measured from the samples.

2.4.2. Thiobarbituric Acid Reactive Substances (TBARS) Index

Lipid oxidation was assessed by TBARS assay [39]. Ten grams of each meat were mixed with 20 mL
of trichloroacetic acid (TCA) 7.5% (w/v) and agitated for one hour to extract the malonaldehyde (MDA).
Subsequently, 5 mL of the filtrate resulted was combined with 5 mL of 0.02 M 2-thiobarbituric acid
(TBA) and heated (95 ◦C/30 min) in water bath (Memmert, Germany). After cooling, the absorbance
was measured at 530 nm in UV/VI spectrophotometer. Calibration curve using known concentrations
of MDA (from TEP solution) was used to calculate the TBARS index. Results were expressed as mg of
MDA/kg of meat.

2.4.3. Microbiological Growth

Total mesophilic aerobic bacteria (TMAB) and total coliforms were used to evaluate the
microbiological quality of the meat packaged. The determination was performed in accordance
to ISO 4833-1:2013 [40] and ISO 4831:2006 [41], respectively. Total mesophilic aerobic bacteria counts
were performed in Plate Count Agar after incubation at 30 ◦C for 72 h. Total coliforms counts were
performed in brilliant green lactose bile broth after incubation at 30 ◦C for 48 h to calculate the most
probable number (MPN). Results were expressed as log CFU (colony forming units)/g of meat (TMAB)
or log MPN/g of meat (total coliforms).

2.5. Statistical Analysis

All experiments were conducted using a completely randomized design with three replications.
Statistical analysis of data was performed through a one-way analysis of variance (ANOVA) using
Software OriginLab (version 8.5), and when ANOVA was significant (p < 0.05) differences among
mean values were processed by the Tukey test. Significance was defined at p < 0.05.
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3. Results and Discussion

3.1. In Vitro Active Characterization

3.1.1. Migration Assay

Diffusion coefficient of TPC, maximum TPC released ratio (maximum total phenol content
quantified in the simulant/total phenol content incorporated into the chitosan film) and percentage
of radical scavenging are shown in Table 1. The release of phenolic compound towards the 95%
ethanol followed an “exponential growth to a maximum” migration pattern, reaching the equilibrium
after 24–48 h of contact with the simulant (Figure 1). Similar behavior was reported in the migration
of TPC from green tea extract incorporated in ethylene–vinyl alcohol copolymer (EVOH) films to
95% ethanol [42] or from coca extract incorporated in EVOH films to water [43]. The diffusion
coefficient did not statistically differ among the bionanocomposites tested (p > 0.05) except Chitosan
+ MMT + 1% GEO, which showed a significantly higher diffusion coefficient than the ones obtained
with the two samples incorporated with 2% GEO (p < 0.05). Films with one percent of GEO and
MMT presented the faster release of TPC towards the simulant media. It is also important to
point out that the presence of the nanofiller accelerated the diffusion process when 0.5% and 1%
of GEO was incorporated, while retarded with 2% GEO. In food systems, the big advantage of active
packaging is the possibility to extend the protection time through the gradual release of the bioactive
compounds [44]. Therefore, samples with the highest amount of GEO and MMT, from this in vitro
migration assay, would be highlighted as the most promising film. However, in comparison with
other diffusion coefficient values for similar EOs and films, this study findings are one order of
magnitude higher than those obtained for chitosan films incorporated with rosemary essential oil [45],
which suggests a smaller release time or lower retention of phenolic compounds from GEO inside
chitosan film.
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incorporated with GEO in different concentrations; (b) Films incorporated with MMTNa and GEO
in different concentrations. GEO (ginger essential oil), MMT (sodium montmorillonite), GAE (gallic
acid equivalent).

The phenolic compounds released to the simulant media kept some of their antioxidant activity;
however, it was not correlated to the TPC present in the simulant, as it was expected and previously
reported in the literature [32]. Abdollahi et al. [46] reported a good interaction between chitosan
functional groups and rosemary essential oil, furthermore, in the presence of MMT these bonding
were enhanced. Such interactions between chitosan × phenolic compounds, and chitosan × phenolic
compounds × MMT may also have occurred with present films and can explain the existence of no
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correlation between TPC in the simulant and the antioxidant activity of compounds released to the
simulant. In vitro studies are important to evaluate the activity of novel materials once these can
predict the behavior in real situation. However, the food matrix is much more complex than the
simulant media, thus in real scenarios the results may be different [32]. Therefore, it is important to
also investigate in situ activity of the films.

