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Abstract: The advances on the development of novel materials capable to enhance the shelf life of
food products may contribute to reduce the current worldwide food waste problem. Zinc oxide
nanoparticles (ZnO NPs) are considered GRAS (Generally Recognized as Safe) by the Food and
Drug Administration (FDA) and due to their good antimicrobial properties are suitable to be
applied as active compounds in food packaging. ZnO NPs were synthesized to be tested in active
bionanocomposites through an eco-friendlier route using apple peel wastes. This work aimed to
develop bionanocomposites based on chitosan and incorporated with ZnO NPs to characterize its
bioactivity via in vitro and in situ studies, using fresh poultry meat as the food matrix. Overall,
bio-based biodegradable films presented good antimicrobial activity, being the intrinsic antimicrobial
properties of chitosan enhanced by the ZnO NPs added on the system. When used as primary
packaging of the meat, the samples protected with the films presented a decrease on the deterioration
speed, which was represented by the preservation of the initial reddish color of the meat and reduction
on the oxidation process and microbiological growth. The nanoparticles enhanced especially the
antioxidant properties of the films and proved to be potential food preservatives agents to be used in
active food packaging.

Keywords: active packaging; biodegradable material; shelf-life extension; antimicrobial activity;
antioxidant activity; zinc oxide nanoparticles

1. Introduction

Food waste represents a considerable inefficiency of the global food system and contributes to
environmental pollution and resources depletion. Within the United Nations Sustainable Development
Goal 12.3, countries are committed to reduce by 50% food waste along the food supply chain by 2030 [1].
It is recognized that shelf-life extension plays a key role in reducing food waste. Thus, packaging
should improve the balance between the environmental impact of the package itself and the impact
deriving from the potential loss of the food product, which is strictly related to its shelf life [2]. In this
context, the use of non-biodegradable plastics should be replaced by biodegradable and renewable
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packaging, with improved active properties, such as antimicrobial and antioxidant activities, capable
to protect the food packaged, extending its shelf life [3-6].

A high variety of polysaccharides and their derivatives have been used to produce biodegradable
films. Polysaccharides are the most abundant macromolecules in the biosphere (cellulose, chitin, and
starch) [7]. Chitosan (poly-[3(1,4)-2-amino-2-deoxy-D-glucopyranose), obtained by deacetylation of
chitin, is one of the biopolymers most used due to its antimicrobial properties [8-11]. In order to
improve mechanical and barrier properties to water and gases, nanocomposites are being employed.
Montmorillonite (MMT), a layered silicate mineral clay, is a highly used nanomaterial due to its low
cost, abundancy, mechanical resistance, swelling, and plasticizer ability [12,13]. Other nanofillers, such
as nanocellulose, are also an attractive option due to their high compatibility with chitosan [14,15].
However, it is still not fully understood whether these nanomaterials may pose a risk to the consumers
or to the environment after their disposal. The risk assessment of nanoparticles (NPs) is challenging,
mainly due to the scarce availability of suitable analytical techniques to detect and to characterize either
in the food and beverage matrices or into the environment [16]. The reduction in size may also change
their toxicity and the existing toxicological studies are not conclusive. For instance, non-modified
montmorillonite has not shown cytotoxic or mutagenic effect while modified MMT did. The same
inconclusive answers were obtained with silver nanoparticles, the most used NPs in food products [16].

Nanometal oxides are also an interesting solution once their incorporation contributes to improve
the antimicrobial, UV blocking, and magnetic properties of the biopolymers along with their reinforcing
capacity [17,18]. Due to their high aspect ratio (relationship between the length and the width of the
particles, i.e., the surface to volume ratio of nanoparticles) and the most economical properties, metallic
nanoparticles and metal oxide nanoparticles present strong antibacterial activity at low concentrations.
Silver, gold, copper, titanium oxide, and zinc oxide are some of the common nanoparticle studied [19-21].
According to Chaudhry et al. (2008) [22], food packaging materials’ (FPMs’) development is currently
the largest category of nanotechnology application in the food sector. The incorporation of ZnO NPs in
FPMs aims to provide the material with antimicrobial activity, while it may play an important role on
the improvement of packaging properties, such as mechanical strength, barrier properties, and thermal
stability [20]. Zinc oxide (ZnO) is a noteworthy alternative due to its antimicrobial and antifungal
properties and because it is Generally Recognized as Safe (GRAS) by the Food and Drug Administration
(FDA). In the European Union, a study made by EFSA (European Food Safety Authority) on the safety
of ZnO NPs, for use in food contact materials, recommended that the Commission should impose
an upper limit of zinc of 25 mg/person per day. It was also concluded that the substance does not
migrate in nanoform and, therefore, the safety evaluation should focus on the migration of soluble
ionic zinc [23].

ZnO nanoparticles (ZnO NPs) can be synthesized by physical or chemical methods [24]. From
those, when targeting food packaging applications, chemical synthesis assisted by natural compounds
is the most economical and safe synthesis route [25]. From the wide range of phytochemical available
in nature, plant phytochemicals intrinsically targeted for antimicrobial purposes, as those present
in fruit peels, can potentiate ZnO antimicrobial effects. From the phytochemical peels used for ZnO
NPs synthesis [26,27], the use of commercial apples rendered the synthesis of economically viable,
antimicrobial, and nontoxic ZnO NPs [28], with potential to be used in food-packaging applications.

Several authors have reported the use of ZnO NPs in biopolymer composites for active food
packaging with the aim to reduce the growth of pathogenic bacterial and extend food shelf life [29-33].
In some cases, ZnO NPs were used with essential oils to reinforce the antimicrobial properties of the
active films. A composite film incorporating ZnO nanorods and clove essential oil (CEO) was prepared
with bovine skin gelatin as the polymer matrix. Composite films loaded with 50% CEO, in combination
with ZnO NPs, showed maximum antibacterial activity against Listeria monocytogenes and Salmonella
Typhimurium inoculated in shrimp during refrigerated storage [34,35]. However, in all cases ZnO NPs
employed were commercial and not obtained by eco-friendly methods.
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The aim of this work was to develop nanocomposites based on chitosan and ZnO NPs, which were
produced for the first time with the Golden Delicious apple variety, obtained using food-grade industrial
waste, i.e., apple peel. This novel approach under the umbrella concept of circular economy [36,37]
can minimize waste generation, thus decoupling economic growth from natural resources as new
raw materials to develop high value-added products that can be used as primary packaging for fresh
poultry meat. Thus, the work will have a dual purpose: The eco-friendly synthesis of ZnO NPs
through the use of apple peel extracts, using and adding value to a residue, and their incorporation in
chitosan films, to evaluate their antioxidant and antimicrobial properties in poultry meat shelf life, and,
therefore, contributing to the circular bioeconomy concept.

2. Materials and Methods

2.1. Materials and Reagents

All reagents used were with analytical reagents grade and the water used was purified
using Milli-Q system (Millipore, Billerica, MA, USA). Chitosan with high molecular weight
(31-37 kDa) and 75% of deacetylation, ethanol absolute, potassium hydroxide, zinc nitrate hexahydrate,
and 1,1,3,3-tetraethoxypropane (TEP) were acquired from Sigma-Aldrich (Steinheim, Germany).
Glacial acetic acid, glycerol, and sodium hydroxide (NaOH) were purchased from Alfa Aesar
(Kandel, Germany), while sodium chloride (NaCl), 2-thiobarbituric acid (TBA), nitric acid, sodium
carbonate anhydrous, and trichloroacetic acid (TCA) was obtained from PanReac (Barcelona, Spain).
All microbiological reagents were purchased from Biokar (Allonne, Beauvais, France): Violet red bile
glucose (VRBG), triptic soy broth (TSB), triptic soy agar (TSA), tryptone, plate count agar (PCA), and
Mueller-Hinton agar (MHA). All chemicals are of analytical reagent grade and were used as purchased.

2.2. Zinc Oxide Nanoparticle Synthesis

For the preparation of the apple extract a commercial apple (Malus domestica) variety Golden
Delicious was used. To ensure minimal variation from batch-to-batch extract production, only apples
at commercial maturity were selected [38]. The eco-friendly synthesis was performed as previously
described for another apple variety [28]. Briefly, 0.2 g of fresh weight (FW) of peels were boiled in
1 mL of water for 20 min. The resulting extract was filtered with gauze followed by a Whatmann No. 1
filter. For the NPs’ synthesis, zinc nitrate 2% (weight/volume) was added to the extract followed by
potassium hydroxide (KOH) 1M (1:6 (volume/volume)). The synthesized ZnO NPs (Figure S1) were
filtered with a PM UC500 membrane (Microdyn Nadir, Wiesbaden, Germany) and dried overnight in a
conventional oven (WTB binder, Germany) at 70 °C. The characterization made by X-ray diffraction
(XRD) and scanning electron microscopy (SEM) (please see Supplementary Material) showed that
the ZnO crystalline nanoparticles were well individualized, spherical-like shape, with sizes around
100 nm. Moreover, their nontoxicity was already proven against fibroblast cells [28].

2.3. Bionanocomposites Production

Bionanocomposites were produced according to Souza et al. (2017) [39] with modifications.
To prepare the film-forming dispersion (FFD), 1.5% (weight/volume) of chitosan was dissolved in
1% (v/v) of glacial acetic acid solution under continuous agitation overnight at room temperature.
Then, 30% (w/w chitosan) of glycerol, plasticizer, and ZnO NPs at the levels used (0.5%, 1%, or 2%
weight/weight of chitosan) were incorporated. Subsequently, a stirring cycle consisting of 5 min agitation
with Ultra-Turrax (15,000 rpm) (IKA®T18, Staufen, Germany) followed by 15 min degasification in
ultrasound bath (360 Watt) (Selecta, Spain) was carried out. Finally, the resulting dispersion was casted
in glass molds (18 cm X 25 cm) and let to dry at room temperature for approximately 48-72 h. A control
film without the nanoparticles (pristine chitosan film) was also prepared.
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2.4. In Vitro Antimicrobial Characterization of ZnO NP and Bionanocomposites

The nanoparticles” antimicrobial activity was assessed by disk diffusion test [40,41] against
Gram-positive Staphylococcus aureus (ATCC® 6538™) and Gram-negative Escherichia coli (ATCC®
8739™) foodborne bacteria. Briefly, a Petri dish (8.5 cm of diameter) containing sterilized
Mueller-Hinton agar (MHA) was inoculated with a suspension and spread with a sterile swab
throughout the Petri dish, containing 1.5 x 108 CFU (colony-forming unit)/mL of each bacteria (adjusted
to match a 0.5 McFarland turbidity standard using a McFarland densitometer, Model Den-1B, Grant
Instruments, Cambridge, UK) [41]. Wells with 6-mm diameter were cut in the MHA and filled with
50 uL of ZnO NP in different concentrations in water, namely: 100, 150, and 200 mg/mL. Sterilized
water was used as negative control. Prior to the incubation at 37 °C for 20 h, the plates were maintained
refrigerated (4 °C) for 2 h to enable the diffusion of the active compounds before the starting of the
bacteria growth. Inhibition zone (diameter) was measured and the results expressed in mm.

In vitro antimicrobial activity of the bionanocomposites was studied by viable cell colony count
(CFU) method [11] against the same foodborne bacteria. Briefly, 0.2 g of each film was immersed
in 4 mL of TSB containing ~10° CFU/mL of the tested bacteria (previously adjusted to match a 0.5
McFarland turbidity standard using a McFarland densitometer and then diluted 100 times to reach
this concentration). In those tests, the concentration of NPs tested was 0.25-1 mg/mL, much lower
than the concentrations tested with pristine NPs. Subsequently, the tubes were kept shaking (150 rpm)
incubated at 37 °C for 24 h. Tubes without films were used as blank and tubes with pristine chitosan
film as control. From the serial dilutions, samples were plated on TSA and incubated for 1624 h at
the same temperature, and the number of viable microorganism colonies was counted. Results were
expressed as the number of log reductions calculated according to Equation (1):

number of log reductions = log B - log A (1)

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

2.5. Application in Fresh Poultry Meat

The films produced were used to package fresh poultry minced meat purchased at a local market.
The samples (approximately 30 g of meat) were wrapped on films specimens (5 cm X 18 cm) and stored
in plastic boxes with screw caps, under refrigeration (5 + 2 °C) for 11 days. Unwrapped meat was used
as control, and the experiment was performed in triplicate. Periodically (storage days 0, 2, 4,7, and 11),
meat was characterized according to the following methods.

2.5.1. Physicochemical Characterization and Thiobarbituric Acid Reactive Substances (TBARS) Index

Physicochemical characterization was evaluated in terms of pH, titratable acidity, total volatile
basic nitrogen (TVB-N), and moisture according to AOAC (Association of Official Analytical Chemists)
method [42].

Meat color was measured on the surface of the samples through the determination of the CIE
(International Commission on Illumination)-L*a*b* coordinates, where L = 0 (black) to L = 100 (white),
—a (greenness) to +a (redness), and —b (blueness) to +b (yellowness) 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 (2) [6]:

Hue angle = tan (b/a)! (2)

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

TBARS were used to monitor the lipid oxidation. To extract the malonaldehyde (MDA)), first, 10
grams of each sample were mixed with 20 mL of TCA 7.5% (weight/volume), agitated for 30 min and
then filtrated. Subsequently, 5 mL of the filtrate was combined with 5 mL of TBA 0.02 M and heated



Coatings 2020, 10, 110 5 0f 20

(95 °C/30 min) in water bath (Memmert, Biichenbach, Germany). After cooling, the absorbance was
measured at 530 nm in UV/VIS spectrophotometer (Spekol 1500, Analytikjena, Germany). 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 [8].