3.1.2. Antimicrobial Studies

Essential oils are well known for their good antimicrobial activity [47], and extensive research
and reviews have focused on this matter [48–51]. In the present study, pure GEO only demonstrated
antimicrobial activity against the Gram-positive bacteria (B. cereus, S. aureus and L. monocytogenes)
(Figure 2), and no inhibition zone was observed for E. faecalis or any of the Gram-negative foodborne
bacteria tested (data are not shown). Regarding the C. albicans, pure GEO led to the complete inhibition
of the yeast growth, and when diluted (1:1) an inhibition zone of approximately 20 mm was recorded
(Figure 2). This is in accordance with what was previously reported for two ginger essential oils
extracted from the plant’s leaves or rhizomes, which in general exhibited better antibacterial activity
against the Gram-positive bacteria than against the Gram-negative bacteria [52], probably due to
the protection conferred by the lipopolysaccharide layer of the outer membrane of Gram-negative
bacteria [53]. Singh et al. [54] found good antifungal activity (average 60% of mycelial growth) of
GEO against several Aspergillus spp. and Fusarium moniliforme, which is in agreement with the strong
antifungal activity against C. albicans.

The antimicrobial activity of EOs from spices and herbs are believed to be due to their rich content
in phenolic compounds [47,54], and the higher susceptibility of Gram-positive bacteria compared to
Gram negative bacteria suggests that the microbial targets of oil is the cell wall [24]. Singh et al. [54],
Trajano et al. [55] and López et al. [24] also studied the antimicrobial activity of Zingiber officinale
essential oil with contradictory conclusions. Trajano et al. [55] only found antibacterial activity of GEO
against S. aureus, and no inhibition against L. monocytogens, E. coli, B. cereus, S. enterica, P. aeruginosa and
Yersinia enterocolitica, while Singh et al. [54] observed good antimicrobial activity against E. coli, S. aureus,
P. aeruginosa and Klebsiella pneumoniae, similar to what was observed by López et al. [24]. The differences
from present results and the ones cited may be attributed to the characteristic composition of each
GEO tested, once the type and concentration of phenolic compounds are directly correlated to the
antimicrobial activity [52]. Also, the extraction procedure applied may have interfered in the final
composition of the GEO and consequently on its biological activity.

The films, on the other hand, only presented activity against two of the bacteria tested: B. cereus
and S. aureus, and only underneath the disk specimens of the samples incorporated with 1% and 2% of
GEO, in the case of B. cereus, and with 0.5%, 1% and 2% of GEO against S. aureus (Figure 2). No activity
was observed against Gram negative bacteria or the yeast tested.

Despite its well-known antimicrobial activity, pristine chitosan films did not present an inhibition
zone for any of the microorganisms assessed. According to Hafsa et al. [56], the antimicrobial
properties of chitosan may become negligible when the polysaccharide is in the form of insoluble
films. Similar results were also reported with chitosan film incorporated with propolis extract against
several Gram-positive and Gram-negative bacteria, where only the samples incorporated with propolis
presented inhibition underneath the disk films and pristine chitosan film did not show antimicrobial
activity [57].

Ginger essential oil when incorporated in the films had its antimicrobial activity reduced, probably
due to a partial loss of volatile essential oil in the film by evaporation [58] and to the good interaction
between the phenolic compounds and the films that entrapped the active compounds in the polymeric
chain, lowering its diffusion towards the MHA, and therefore limiting its activity only underneath the
disk films [57].
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Table 1. In vitro study: migration assay and antibacterial activity.

Film

Antibacterial Activity
(Log Reduction)

Diffusion
Coefficient of TPC

(10−11 m2/s)

Maximum GEO
Diffused/Total

Incorporated into Films

Maximum % Radical
Scavenging (DPPH)

B. cereus S. enterica

Ch 7.3 ± 0.1 A 5.3 ± 0.6 A No migration – –
Ch + MMT 6.7 ± 1 A 3.5 ± 0.7 B No migration – –

Ch + 0.5% GEO 3.4 ± 0.2 B 3.8 ±0.1 B 2.06 ± 0.2 A,B 0.71 6.3
Ch + MMT + 0.5% GEO 2.3 ± 0.1 B 3.2 ±1.0 B 3.77 ± 0.48 A,B 0.82 40.6

Ch + 1% GEO 1.5 ± 0.3 B 3.8 ± 0.4 B 3.15 ± 0.29 A,B 0.68 10.5
Ch + MMT + 1% GEO 3.6 ± 0.8 B 3.2 ± 0.3 B 11.4 ± 0.63 A 1.0 8.32

Ch + 2% GEO 3.6 ± 0.3 B 3.6 ± 0.3 B 1.24 ± 0.43 B 0.37 18.9
Ch + MMT + 2% GEO 5.3 ± 0.0 A 2.3 ± 0.2 B 0.13 ± 0.01 B 0.31 6.05