2.5.2. Microbiological Growth

Total mesophilic aerobic microorganism (TMAM), total psychrotrophic aerobic microorganism
(TPAM), and Enterobacteriaceae were measured to assess the microbiological quality of the meat packaged,
according to ISO 4833-1:2013 [43], ISO 17410:2019 [44], and ISO 21528-2:2017 [45], respectively. Total
mesophilic aerobic bacteria and TPAM counts were performed in PCA after incubation at 30 °C for
72hor 7 °C for 168 h. Enterobacteriaceae were performed in VRBG agar after incubation at 30 °C for
24 h. Results were expressed as log CFU (colony forming units)/g of meat.

2.5.3. Total Zinc Migration

Zinc ions releasing into fresh poultry meat were determined using an atomic absorption
spectrometer (Zeenit 700, Analytikjena, Jena, Germany). Meat samples were mineralized by dry
combustion (550 °C), and the metal concentration (Zn) was determined by atomic absorption
spectrometry after dissolving the ash residue with nitric acid [46]. Results were expressed as
mg Zn/kg fresh meat.

2.6. 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) (Northampton, USA), 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.

3. Results and Discussion

The bionanocomposites were successfully produced using the casting method. Thin films
produced were homogeneous, yellowish, and transparent (Figure 1).

Figure 1. Film obtained by casting method.
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3.1. In Vitro Antimicrobial Characterization of ZnO NP and the Bionanocomposites

Bio-based films’ in vitro antimicrobial activity against E. coli and S. aureus are shown in Figure 2.
These bacteria strains were chosen to evaluate the bionanocomposites” antimicrobial activity because
they are representative of common pathogenic foodborne bacteria, having two distinct types of
membranes, i.e., the thicker peptidoglycan layer characteristic of Gram-positive bacteria (S. aureus)
and the extra outer impermeable lipid membrane typical of Gram-negative cell wall (E. coli) [3,19].

E.coli

. S.aureus
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Figure 2. Bionanocomposites in vitro antimicrobial activity. (A“©): Within each bacterium, values not
sharing upper case superscript letters indicate statistically significant differences among formulations
(p < 0.05); @P): Within each formulation/treatment, values not sharing lower case superscript letters
indicate statistically significant differences among bacteria (p < 0.05). Chitosan (Ch), zinc oxide
nanoparticles (ZnO NPs).

Pristine chitosan film demonstrated a much lower microbial growth for both bacteria tested. The
reduction of CFUs was higher (p < 0.05) when the control films were in contact to the Gram-positive
bacteria (S. aureus) than with the Gram-negative strain (E. coli), with log reductions of 5.32 and 4.3,
respectively. These results are in good agreement with previous studies with similar films using the
same methodology and microorganisms [3,8]. The intrinsic antimicrobial activity of chitosan is often
attributed to the positively charged amino groups that interact with negatively charged microbial
membranes, leading to changes on the cell membrane’s permeability that can result on the leakage of
intracellular material, causing the death of the microorganisms [4]. Moreover, the chitosan ability to
chelate metals interferes with the flow of essential nutrients to the cell, affecting their metabolism [40].
However, the mode of antimicrobial action of chitosan is not a simple mechanism, but an intricate
process that still needs clarification [10]. In general, Gram-positive bacteria are more susceptible
than Gram-negative bacteria because, with exceptions, Gram-positive bacteria do not have the outer
membrane; thus this outer membrane on Gram-negative cell wall confer more resistance than the
thicker peptidoglycan layer from Gram-positive bacteria [11,40].
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The incorporation of ZnO NPs changed the antibacterial properties of chitosan film (p < 0.05)
for both bacteria studied (Figure 2). Regarding the first microorganism, E. coli, at the two lower
levels of nanoparticles added (0.5% and 1%), the mortality observed on the bacteria was enhanced
(p < 0.05), which means that an additive effect was present. However, when 2% of ZnO NPs was
incorporated, the log reduction was lower, if compared to the other bionanocomposites (p < 0.05),
and did not statistically change to the control film (p > 0.05). Similar tendency was observed for the
Gram-positive bacteria, S. aureus, films incorporated with 0.5% of ZnO NPs which presented increased
antimicrobial properties. However, the differences were not statistically significant (p > 0.05). Higher
levels of ZnO NPs decreased the film antibacterial activity in comparison to control films, but only
significantly (p < 0.05) when 2% of ZnO NPs was incorporated. The incorporation of the nanoparticles
also changed the antibacterial selectivity of the chitosan films, once the bionanocomposites were more
efficient against the Gram-negative bacteria (E. coli) than the Gram-positive one (S. aureus), contrary to
what happened with the pristine chitosan film (Figure 2). ZnO NPs were also previously tested by
diffusion agar test against the same bacteria, and nanoparticles were also more efficient against E. coli
than S. aureus: The inhibition halos exhibited against E.coli were on average 7.7 + 1.5, 12.0 £ 1.0, and
13.3 + 0.6 mm for the ZnO NPs concentration of 100, 150, and 200 mg/mL, respectively. Regarding
S. aureus, the results were 0, 10.7 + 1.2, and 12.0 £ 0 mm for the same concentrations, respectively. ZnO
NPs inhibited E.coli for all the tested ZnO NPs’ concentrations and, for S. aureus, ZnO NPs showed
only inhibition halos with 150 and 200 mg/mL concentrations. Lower concentrations of ZnO NPs
(<100 mg/mL) were also tested, but no inhibition halos were observed for both bacteria, probably
because the diffusion was not happening properly, once the ZnO NPs were easily deposited in the
bottom of the wells cut in the TSA distributed in the Petri dish. Comparing, for the same concentrations,
the effect of ZnO NPs for both bacteria, inhibition halos were always smaller when tested on S. aureus
than on E. coli. This correlates with the behavior observed for the bionanocomposites, where ZnO
NPs caused a higher growth inhibition of E. coli than S. aureus, suggesting that this change must be
attributed to the incorporation of ZnO NPs.

Antimicrobial activity of ZnO NPs improved with a diminution of the particle size and several
mechanisms can explain it, which include the nanoparticle interaction with microorganisms by
damaging bacterial cell, by releasing the well-known antimicrobial Zn?*, by forming reactive
oxygen species (ROS), especially in the presence of light, or due to the abrasive surface of the
nanoparticles [20,32]. Through the electrostatic bonding of Zn?* to the microorganism cell surface,
ZnO NPs change the permeability of cell membranes, damage cell membranes after its penetration
thorough the cell, react with cell components, deplete cytoplasmic content, and interact and inactivate
respiratory enzymes [31].

Despite the fact that generally Gram-positive bacteria have higher susceptibility to antimicrobial
agents, several authors have also reported higher susceptibility of E. coli to ZnO NPs when compared
to S. aureus [21,32,47,48]. This higher resistance of S. aureus to ZnO NPs can be explained by the
differences on the intracellular antioxidant content between these two bacteria, i.e., to the carotenoid
pigments in the interior of S. aureus that promotes a greater oxidant resistance [47]. Moreover, ZnO
NPs have strong affinity with E. coli cells, once their membrane has higher negative charge than the
membrane of S. aureus (at biological pH, global charge of bacterial cells is negative while ZnO NPs
have a positive charge, these opposite charges generate electrostatic forces, leading to a strong bind
between them and, consequently, producing cell membrane damage), and the antimicrobial activity is
influenced by the differences in the bacteria susceptibility to ROS [20,21].

The reduction on the antimicrobial activity of the bionanocomposites with an increased content of
ZnO NPs can be explained by the agglomeration of NPs, which was not seen in our bionanocomposites
through SEM images (results not shown) and/or by blocking of the groups responsible for the
antimicrobial activity of the polymer, leading to the reduction of its bioactivity. Similar results were
also reported for chitosan film reinforced with montmorillonite and different essential oils [3,8,11].
According to these authors, the good interaction between the active compounds incorporated into the
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polymeric matrices and the functional groups of chitosan may retard the diffusion through the adjacent
agar media, diminishing the contact between bacterial cells and active molecules [11,49,50]. Moreover,
good interaction between nanoparticles and the polymer may reduce the number of functional groups
(amino groups of chitosan) to act in the membrane of microorganisms [11], therefore, diminishing its
antimicrobial activity.

3.2. Application in Fresh Poultry Meat

Antimicrobial active packaging is the type of material capable to interact with the product or
the headspace inside, to reduce, inhibit, or retard the microorganism’s growth on food surfaces [51].
The development of nanocomposite with ZnO NPs has been widely done and its antimicrobial activity
has been extensively assessed by in vitro studies [20,52]. However, few works have investigated these
materials” antimicrobial activity, especially those synthesized with eco-friendly routes, in contact with
food [20]. Thus, the results obtained from the contact of these bionanocomposites with poultry meat
resulted in a good contribution to understand the role of such novel materials in the preservation
of foodstuff.

3.2.1. Physicochemical Characterization and Thiobarbituric Acid Reactive Substances (TBARS) Index

In food systems, the oxidative reactions are generally undesired and considered as a deteriorative
process responsible for the oxidative degradation of vitamins, pigments, and essential lipids; changes
on the food odor and flavor (rancidity); and production of possible toxic compounds, that may pose
some risks to the consumer’s health [53]. Therefore, avoiding this deteriorative process plays an
important role on the maintenance of the food quality and safety and is always sought by the industry
in order to extend foodstuff shelf life.

The physicochemical parameters monitored along the cold storage of poultry meat are presented
in Table 1. Oxidative profile was assessed through the quantification of TBARS, and indirectly by
changes on the meat color. Moreover, pH, titratable acidity, and total volatile basic nitrogen were also
parameters used to study the shelf life of the product.
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Table 1. Summary of physicochemical characterization of the meat over the storage time.

Parameter Day Unwrapped Ch Ch + 0.5% ZnO NPs Ch + 1% ZnO NPs Ch + 2% ZnO NPs
0 0.039 + 0.015 a€ 0.039 + 0.015 2 0.039 + 0.015 2B 0.039 + 0.015 2B 0.039 + 0.015 2B
2 0.033 + 0.013 2 0.060 + 0.022 aC 0.041 + 0.014 2B 0.037 + 0.006 2B 0.033 + 0.022 2B
TBARS (mg B bC bB bB bB
4 0213 £0.144 2 0.043 + 0.005 0.032 + 0.008 0.046 + 0.008 0.037 + 0.005
Malonaldehyde/kg meat)
7 0.640 + 0.012 24 0.109 + 0.016 bB 0.143 + 0.086 bA 0.095 + 0.015 bA 0.121 +0.014 bA
11 0.496 + 0.157 aAB 0.480 + 0.283 aA 0.123 + 0.047 bA 0.104 + 0.042 bA 0.110 + 0.005 bA
0 58.9 +0.52C 58.9 + 0.52C 58.9 + 0.5 2AB 58.9 + 0.52C 58.9 +0.52C
2 61.4 + 1.0 aBC 63.8 + 0.1 bcA 62.5 + 0.4 abA 64.7 + 0.1 cdA 65.3+0.194
Hue angle (°) 4 60.8 + 1.0 2BC 60.6 + 0.1 2B 61.7 £1.53A 61.2 £ 0.3 60.1 + 0.3 2B
7 63.6 + 2.1 aAB 57.7 £ 0.2 bD 57.3 + 0.0 PB 56.7 + 0.3 PD 56.7 + 0.1 PP
11 65.7 £ 0.7 2A 58.4 + 0.5 beCD 60.6 + 2.7 PAB 59.3 + 0.2 bC 56.1 + 0.1 <P
0 6.13 +0.03 € 6.13 + 0.03 2E 6.13 +0.03 2 6.13 + 0.03 2P 6.13 + 0.03 2P
2 6.13 £ 0.04 <€ 6.26 +0.01 2P 6.25 + 0.02 abC 6.20 + 0.01 bP 6.20 + 0.02 bD
pH 4 7.07 +0.11 2B 6.68 + 0.08 b<C 6.96 + 0.23 abB 6.49 + 0.05 <€ 6.54 + 0.04 <€
7 7.31 +0.233B 6.81 + 0.01 bB 7.21 + 0.14 abAB 6.84 +0.18 bB 6.84 + 0.15 bB
11 7.91 +0.022A 7.51 +0.02bA 7.39 + 0.07 bA 7.36 +0.11bA 7.09 + 0.05 A
0 0.73 + 0.05 aAB 0.73 + 0.05 24 0.73 + 0.05 24 0.73 + 0.05 24 0.73 + 0.05 24
bAB AB bBC bA bA
Titratable acidity (% oleic 2 0.56 + 0.06 2 : 0.65 +0.09 2 . 0.56 + 0.06 2 o 0.45 + 0.06 N 0.53 +0.042 "
acid equivalent) 4 0.53 +£0.152 0.54 £ 0.10 2 0.62 £0.042 0.67 £ 0.06 2 0.57 +£0.152
7 0.66 + 0.16 abAB 0.55 + 0.00 PAB 0.48 + 0.03 b€ 0.81 + 0.02 24 0.64 + 0.09 abA
11 0.85 + 0.08 24 0.55 + 0.05 2B 0.56 + 0.00 2BC 0.77 + 0.33 A 0.66 + 0.05 24
0 47 +18°3€ 47 + 18 3BC 47 + 1828 47 +18€ 47 + 1828
bC C B C B
Total volatile basic nitrogen 2 12 29 + Sba 27 & 4; 57 + 35; c 2+ Zab
(mg/kg meat) 4 145 + 738 80 + 4 PAB 63 + 608 77 + 15 PP 61 +23bB
7 205 + 28 aA 78 + 14PAB 117 £ 25bA 124 + 3bAB 125 + 7PA
11 130 + 6 2B 114 + 26 2bA 70 + 0 bB 135 + 1324 133 + 34 34
0 74.5 + 0.7 € 74.5 + 0.7 3A 74.5 £ 0.7 3A 74.5 + 0.7 34 74.5 + 0.79A
2 75.1 + 0.1 aBC 73.0 £ 0.0 B 73.7 + 0.2 bAB 73.6 + 0.3bA 74.0 + 0.0 bB
Moisture (%) 4 75.6 + (.1 AAB 73.2 + (.7b<B 72.9 + (.2 <AB 74.0 £ 0.5bA 734 + 0.1 b<B
7 759 + 0.3 2AB 73.1+0.12B 72.7 £ 0.5 3B 74.0 £ 7.02A 74.1 + 0.4 2AB
11 76.5 + 0.2a4 74.0 + 0.1 beAB 725+1.1°B 73.7 +1.1bcA 75.0 + 0.3 abA

(AE).