A,B: Different superscripts within the same column indicate statistically significant differences among samples
(p < 0.05). Ch—chitosan; MMT—sodium montmorillonite; GEO—ginger essential oil; TPC—total phenol content.Coatings 2018, 8, x FOR PEER REVIEW  8 of 18 
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The antimicrobial results for the film in direct contact with the bacteria in the growth media were
more promising (Table 1). The maximum mortality reached against Gram-positive (B. cereus) and
Gram-negative (S. enterica) foodborne pathogens were respectively 7.3 ad 5.3 log reductions after 24 h
contact for pristine chitosan film. Again, films were more efficient against Gram-positive bacteria than
Gram negative bacteria, in line with what was previously discussed for the agar diffusion results. In
comparison with the films incorporated with GEO and/or MMT, the mortality reduced either with
incorporation of the active extracts or the nanoreinforcement (p < 0.05). Thus, the film’s antimicrobial
activity is probably due to the intrinsic antimicrobial activity of chitosan, and not from the GEO or
MMT added. Chitosan antimicrobial mechanism of action is related to its positive charges (NH3

+)
that would interfere with the negatively charged residues of macromolecules on the microbial cell
surface, causing permeabilization and leakage of intracellular material resulting in cell death [9,59,60].
Montmorillonite and the phenolic compounds from the GEO may have interacted with the amide
group of chitosan [60,61] and reduced the number of functional groups to interact with the membrane
and display the antimicrobial action.

3.2. In Situ Active Characterization

3.2.1. Physicochemical Characterization

To evaluate the protector effect of the film on the shelf life of the poultry meat, some
physicochemical parameters were evaluated through the 15 days of storage (Table 2). The natural
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deterioration process resulted in increased pH value, with reduction of the acidity, changes on the
color (discoloration process) and increase of the moisture content, as can be observed for the meat
without packaging (unwrapped). Such changes were less significant for the other samples: samples
wrapped in the commercial PVC showed less change than unwrapped samples, but higher changes
than samples wrapped with Ch, thus indicating that the biocomposites produced are promising
substitutes to commercial and unsustainable plastic films. The incorporation of GEO in the chitosan
matrix enhanced significantly the activity of the biopolymers once the samples wrapped in those films
showed minimum changes (Table 2). The magnitude of the changes observed in samples wrapped in
the biopolymers with MMT, with or without GEO, were in between samples wrapped with Ch and
samples wrapped with Ch + GEO.

In terms of color, the meat was evaluated through the calculation of the hue angle (h*) (Table 2).
This angle converts the CIE-L*a*b* coordinates a* and b* into angles representing color tonalities
starting at 0◦ and with increasing values rotating counterclockwise: h* of 0◦ represents the color red,
90◦ yellow, 180◦ green and 270◦ blue [62]. Initial h* observed was 57◦, i.e., reddish color, over time
the hue angle increased, especially for the control meat and the sample wrapped with the commercial
plastic (Table 2). Higher values of hue indicate that the meat color tended to a more yellowish tone,
losing its reddish characteristic color. In comparison with the meat protected with the active films,
control sample and the meat wrapped in PVC presented higher value of h* in the last day of assessment
(p < 0.05). Between the active films incorporated with GEO, despite the amount of essential oil added,
the hue angle did not change statistically (p > 0.05), and the meat showed h* values around 55◦–60◦.
Chitosan film and Ch + MMT film also slowed down the discoloration process. Moreover, sample
packaged in any of the chitosan films preserved the h* between the day zero and the day 15 (p > 0.05).
Thus, the films maintained the original color of the meat, which is a key factor to boost the acceptance
of such products by consumer, once color is a valued sensory attribute when accepting or rejecting
foodstuff [63]. The decrease of the meat redness, mainly observed in the unwrapped samples and in
the samples wrapped with PVC, is directly related to the lipid oxidation process and the degradation
of heme molecules with formation of metmyoglobin [14,64,65]. Therefore, chitosan films succeeded in
preventing the discoloration process. Two routes can explain the activity of the films: the antioxidant
activity of the phenolic compounds that retarded the lipid oxidation together with the protection
related to the metal chelator ability of chitosan. Present results are in line with the further TBARS and
microbiological study discussed in Sections 3.2.2 and 3.2.3.

Regarding the pH, control sample reached a pH value around 8.17 after 15 days of refrigerated
storage (Table 2). Similar to the results of the color, pH changed less in the wrapped samples. At day 15,
the smallest pH value was 5.71 recorded for the meat wrapped in Ch + 1%GEO. The other two
concentrations of GEO also kept pH values low. In fact, for those three samples, the pH value between
day zero and day 15 did not differed much, and except for Ch + 2% GEO, the change was not
statistically significant (p > 0.05). For all the other films, the pH increased along 15 days of storage,
and among the samples the value did not change statistically (p > 0.05). Thus, pH values of samples
protected with PVC were the same as the pH of the samples protected with Ch, Ch + MMT, or Ch +
MMT + GEO. The reduction of the activity of the active films with the incorporation of the MMT is
probably due to the diminish migration of the phenolic compounds from GEO to the meat, therefore
reducing the protection against microbial development and lipid oxidation, in line with the findings
presented in the Sections 3.2.2 and 3.2.3. The increase in pH values may be attributed to the growth of
microorganisms that produce volatile basic components [14]; therefore, the maintenance of the pH
indicates the efficiency of the films in the extension of the shelf life of the products. Similar results
were reported in literature for chitosan films incorporated with rosemary essential oil applied in fish
fillets [66] or for chitosan films incorporated with GEO applied in barracuda fish [67]. In agreement,
titratable acidity reduced over the storage time (p < 0.05) (Table 2), which is in line with the increase of
pH observed. The highest drop on the titratable acidity occurred for the unwrapped meat, while the
samples protected showed less significant changes. Similar to the discussion for pH, the changes in
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this parameter are attributed to the growth of microorganisms that, through the degradation of the
proteins, produce amines that neutralize the acids reducing the titratable acidity [14].

The moisture content of the meat packaged with the chitosan films showed a tendency to maintain
or decrease over time (Table 2), especially the meat wrapped with films incorporated with GEO
(and with no MMT) (p < 0.05). Such behavior may be attributed to the hydrophilic character of chitosan
films that are able to absorb water and exhibit a high water vapor permeability [30], explaining the
reduction in the water content of the meat packaged. In a previous work, poultry meat packaged
in chitosan films incorporated with rosemary essential oil and montmorillonite also showed similar
behavior [45], corroborating the present results.

3.2.2. Thiobarbituric Acid Reactive Substances Index

The oxidation status of the meat was assessed through the measurement of the TBARS index.
Change in the secondary products of lipid oxidation was statistically different over time for all
treatments (p < 0.05), except for the meat protected with chitosan film incorporated with GEO at
the levels of 0.5%, 1% and 2% (p > 0.05) (Table 2). The presence of montmorillonite diminished the
protection of the active films, probably due to the good interaction between the nanofiller and the
polymer matrix and the phenolic compounds present in the GEO. Thus, the release of the bioactive
compounds was diminished, resulting in a weaker protection effect, although a smaller oxidation if
compared to the unprotected meat.

Together with the microbial growth, lipid oxidation is one of the most detrimental processes in
foodstuffs [66] and the threshold of off-odor perception by consumers corresponds to a TBARS value of
0.5 mg MDA/kg sample [67]. Analyzing present results, up to the seventh day of refrigerated storage,
only the meat unwrapped had exceeded this TBARS value threshold and, therefore, would be rejected
by the consumers. At day 10 of storage, meat wrapped in PVC, chitosan + MMT, chitosan + MMT +
0.5% and 1% of GEO exceeded the limit. Finally, at the last day of assessment (15th day of storage),
meat packaged with chitosan + MMT + 2% GEO overpassed the 0.5 mg MDA/kg meat, while the
samples protected with the chitosan film and with chitosan + GEO (0.5%, 1% and 2%) still had not
reached the rejection point. This result confirms the potential of the films to be used as preservatives
for fresh poultry meat products, once pristine chitosan films and the biopolymers incorporated only
with GEO (in all concentrations tested) extended the shelf life of the meat by at least eight days in
terms of lipid oxidation.

The protection effect of the films may be attributed either to the good oxygen barrier and the
chelator ability of the chitosan [66] and/or to the GEO through the ability of its phenolic compounds to
donate electrons and stabilize free radicals acting as antioxidants [14]. Other biopolymers incorporated
with different EOs have demonstrated similar results in food matrices [14,66,68,69].

3.2.3. Microbiological Growth

Changes in the total mesophilic aerobic bacteria and total coliforms of unwrapped and wrapped
minced poultry meat are presented in Table 3. The meat presented initial TMAB of 5.1 log CFU/g
meat, bellow the limit of 6.69 log CFU/g meat established in the Regulation (EC) No 2073/2005
for minced meat [70]. Over time the total mesophilic aerobic bacteria increased for all treatments
(p < 0.05), reaching a final counting of 10.1 log CFU/g meat for unwrapped meat and a reduction
varying between 1.2 and 2.6 log for the samples protected in the active films. Such results represent an
increase in the shelf life time of the product and highlight the films as a tool to preserve the quality
and safety of meat products. Moreover, the biopolymers reduced the microbiological growth more
than the commercial one, which only showed a reduction of 0.5 log compared to unwrapped samples.
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Table 2. Thiobarbituric acid reactive substances (TBARS) and physicochemical evaluation of meat packaged though shelf life time.