9 of 20

: Within each parameter, values in the same column not sharing upper case superscript letters indicate statistically significant differences among days (p < 0.05). @~<): Within each

parameter, values in the same line not sharing lower case superscript letters indicate statistically significant differences among formulations (p < 0.05). Thiobarbituric acid reactive
substances (TBARS), chitosan (Ch), zinc oxide nanoparticles (ZnO NPs).
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It was observed that the lipid oxidation statistically increased with time for all the samples,
(p < 0.05) (Table 1), although the unprotected sample and meat protected with pristine chitosan film
showed a higher increment than the samples wrapped with chitosan and ZnO NPs. In fact, samples
wrapped with bionanocomposites incorporated with ZnO NPs showed less differences on the amount
of MDA from day zero to day 11, demonstrating the material’s ability to retard oxidative processes.
The unwrapped meat exhibited from day 7 values equal or superior to 0.5 mg MDA/kg, which is
considered as the indicator of rancidity [8]. The meat protected with pristine chitosan, reached the
off-flavor trash-hold value only at day 11. Pristine chitosan film may delay oxidative rancidity in
meat due to its good barrier properties against oxygen and light [11], and the chelator characteristic
of chitosan, which reacts with metal ions, namely ferrous ions, avoiding lipid peroxidation initiation
step, and consequently retarding the chain reactions that lead to deterioration of flavor and taste in
foods [54]. Samples protected with the bionanocomposites maintained, until the last day assessed,
an MDA value below this limit. Apparently, the incorporation of ZnO NPs into the polymeric matrix
enhanced the film’s antioxidant ability, probably due to the presence of phenolic compounds from
the apple peel used in the synthesis of the nanoparticles [38,55]. In fact, the total phenolic content of
ZnO NPs, determined by the Folin—Ciocalteu method [56] was 7.4 mg gallic acid equivalent/g of ZnO
NP, confirming this hypothesis and the relevance of the ZnO NPs’ eco-friendly synthesis based on
apple extracts. Antibacterial films based on Gracilaria vermiculophylla extract incorporated with ZnO
NPs also showed a delay on the oxidation process of smoked salmon, reportedly due to the increase
on the UV light-blocking property of the composites with the incorporation of nanoparticles [57].
In our study, pristine chitosan film already showed good barrier properties against the UV light, which
was slightly increased with the incorporation of ZnO NPs especially when 1% of nanoparticles was
incorporated (data not shown), corroborating the results of Baek and Song (2018) [52], and the lower
MDA found for protected meat with the bionanocomposites. Chicken breast meat packaged in low
density polyethylene (LDPE) incorporated with 5% or 10% of Ag and ZnO NPs was studied in terms
of its quality [58], and results indicated also that packaging with nanoparticles delayed lipid oxidation
compared to control packaging. The authors suggested that the lower antimicrobial counts associated
with the treated nanopackaging influenced lipid oxidation. The relatively high content of unsaturated
fatty acid and the low levels of natural antioxidants in poultry meat make this food particularly prone
to oxidation. Thus, this novel packaging may be a remarkable alternative on the extension of the shelf
life of this type of foodstuff.

Overall, under the refrigerated conditions used, the samples presented an increase on the hue
angle, pH, and total volatile basic nitrogen, with decrease on the titratable acidity over time (Table 1).
Moisture content increased for unwrapped samples, while it was maintained stable with the protection
of films. All changes were more noticeable for the samples nonprotected by the thin films.

Initial hue angle was 58.9°, which represents a reddish tone of color. After the refrigerated storage
time, this parameter increased (p < 0.05) to a maximum of 65.7° for unwrapped meat and to around
60° for the samples protected with the films (Table 1), except for the treatment incorporated with the
highest level of ZnO NPs that presented a final hue* of 56.1° (Table 1), significantly lower than the
initial value (p < 0.05). Hue angle is a parameter that converts the CIELab coordinators a* and b* into
color. Smaller angles represent red, while angles close to 90° represent the yellow [59]. Therefore,
an increment on hue* means that the meat sample suffered a discoloration process, once its color is
changing toward a more yellowish and greenish tone [8]. In nominal values, results from day 11 in
comparison to the initial hue*, show that pristine chitosan film and Ch + 2% ZnO NPs reduced the
hue*, while films with the intermediate amounts of nanoparticles slightly increased this parameter,
however with no statistical significance (p > 0.05), except for Ch + 2% ZnO NPs (p < 0.05). This means
that the bionanocomposites were capable to maintain the samples’ initial reddish color, contrary to the
unprotected sample that lost the characteristic red color associated to fresh meat. Since color is the
primary attribute influencing consumer choice of chicken meat [58], and consumers are most likely to
choose reddish meat over dark and discolored meat [8,60], the bionanocomposites are proven to affect
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positively the quality of this type of food, and might help on the extension of the product shelf life. The
amount of ZnO NPs incorporated did not change the outcomes for this parameter (p > 0.05). The color
retention demonstrated by the application of these films may be related to their antioxidant properties,
as discussed before. Moreover, the intrinsic chelating ability of chitosan to scavenge the iron (Fe3*)
present in the meat may have contributed to retard the oxidative process catalyzed by this metal [61].
Zinc oxide nanoparticles loaded in carboxymethylcellulose (CMC) were prepared and used as coating
films of fresh pork meat [62]. The bionanocomposites developed influenced positively the meat color,
as protected samples presented increased lightness and redness during storage, which contributed
to the visual sensory quality, corroborating our results. According to the authors, a decrease in the
a* during cold storage (loss of the redness) may be attributed to the oxidation of oxymyoglobin to
metmyoglobin [62].