Parameter Day Unwrapped PVC Ch Ch + 0.5% GEO Ch + 1% GEO Ch + 2% GEO Ch + MMT Ch + MMT +
0.5% GEO

Ch + MMT +
1% GEO

Ch + MMT +
2% GEO

TBARS (mg
MDA/kg meat)

0 0.11 ± 0.05 a,C 0.11 ± 0.05 a,B 0.11 ± 0.05 a,B 0.11 ± 0.05 a,A 0.11 ± 0.05 a,A 0.11 ± 0.05 a,A,B 0.11 ± 0.05 a,B 0.11 ± 0.05 a,C 0.11 ± 0.05 a,C 0.11 ± 0.05 a,B

3 0.13 ± 0.06 b,C 0.11 ± 0.01 b,B 0.19 ± 0.06 b,B 0.16 ± 0.02 b,A 0.07 ± 0.0 b,B 0.10 ± 0.06 b,A,B 0.34 ± 0.02 a,B 0.15 ± 0.01 b,C 0.15 ± 0.03 b,C 0.18 ± 0.09 b,B

7 0.88 ± 0.20 a,B 0.07 ± 0.01 c,B 0.12 ± 0.02 c,B 0.19 ± 0.10 c,A 0.05 ± 0.02 c,B 0.06 ± 0.02 c,A,B 0.49 ± 0.03 b,A,B 0.17 ± 0.04 c,C 0.16 ± 0.02 c,C 0.13 ± 0.02 c,B

10 1.48 ± 0.33 a,A 0.65 ± 0.25 b,c,A 0.23 ± 0.06 d,e,A,B 0.20 ± 0.02 d,e,A 0.04 ± 0.01 e,B 0.02 ± 0.01 e,B 0.58 ± 0.04 b,c,d,A,B 0.78 ± 0.00 b,B 0.57 ± 0.00 b,c,d,B 0.28 ± 0.03 c,d,e,B

15 1.97 ± 0.28 a,A 0.65 ± 0.02 b,c,d,A 0.42 ± 0.12 c,d,A 0.25 ± 0.0 c,d,A 0.20 ± 0.04 d,A 0.15 ± 0.06 d,A 1.11 ± 0.54 b,A 1.09 ± 0.20 b,A 0.83 ± 0.12 b,c,A 0.51 ± 0.12 b,c,d,A

Hue (◦)

0 57 ± 1 a,E 57 ± 1 a,C 57 ± 1 a,A 57 ± 1 a,B 57 ± 1 a,A 57 ± 1 a,A 57 ± 1 a,A 57 ± 1 a,A 57 ± 1 a,B 57 ± 1 a,B,C

3 62 ± 0 a,b,D 61 ± 1 a,b,c,B 59 ± 2 b,c,d,A 56 ± 1 d,e,B 52 ± 1 e,A 53 ± 1 e,B 62 ± 0 a,b,A 60 ± 2 a,b,c,A 58 ± 1 c,d,B 62 ± 0 a,A

7 64 ± 0 a,b,C 67 ± 0 a,A 59 ± 1 b,c,A 56 ± 1 c,d,B 57 ± 4 c,d,A 57 ± 2 c,d,A 62 ± 3 b,c,A 59 ± 1 b,c,A 64 ± 0 a,b,A 53 ± 2 d,C

10 67 ± 0 a,B 66 ± 1 a,A 59 ± 1 c,A 64 ± 1 a,b,A 58 ± 2 c,A 60 ± 1 b,c,A 61 ± 2 b,c,A 59 ± 1 c,A 60 ± 0 b,c,B 61 ± 2 b,c,A,B

15 70 ± 1 a,A 67 ± 1 a,b,A 60 ± 2 c,d,A 55 ± 0 e,B 55 ± 2 e,A 57 ± 1 d,e,A 62 ± 0 b,c,A 60 ± 0 c,d,A 57 ± 4 c,d,e,B 60 ± 3 c,d,e,A,B

pH

0 5.87 ± 0.11 a,C 5.96 ± 0.15 a,C 5.87 ± 0.11 a,D 5.72 ± 0.02 a,A,B 5.71 ± 0.21 a,A 5.71 ± 0.21 a,B,C 5.96 ± 0.15 a,B 5.96 ± 0.15 a,A 5.96 ± 0.15 a,B 5.96 ± 0.15 a,B

3 6.09 ± 0.35 a,C 6.19 ± 0.08 a,C 6.01 ± 0.20 a,C,D 5.57 ± 0.07 b,B 5.38 ± 0.02 b,B 5.45 ± 0.05 b,C 6.01 ± 0.00 a,B 6.12 ± 0.05 a,A 6.03 ± 0.02 a,B 5.96 ± 0.09 a,b,B