The pH is associated to several meat quality attributes, including color, juiciness, tenderness,
water retention capacity, and microbial stability. Common pH values for poultry meat will range from
5.2 to 7 [9,63]. The pH increased (p < 0.05) from the initial value of 6.13 to a maximum of 7.91 for
unwrapped meat (Table 1). For the samples protected with the bio-based films, this increment was
lower. For instance, the meat protected with Ch+2%ZnO NPs after 11 days of cold storage presented a
value of 7.09, the lowest in comparison to the other treatments. In general, the pH for the unwrapped
sample was statistically higher than the pH of samples from the other treatments (p < 0.05). However,
between the protected meat, there was no significant difference (p > 0.05), except for the last day of
storage (2% ZnO NPs presented the lower pH) or at day 2 (films incorporated with nanoparticles
showed the smaller pH value). Complementarily, titratable acidity presented a reduction along time,
which was expected since it correlates with the increment of pH values. The increasing trend on the
pH values was most likely due to the microbiological degradation of proteins that produce alkaline
substances, such as amines [62,64]. Similar results were observed for ZnO NPs loaded in CMC that
also delayed the increase of pH levels in pork meat during cold storage [62]. The initial pH values
reported for the fresh pork meat were around 5.70, and after 14 days of storage reached 8.85 for control
film and only 6.12 for the meat coated with bionanocomposites. The authors attributed those results to
the antimicrobial activity of the films that prevented the production of alkaline substances responsible
for the increment of pH [62].

The total volatile basic nitrogen (TVB-N) content in chicken meat is an important physicochemical
index in the assessment of meat freshness and safety evaluation [65]. During storage, protein
decomposition by enzymatic degradation and microbial growth generates alkaline nitrogen-containing
substances (TVB-N), including ammonia and amines [62]. Therefore, this increase in TVB-N value
normally represents the decomposition of the meat. Initial TVB-N content was 47 mg/kg meat, and, as
expected, due to the natural deteriorative process, it was observed an increment of this value during
the storage time (p < 0.05) for all samples assessed (Table 1). It is important to highlight that this
process occurred faster for the unwrapped samples. Whereas at day 4 the TVB-N content was already
around 145 mg/kg meat, samples protected showed results in the range 61-80 mg/kg. At day 7, the
TVB-N content was 205 mg/kg meat in unwrapped samples and samples protected showed lower
results, in the range 78-125 mg/kg meat. Even on the last day evaluated, none of the samples protected
with the films reached the amount of TVB-N reported for the unwrapped meat at day 4 or at day 7.
Such results are in line with the data previous reported for pH, acidity, TBARS, and the microbiological
growth discussed in Section 3.2.2, representing the spoilage status of the meat samples. Within the
different bionanocomposites it was not observed statistical differences (p > 0.05) with the incorporation
of ZnO NPs. However, in nominal values at earlier stages of storage (day 4), samples protected with
films with ZnO NPs presented slightly smaller TVB-N, and at days 7 and 11 superior than pristine
chitosan film (the only exception was for Ch + 1% ZnO NP at day 11, which was the only significantly
smaller result observed (p < 0.05)). Suo et al. (2016) [62] also reported an increase on TVB-N content
over cold storage of fresh pork meat protected with CMC film incorporated or not with ZnO NP. These
authors also concluded that the presence of nanoparticles reduced the values of TVB-N, and the content
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recorded for the samples protected with the active films at day 14 was smaller than for the samples
coated with control films without ZnO NPs at day 6, in good agreement with our results. At day 11
the TVB-N content of the unwrapped meat showed a decay compared to results from day 7, which
can be attributed to the volatilization of ammonia, since the pH of the meat already reached a high
value (7.91).

Finally, the moisture content of the meat packaged with the chitosan films showed a tendency to
maintain (Ch, Ch + 1% ZnO NPs, and Ch + 2% ZnO NPs (p > 0.05)) or decrease (Ch + 0.5% ZnO NPs
(p < 0.05)) over time (Table 1). Contrarily, meat unwrapped presented increased water content over
storage time (p < 0.05). This result may be explained by the barrier created by the films towards the
water vapor transport between the meat and the environment, preventing gain or loss of humidity.
The slightly smaller moisture obtained after 11 days of storage for the samples protected with the films
may be attributed to the hydrophilic character of chitosan films that could have absorbed some water
from the samples, as previously observed in other studies with chitosan bionanocomposites [8,11]
packaging fresh poultry meat.

3.2.2. Microbiological Growth

Poultry meat packaged with the bionanocomposites was evaluated in terms of total aerobic
mesophilic and psychrotrophic microorganisms and Enterobacteriaceae over the storage time. The
microbiological growth results are shown in Table 2. The samples presented a natural deteriorative
process that can be observed by the increase (p < 0.05) of the counting for all bacteria assessed.

Table 2. Summary of the microbiological study of the meat over the storage time.

Ch + 0.5% Ch +1% ZnO  Ch + 2% ZnO

Parameter Day Unwrapped Ch ZnO NPs NPs NPs
Total psvehrotrophic 0 381+03820  381+03820 381 +0382E  381+03820  3.81+03823P
D e 2 670+ 004°C 548 +040°C  613+025%D 588+001PC 570+ 0.43"C
microorganisms 4 9300218 742+0015F  739+004°C 715008  7.58+002"B
(Log CFU/g meat) 7 9.87+£0.03%  887+0.08%  875+009"B  9.00+024%A 90003804
11 979+ 0.132AB 796+ 0.01"8  936+0.032A  890+0943PA 952+ (52234
Total hili 0 346 +0332C  346+03330  346+0332F  346+0332%F  3.46+0333D
otal mesophilic 2 6.07+029%  535+0329C  611+03730  573+00290 544 +0334C
aerobic 07 £0. 35+ 0. 11+ 0. 73 + 0. A4 £ 0.
microorganisms 4 925+0253A 73410062  741+0.05"C  7.02+023PC  7.42+0.07"B
(Log CFU/g meat) 7 9730042  869+01754 8620058  9.00+026%8 890+ 04654
11 979 £0.1624 858 +0.33PA  925+0.09%P2  9.66+0.0224 948+ 05734
0 368+0102E  368+01028 3.68+0102BC 368+0102B  3.68+0.1028
. 2 432+02420 286 +006PC 342+053PBC  332+015PB 337 +0.15PB
Enterobacteriaceae
(Log CFU/g meat) 4 475+0.092C  293+037PC 289 +063PC  146+050C  2.38+(0.42bB
7 582+0132B  348+001°®  408+0.16P® 385+053PB  370+1.13bB
11 722400124  540+018°" 556+002PA 5371006  5.67+0.04PA

(AE); Within each parameter, values in the same column not sharing upper case superscript letters indicate
statistically significant differences among days (p < 0.05). (@=9). Within each parameter, values in the same line not
sharing lower case superscript letters indicate statistically significant differences among formulations (p < 0.05).
Chitosan (Ch), zinc oxide nanoparticles (ZnO NPs).

As it was expected, poultry meat without wrapping presented higher contamination and faster
growth. Total mesophilic and psychrotrophic aerobic microorganisms presented a similar behavior,
and overall, total count of psychrotrophic microorganisms were slightly higher than total mesophilic.
This is because the samples were kept refrigerated, and, therefore, the existing contaminants were more
adapted and capable to survive in these conditions. The evaluation of psychrotrophic microorganisms
is relevant in poultry meat samples. Once under refrigeration storage, most of psychrophilic strains are
spoilage microorganisms and some pathogenic (e.g., L. monocytogenes), thus, responsible for changing
the quality and safety of the product [66].

The initial contamination of psychrotrophic aerobic microorganisms was 3.81 log CFU/g meat
and after 11 days of storage it reached the maximum of 9.79 log CFU/g meat for the samples without
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protection, while the minimum was observed for the meat protected with the chitosan film (control film,
7.96 log CFU/g meat), a reduction of almost 2 log (Table 2). Within the films incorporated with ZnO
NPs, the differences on total psychrotrophic aerobic microorganisms (TPAM) did not have statistical
significance (p > 0.05), and the contamination was higher than the one obtained with the pristine
chitosan sample. Again, this may reflect the good interaction between nanoparticles and the polymer
that can reduce the number of functional groups (amino groups of chitosan) to act in the membrane
of microorganisms [11], therefore, diminishing its antimicrobial activity, and explains why, with 2%
ZnO NPs, the film presented less antimicrobial activity. However, the trend observed was that meat
wrapped with films incorporated with ZnO NPs presented lower contamination than the unwrapped
meat. Earlier, at storage days 2, 4, and 7, the protection effect of bionanocomposites compared to the
pristine chitosan didn’t show significant differences or even perform better. For instance, the samples
protected with films added with 1% of ZnO NPs showed the smaller contamination of TPAM at day 4,
with a reduction of 2.15 log in the enumeration of TPAM when compared to unwrapped samples. The
same pattern was observed with total mesophilic aerobic microorganisms (TMAM). Nevertheless, in
terms of organoleptic/sensory acceptance, fresh poultry meat is considered rejected when the total
aerobic microorganisms count exceed 7 log CFU/g [67]. At day 2 of storage, unwrapped meat presented
an enumeration of TPAM near this limit (6.70 log CFU/g), while the coated samples showed a lower
enumeration (in the range 5.48-6.13 log CFU/g,). At day 4, unprotected samples’ TPAM and TMAM
was by more than 2 log higher than the limit, while the samples protected with the biopolymers only
passed the limit by 0.15-0.58 log in the case of TPAM and by 0.02-0.45 log in the case of TMAM. Thus,
the results highlighted these coatings as a tool to enlarge the organoleptic/sensory acceptance period of
poultry meat products.

Foodstuffs should not contain microorganisms or their toxins or metabolites in quantities that
present an unacceptable risk for human health, and, according to the Regulation of the European
Commission (EC) No. 2073/2005 [68], the maximum limit for aerobic colony counting in noncooked
minced meat is 6.70 log CFU/g meat. Results superior to this limit indicate that hygienic production
and/or selection of raw materials must be improved. The initial contamination for both mesophilic
and psychrotrophic aerobic microorganisms were below the maximum established in the European
regulation for minced meat, 3.46 log CFU/g meat and 3.81 log CFU/g meat, respectively, and those values
are in good agreement with previous results (4.0 log CFU/g [31], 4.3 log CFU/g [67], 4.85 log CFU/g [54])
for fresh chicken breast meat. This limit was passed at day 4 of storage for all the samples wrapped with
biopolymers (by a maximum of 0.89 log for TPAM and 0.73 log for TMAM), and for the unwrapped
samples by 2.59 log in terms of TMAM, while the unwrapped samples showed a contamination
superior to the limit immediately at day 2 of storage for the psychrotrophic microorganisms. This
demonstrates that this technology is capable to protect this type of food, extending its shelf life at least
1-2 days more (Table 2). The biopolymers helped to slow down the microbial propagation, compared
to unwrapped meat, but did not inhibit the microbial spoilage. Growth of microbes in the vicinity of
the composites was most probably inhibited, as it was seen in the antimicrobial tests, but the rest of
them continued to grow. The same behavior of films over time has also been reported in other studies.
Total aerobic bacterial counts in orange juice with LDPE film containing 1% ZnO NPs increased after
7 days, similar to the control [69]. Strawberries packed in LDPE with 3% ZnO NPs decreased the
aerobic counting until day 4 and then increased again on day 8 [70].

The European Food Safety Authority (EFSA) recommends in both the manufacturing environment
and the finished product the monitoring and testing of Enterobacteriaceae. However, besides pathogenic
species, the family Enterobacteriaceae also includes environmental species, which often appear in the food
manufacturing environment without posing any health hazard [68]. Thus, the family Enterobacteriaceae
can be used for routine monitoring. The initial counting for this family of bacteria was 3.68 log CFU/g
of meat, and this contamination statistically increased (p < 0.05) over storage time, reaching, at the
last day, a maximum of 7.22 log CFU/g meat for the unwrapped samples (Table 2). Concerning the
wrapped samples, the contamination was always significantly lower than the unwrapped samples.



Coatings 2020, 10, 110 14 of 20

However, between the bionanocomposites there was no significance differences (p > 0.05), but in
nominal values, film incorporated with 1% of ZnO NPs presented the smaller counting at days 4
and 11. Enterobacteriaceae, a psychrotrophic facultative anaerobic bacterial group, is a large family of
Gram-negative bacteria and, as discussed before for the in vitro antimicrobial activity, Gram-negative
bacteria were more susceptible to the antimicrobial effect of ZnO NPs, which correlates with the results
found in this in situ study.

Similar enumeration for Enterobacteriaceae was reported for chicken breast meat [54], where the
initial contamination found was around 3 log CFU/g meat, and reached a maximum of 6 log CFU/g
meat after 12 days under modified atmosphere packaging and refrigeration conditions. The authors
also tested the influence of chitosan dipping combined or not with oregano essential oil and concluded
that both pristine chitosan coating and with the essential oil reduced approximately 3—4 log CFU/g
meat on the Enterobacteriaceae counts, which is in good agreement with our results.

Other studies have investigated the effectiveness of composites with ZnO NPs on the preservation
of food and concluded that nanoparticles are capable to protect the food packaged, extending its shelf
life: CMC film incorporated with ZnO NPs was used to protect pork meat under cold storage, and
it was concluded that nanoparticles were able to extend the shelf life of the product by reducing the
total microbial count of the samples protected by them [62]. Nanocomposite films with CMC, okra
mucilage, and ZnO NPs were effective in the preservation of chicken breast meat during 12 days of
cold storage, and it was observed that samples with active films did not reach the maximum limit
established on the Iranian regulation for total viable counting, demonstrating the remarkable potential
of this technology to preserve food products [33]. Novel active packaging based on CMC/chitosan-ZnO
NPs was produced and its performance was evaluated on the shelf life extension of sliced bread [71],
through the application of films with 0%, 0.5%, 1%, or 2% of nanoparticles as edible coating or thin
films in the protection against fungal growth of fresh bread without preservatives. The samples
without protection presented fungi growth after 3 days, while when ZnO NPs was incorporated, the
presence of microorganisms occurred only at day 11, 15, or 22 for films with 0.5%, 1%, and 2% ZnO
NPs, respectively. Thus, ZnO NPs proved to enhance the antimicrobial activity of films and extend the
shelf life of the product packaged.