7 7.16 ± 0.30 a,B 6.50 ± 0.12 b,B 6.33 ± 0.02 b,c,B,C 5.62 ± 0.01 f,A,B 5.74 ± 0.04 e,f,A 5.76 ± 0.10 e,f,B 5.84 ± 0.02 d,f,B 6.02 ± 0.04 c,d,e,A 6.10 ± 0.04 c,d,B 5.94 ± 0.08 d,e,f,B

10 7.55 ± 0.02 a,B 6.79 ± 0.04 b,B 6.51 ± 0.21 b,c,B 5.58 ± 0.02 e,B 5.60 ± 0.03 e,A,B 5.52 ± 0.04 e,B,C 6.01 ± 0.04 d,B 6.14 ± 0.20 d,A 6.29 ± 0.07 c,d,B 6.00 ± 0.20 d,B

15 8.17 ± 0.14 a,A 7.26 ± 0.13 b,c,A 7.14 ± 0.23 b,c,A 5.85 ± 0.2 d,e,A 5.71 ± 0.09 e,A 6.22 ± 0.01 d,e,A 7.27 ± 0.36 b,c,A 6.50 ± 0.55 c,d,e,A 7.33 ± 0.36 b,A 6.61 ± 0.24 b,c,d,A

Acidity (% oleic
acid equivalent)

0 1.80 ± 0.39 a,A 1.68 ± 0.22 a,A 1.80 ± 0.39 a,A 2.12 ± 0.11 a,A 2.12 ± 0.11 a,A 2.12 ± 0.11 a,A 1.68 ± 0.22 a,A 1.68 ± 0.22 a,A 1.68 ± 0.22 a,A 1.68 ± 0.22 a,A

3 1.24 ± 0.37 b,A,B 1.32 ± 0.08 b,B 1.13 ± 0.01 b,B 1.70 ± 0.02 a,B 1.75 ± 0.08 a,B 1.75 ± 0.03 a,B 1.19 ± 0.17 b,B 1.04 ± 0.19 b,B 1.04 ± 0.09 b,C,D 1.26 ± 0.05 b,A,B

7 0.42 ± 0.14 f,C 1.27 ± 0.07 c,d,B 0.85 ± 0.05 e,B 1.47 ± 0.01 a,b,B,C 1.55 ± 0.04 a,C 1.41 ± 0.03 a,b,c,C 1.49 ± 0.00 a,b,A,B 1.22 ± 0.00 c,d,A,B 1.33 ± 0.13 b,c,d,B,C 1.16 ± 0.02 d,B

10 0.73 ± 0.15 c,B,C 1.15 ± 0.06 b,B,C 1.13 ± 0.18 b,c,B 1.30 ± 0.20 a,b,C 1.46 ± 0.09 a,b,C 1.36 ± 0.04 a,b,C 1.46 ± 0.10 a,b,A,B 1.58 ± 0.23 a,A,B 1.52 ± 0.06 a,b,A,B 1.65 ± 0.15 a,A

15 0.66 ± 0.14 b,B,C 0.87 ± 0.02 a,b,C 1.22 ± 0.30 a,A,B 0.73 ± 0.11 a,b,D 1.22 ± 0.03 a,D 1.11 ± 0.08 a,b,D 0.78 ± 0.15 a,b,C 1.24 ± 0.34 a,A,B 0.76 ± 0.09 a,b,D 1.13 ± 0.29 a,b,B

Water content (%)

0 75.5 ± 0.2 a,B 75.5 ± 0.2 a,B 75.5 ± 0.2 a,A 75.5 ± 0.2 a,A 75.5 ± 0.2 a,A 75.5 ± 0.2 a,A 75.5 ± 0.2 a,A 75.5 ± 0.2 a,A 75.5 ± 0.2 a,A 75.5 ± 0.2 a,A

3 75.4 ± 0.2 a,b,B 75.8 ± 0.4 a,B 73.4 ± 0.1 c,B,C 74.7 ± 0.4 b,A 73.3 ± 0.0 c,A,B 73.6 ± 0.2 c,B 73.8 ± 0.2 c,B 73.1 ± 0.4 c,B 73.4 ± 0.2 c,B 73.0 ± 0.2 c,C

7 76.0 ± 0.2 a,A,B 75.1 ± 0.4 a,B 72.5 ± 0.1 b,C 73.2 ± 0.3 b,B 72.6 ± 0.6 b,B 72.8 ± 0.5 b,B,C 73.2 ± 0.3 b,B 73.1 ± 0.3 b,B 72.8 ± 0.0 b,B 72.9 ± 0.7 b,C

10 76.2 ± 0.4 a,A,B 75.6 ± 0.3 a,b,B 74.5 ± 0.3 b,c,A,B 74.4 ± 0.5 c,A,B 72.0 ± 0.1 d,B 70.7 ± 0.7 e,C,D 73.6 ± 0.2 c,B 74.1 ± 0.2 c,B 73.4 ± 0.6 c,B 74.1 ± 0.2 c,B

15 77.3 ± 1.0 a,A 76.7 ± 0.1 a,b,A 73.4 ± 0.8 c,d,e,B,C 71.6 ± 0.8 e,C 72.0 ± 2.0 d,e,B 71.3 ± 0.4 e,D 75.9 ± 0.6 a,b,c,A 74.2 ± 0.9 b,c,d,B 74.8 ± 0.2 a,b,c,A 73.6 ± 0.2 c,d,e,B,C

A–D: Within each parameter, mean values in the same column not sharing upper case superscript letters indicate statistically significant differences among samples (p < 0.05); a–f: Within
each parameter, mean values in the same line not sharing lower case superscript letters indicate statistically significant differences among samples (p < 0.05). Thiobarbituric acid reactive
substances (TBARS), Malonaldehyde (MDA), Chitosan (Ch), Sodium Montmorillonite (MMT), Ginger Essential Oil (GEO).
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Table 3. Microbiological study of meat packaged though shelf life time.

Parameter Day Unwrapped PVC Ch Ch + 0.5% GEO Ch + 1% GEO Ch + 2% GEO Ch + MMT Ch + MMT +
0.5% GEO

Ch + MMT +
1% GEO

Ch + MMT +
2% GEO

TMAB (log
CFU/g meat)

0 5.1 ± 0.1 a,C 5.1 ± 0.1 a,C 5.1 ± 0.1 a,C 5.1 ± 0.1 a,C 5.1 ± 0.1 a,B 5.1 ± 0.1 a,B 5.1 ± 0.1 a,C 5.1 ± 0.1 a,C 5.1 ± 0.1 a,B 5.1 ± 0.1 a,B

3 8.8 ± 0.1 a,B 8.7 ± 0.0 a,B 7.1 ± 0.3 b,B 7.1 ± 0.4 b,B 6.7 ± 0.2 b,A 6.8 ± 0.2 b,A 6.7 ± 0.0 b,B 7.1 ± 0.3 b,B 5.3 ± 0.2 c,B 5.9 ± 0.0 c,B

7 10.2 ± 0.1 a,A 9.5 ± 0.3 a,b,A 8.5 ± 0.2 c,d,A 7.4 ± 0.0 e,f,B 7.8 ± 0.1 d,f,A 8.1 ± 0.1 c,d,e,A 7.2 ± 0.7 f,A,B 8.7 ± 0.1 b,c,A 8.7 ± 0.1 c,A 8.3 ± 0.2 c,d,A

10 10.1 ± 0.0 a,A 9.6 ± 0.1 a,b,A 8.7 ± 0.5 c,A 8.3 ± 0.2 c,d,A 7.5 ± 0.1 e,A 7.7 ± 0.5 d,e,A 8.5 ± 0.0 c,A 8.8 ± 0.0 c,A 8.9 ± 0.1 b,c,A 8.8 ± 0.0 c,A

Total coliforms
(log MPN/g meat)

0 0.8 ± 0.4 a,C 0.8 ± 0.4 a,C 0.8 ± 0.4 a,C 0.8 ± 0.4 a,B 0.8 ± 0.4 a,C 0.8 ± 0.4 a,B 0.8 ± 0.4 a,C 0.8 ± 0.4 a,C 0.8 ± 0.4 a,D 0.8 ± 0.4 a,C

3 3.0 ± 0.4 b,c,B,C 3.4 ± 0.0 a,b,B 2.8 ± 0.5 b,c,B 3.2 ± 0.2 a,b,c,A 4.0 ± 0.0 a,A 2.8 ± 0.4 b,c,A 2.9 ± 0.5 b,c,B 2.9 ± 0.5 b,c,B 2.2 ± 0.2 c,C 2.2 ± 0.2 c,B

7 4.5 ± 1.7 a,A,B 3.9 ± 0.5 a,b,c,B 4.0 ± 0.9 a,b,A,B 3.4 ± 0.3 a,b,c,A 2.3 ± 0.00 b,c,B 2.1 ± 0.1 c,A 3.0 ± 0.3 a,b,c,B 3.6 ± 0.4 a,b,c,B 3.7 ± 0.4 a,b,c,B 2.4 ± 0.1 b,c,B

10 6.7 ± 0.6 a,A 6.4 ± 0.0 a,A 5.3 ± 1.0 a,A 3.2 ± 0.0 b,A 2.6 ± 0.6 b,B 2.2 ± 0.8 b,A 5.9 ± 0.2 a,A 6.2 ± 0.2 a,A 5.9 ± 0.5 a,A 5.9 ± 0.5 a,A