In fact, the presence and growth of spoilage and pathogenic microorganisms, together with
oxidative reactions, are the main factors determining the quality of fresh meat, since these products
are very likely to be contaminated with microorganisms if not properly preserved and handled. So it
is desirable to use preservatives with antimicrobial properties and active packaging, as thin film or
coating, to improve food quality and safety [8,11,72].

3.2.3. Total Zinc Migration

When developing novel materials intended to be used in direct contact with foodstuff, the study
of total migration and toxicologic effects are mandatory [16]. According to European Food Safety
Authority (EFSA) panel on food contact materials, enzymes, flavorings, and processing aids (CEF
Panel), zinc oxide does not migrate in nanoform, and therefore, the safety evaluation is focused on the
migration of soluble ionic zinc. Although zinc is an essential element for human’s physiological activity,
in 2003 the CEF Panel established for zinc a no-observed adverse effect level of 50 mg/person per day
and an upper limit of 25 mg/person per day was recommended [23]. Taking into consideration these
recommendations, the total zinc content of the fresh poultry meat at initial time and after 11 days of
cold storage for all the bionanocomposites used was analyzed and the results are presented in Table 3.

An initial content of zinc ions was of 13.2 mg/kg meat. This result is in good agreement with
the 8 mg/kg meat established by the official Portuguese database (PortFIR) for chicken breast [73].
After the storage time, no differences were observed, either for unwrapped meat or for the samples
protected with pristine chitosan film (p > 0.05) (Table 3). Contrarily, poultry meat protected with
bionanocomposites showed increased levels of zinc (p < 0.05), probably due to the zinc present in the
packaging (ZnO NPs) that diffused toward the food packaged (Table 3). Moreover, it was observed a
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concentration effect, once the samples were wrapped with Ch + 2% ZnO NPs, reported the highest
amount of zinc.

Table 3. Total zinc migration.

Sample Zinc Content % Diffused
(mg Zn/kg Fresh Meat) (mg Zn Diffused/Maximum Incorporated)

Initial zinc content — day 0 13.2 +3.4€ -
Unwrapped —day 11 13.3 £ 0.9€ -
Chitosan — day 11 18.1 +0.2¢ -

Ch+0.5% ZnO NP - day 11 449 +1.1B 92.9%

Ch+1.0% ZnO NP - day 11 40.9 + 0.58 39.4%

Ch+2.0% ZnO NP - day 11 61.6 +7.54 37.7%

(A-C); Values not sharing upper case superscript letters indicate statistically significant differences among formulations
(p < 0.05). Chitosan (Ch), zinc oxide nanoparticles (ZnO NP).

In average for the packaging with 0.5% ZnO NPs or 1% ZnO NPs the increment of zinc was around
30 mg/kg meat, while for the 2% ZnO NPs was approximately 50 mg/kg meat. If, on average, a medium
portion has 100 g, results from Table 3 show that the meat wrapped with these bionanocomposites,
having 4-6 mg Zn per portion, represents 16%-24% of the upper limit intake of zinc recommended per
person per day. However, further studies still need to be carried out in order to assess its safety toward
the consumers’ exposure.

The percentage of zinc diffused in relation to the amount incorporated decreased with the
increment of the amount of zinc added (Table 3), i.e., film with 0.5% ZnO NPs presented around 93%
of zinc diffused, followed by 39.4% and 37.7% for 1% and 2% ZnO NPs, respectively. The changes
in the internal polymer bonding organization due to the incorporation of the nanoparticles, and due
to the organization of NPs among themselves, might be responsible for these results. In fact, zinc
oxide nanoparticles incorporated at 0.5% resulted in the highest water vapor permeability and smallest
tensile strength (data not shown), contributing to a facilitated diffusion process of ZnO NPs. This
result also corroborates with the in vitro antimicrobial activity of the bionanocomposites, where the
films incorporated with the smallest amount of ZnO NPs presented the highest growth inhibition of
the bacteria tested, probably due to the superior diffusion of the active compounds towards the media,
as observed here.

4. Final Considerations and Conclusions

Bionanocomposites were successfully produced as thin, transparent, yellowish films. The material
presented good antimicrobial properties against two bacterial strains, and the incorporation of ZnO
NP enhanced such characteristic, especially against Gram-negative foodborne bacteria. Overall, the
perfect food package is still a goal. Despite the improved meat conservation with the proposed
bionanocomposites, these have distinct properties that favor their application towards different
uses (e.g., application on other food matrices, also as carrier for active compounds, in agriculture,
etc.). While Ch alone has a distinctive positive role against TPAM and TMAM, other properties are
favored by adding ZnO NPs, especially on the antioxidant activity represented by the reduction on
TBARS values and the discoloration process. From adding 0.5%, 1%, or 2%, different properties
of the bionanocomposite will be enhanced, with those highlighted in the bionanocomposite with
0.5% (predominantly antibacterial) being the most decisive to an improved food packaging material.
Fresh poultry meat protected with the films presented an extension on its shelf-life time, proving that
this technology has a promising potential to be applied by the food industry. Regarding the best
formulation to be chosen for this type of food, analyzing Figure 3, it is reasonable to conclude that
between the three levels of ZnO NPs tested, the preservation achieved was quite similar. However,
bionanocomposites with 1% of NPs presented closer to the acceptance area (total psychrotrophic count
lower than 7 log CFU/g meat and TBARS lower than 0.5 mg MDA/kg meat) and, therefore, can be
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picked as the best formulation for this type of foodstuff. The increase on the amount of zinc in the
samples protected by the ZnO films demonstrated that a release of such compound occurred, and
despite zinc oxide being listed as GRAS, further studies still need to be carried out in order to assess its
safety toward the consumers’ exposure or to the environment after disposal. Indeed, current data is still
not enough, e.g., to understand how those particles migrate, if they really kept or lost their nanoform,
and also their bioavailability. Moreover, the detection or identification of nanoparticles in the food
matrices or environmental containers poses challenges [74]. In addition, a better clarification is needed
to understand if the toxicity is due to the high Zn dose or to the ZnO nanoparticles themselves [75].

0,0 02 0.4 06
10 . : . : 10
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u Ch+2%Zn0O NP
m Ch+0.5%Zn0O NP m Ch
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T I
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Figure 3. Plot of lipid oxidation and microbiology study results of poultry meat packaged in chitosan
(Ch)-based film incorporated with different levels of zinc oxide nanoparticles (ZnO NP) over the
shelf-life time.
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Figure S1: Physicochemical characterization of the ZnO NPs; a) Scanning electron microscopy (SEM) image, and
b) X-ray diffractogram.
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