A–D: Within each parameter, mean values in the same column not sharing upper case superscript letters indicate statistically significant differences among samples (p < 0.05); a–f: Within
each parameter, mean values in the same line not sharing lower case superscript letters indicate statistically significant differences among samples (p < 0.05). Total mesophilic aerobic
bacteria (TMAB), Colony forming units (CFU), Chitosan (Ch), Sodium Montmorillonite (MMT), Most probable number (MPN) Ginger Essential Oil (GEO).
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Fresh poultry meat is considered not acceptable for organoleptic (sensory) evaluation at counts
greater than 7 log CFU/g [71]. In the present study, the unprotected meat and the samples wrapped in
commercial film exceeded this counting since the third day of storage, while the samples protected
with the active packaging were either in this limit or below of it. Ginger essential oil enhanced the
protection effect of chitosan film, while MMT limited the activity of the films. As previously discussed,
the presence of the nanofiller may interfere in the diffusion process of the active compounds and block
the functional group of chitosan (amide group), reducing its antimicrobial action. Similar results were
observed in fresh chicken breast fillets coated with sodium caseinate incorporated with a nanoemulsion
of ginger essential oil [27]. The authors attributed the reduction in the microbial growth to the presence
of GEO in the edible coating, and also observed smaller counting with the increase of EO concentration.
The protective effect of the bio-based films produced can also be related to the good oxygen barrier
properties of chitosan film, once reduced exposure of packaged meat products to high O2 concentration
reduces the growth of aerobic microorganisms and oxidation of lipids and myoglobin [7].

The results for total coliforms were in line with the ones reported for TMAB (Table 3). Unwrapped
meat presented the higher counting, followed by samples wrapped with PVC. Samples wrapped with
the active films showed the lower counting. Again, it was observed that the presence of MMT reduced
the antimicrobial activity of the chitosan film (without statistical significance, p > 0.05) and, the presence
of GEO enhanced it (with statistical significance, p < 0.05). Although the differences between the total
coliform counting for the meat protected with chitosan + 0.5%, 1% or 2% GEO were not statistically
different (p > 0.05), a dose response could be observed once the smallest contamination at the 10th day
of storage was found for the highest amount of GEO incorporated. Moreover, in comparison to the
meat unwrapped or wrapped in PVC, the samples packaged in chitosan film + 2% GEO presented a
reduction of 4.5 and 4.2 log in the total coliforms count, i.e., a good antimicrobial action. The phenols,
monoterpenes, sesquiterpenes and aldehydes present in EO may be responsible for the results reported.
The possible mechanism of action of these oxygenated bioactive compounds may be through the
disruption and penetration in the lipid structure of the bacteria cell membrane with further damage of
the microorganism enzyme systems [27]. Although GEO did not show antimicrobial activity against
Gram-negative bacteria in the in vitro assay, its application in the film caused reduction in the coliform
counting in the meat. This is probably due to a synergistic effect of the chitosan and GEO, as discussed
by Khanjari, Karabagias and Kontominas [72], that reported lower microbial growth in the raw chicken
fillet packaged with N,O-carboxymethyl chitosan incorporated with oregano essential oil, compared
to samples packaged in pristine polymer or samples with added pure oregano essential oil. Moreover,
the type of food matrix (high moisture content and presence of lipids) facilitated the diffusion of the
GEO from the packaging enabling its active action.

4. Conclusions

The preparation of bio-based films demonstrated their potential to be used as primary packaging
material to fresh poultry meat, being capable of retarding deterioration process by antimicrobial and
antioxidant mechanisms and extending its shelf life time. Although the in vitro results were not
as positive as expected, when in direct contact with the food tested, the films demonstrated good
efficiency, highlighting the remarkable potential to extend the shelf life of poultry meat products.
The incorporation of montmorillonite, at the level tested, diminished the bioactivity of the films
produced, while the incorporation of GEO potentialized it. When no mechanical improvements are
demanded, the use of MMT is unnecessary. In fact, chitosan film with one percent of GEO is a formula
that optimizes the protection effect with an intermediate amount of essential oil, minimizing the
negative effects of cost and flavor alterations related to the use of essential oils. Yet, future studies
are needed to identify a balanced formula that can optimize the bioactivity of the bionanocomposites
with the level of montmorillonite added, for applications that also require mechanical improvements.
Further, more research studies with EOs or individual compounds, such as some phenolic compounds,
combined with reinforcements, such as MMT, in biopolymers will help to clarify the molecular
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mechanisms associated with the entrapment/release of the bioactive compounds, helping to define
future pathways for the production of bionanocomposites.
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