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Abstract: Some of the current challenges faced by the food industry deal with the natural ripening
process and the short shelf-life of fresh and minimally processed products. The loss of vitamins
and minerals, lipid oxidation, enzymatic browning, and growth of microorganisms have been the
main issues for many years within the innovation and improvement of food packaging, which seeks
to preserve and protect the product until its consumption. Most of the conventional packaging
are petroleum-derived plastics, which after product consumption becomes a major concern due to
environmental damage provoked by their difficult degradation. In this sense, many researchers have
shown interest in edible films and coatings, which represent an environmentally friendly alternative
for food packaging. To date, chitosan (CS) is among the most common materials in the formulation
of these biodegradable packaging together with polysaccharides, proteins, and lipids. The good
film-forming and biological properties (i.e., antimicrobial, antifungal, and antiviral) of CS have
fostered its usage in food packaging. Therefore, the goal of this paper is to collect and discuss the
latest development works (over the last five years) aimed at using CS in the manufacture of edible
films and coatings for food preservation. Particular attention has been devoted to relevant findings
in the field, together with the novel preparation protocols of such biodegradable packaging. Finally,
recent trends in new concepts of composite films and coatings are also addressed.

Keywords: chitosan; edible films; edible coatings; quality food; conservation; shelf-life

1. Introduction

Recently, it was estimated worldwide that more than 66 million tons of petroleum-
based plastics were manufactured specifically for food packaging, including trays, cups,
and bottles [1]. The manufacturing of synthetic packaging requires non-renewable natural
resources that take many years to degrade, hence its use has been initiated to be banned [2].
To face the environmental pollution by conventional packaging, the packaging based on
natural materials has recently received considerable attention due to the advantages over
petroleum-based plastics [1], such as natural origin, no toxicity, recycling, biocompatibility,
and biodegradability [3,4]. Biodegradable packaging based on renewable raw materials
are indeed a viable alternative for preserving the environment [5]. Edible films and
coatings arise from the need to reduce the consumption of petroleum-based plastics in food
products’ packaging while allowing to maintain quality of foods and extend their shelf-
life [6]. To date, several biopolymers have been utilized in the formulation of packaging
including starch, gums, gelatin, pectin, and chitosan (CS) [7]. The latter is likely the
most investigated biopolymer for biodegradable packaging fabrication, which is reflected
in the growing number of publications in the field, as illustrated in Figure 1. Over the
last decade, CS has been exponentially explored and even more studied than cellulose,
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which is the most abundant biopolymer in nature and appreciated for its differentiated
polyfunctionality that allows to apply it as a packaging material [8]. The literature has
shown the increasing research interest in CS for different concepts of food packaging. Thus,
the aim of this review is to show the recent advances (over the last five years) in CS-based
edible films and coatings, and their application in food systems, together with the possible
interactions and benefits offered to the foods. Also, a brief background on the CS properties
is introduced. To finalize, the role of CS in the preparation of functional and new concepts
of composite films and coatings is reviewed.
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Figure 1. Publication number related to the fabrication of food packaging based on biopolymers (source Scopus, keywords:

cellulose, chitosan, starch, gelatin, gum, alginate, pectin, dextran, soy, pea, whey, beeswax, and carnauba. Accessed:

22 February 2021).

2. Properties and Bioactivity of Chitosan
2.1. Properties of Chitosan

Chitosan (CS) is a natural biopolymer derived by deacetylation (N-acetyl-D-glucosamine
to D-glucosamine unit) of chitin (see Figure 2), which has been studied for its effectiveness
against bacterial, fungal, and viral pathogens [9]; in addition, CS has demonstrated mini-
mal toxicity in mammals and humans [10]. CS owns a molecular weight (MW) between
10 and 1000 kDa [11], but the MW and degree of acetylation (DA) depend on the type of
source [12]. In principle, the DA is defined as the proportion of N-acetyl-D-glucosamine
units with respect to the total number of units [11,13]. CS can be obtained from several
sources including sea animals (e.g., annelida, mollusca, coelenterate, and crustaceans), insects
(e.g., scorpions, spiders, ants, cockroaches, and beetles), microorganisms (e.g., algae, yeast,
fungi, ascomycetes, and spores), among others [14]. The different MW and DA of chitosan also
influence its physicochemical properties, such as solubility, appearance, rheological properties,
among others [11], directly impacting the bioactivity and toxicity of the polysaccharide [10].

CSis a viscous polysaccharide that forms more structured gels when its MW increases;
furthermore, it is considered as a pseudoplastic material since its viscosity is a function of
concentration, temperature, and rate of shear [11]. The solubility of CS varies depending
on DA, and it is insoluble in neutral-alkaline pH but highly soluble in acid pH due to the
proportion of protonated amino groups (-NHy) that are positively charged [15]. Depending
on its DA, the CS-polyelectrolyte takes different behaviors in solution; for example, if DA
is greater than 50%, the molecule maintains the hydrophobic characteristics of chitin,
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while for a DA between 20% and 50%, the molecule becomes less hydrophobic, and CS,
having a DA less than 20%, is considered a highly hydrophilic cationic polyelectrolyte [16].
CS can form amorphous and complex three-dimensional structures due to its polycationic
nature that allows it to interact electrostatically (by hydroxyl groups), or to form covalent
bonds by -NH, groups, with other molecules, such as metals, surfactants, proteins, and

polyanions [14].

Figure 2. Structure of chitin and chitosan.
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2.2. Bioactivity of Chitosan

Bioactivity is defined as the ability of a material to chemically interact with com-
pounds, microorganisms, or pathogens [17]. The bioactivity of CS has been related to
the antimicrobial, antifungal, and antiviral properties, providing important contributions
in different applications, such as additives, agro-food, pharmaceutical, and medical [18].
Bioactivity is determined by intrinsic, environmental, and microbial factors, as shown in

Figure 3.
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Figure 3. Factors involved in the bioactivity of chitosan. Adapted from Reference [16].

Intrinsic Environmental Microbial
factors factors factors
E— r ‘ ~ ‘
Positive charge Microbial
m : pH ]
density species
N - s J
[ r - r -
Molecular
weight lon strength Cell age
\ ) \ J . J
fr— R
Hydrophilic/
- hydrophobic Temperature
characteristics
N N
 E—  SEEEEEEE—
Chelat!ng Time
capacity
Ne—— Ne——

Chitin

Chitosan



Polymers 2021, 13, 767

40f24

The intrinsic properties can be modified by varying the temperature and time of
exposure when CS is in dispersion [16]. The antimicrobial activity is totally dependent
on the pH of the medium and the solubility of CS [19]. For instance, a stronger inhibitory
effect has been demonstrated at lower pH, such inhibitory effect decreases as the pH
increases, and this is attributed to the neutralization of the -NH; groups in the alkaline
medium [16,20]. CS can also act as a chelator for metal ions (e.g., nickel, zinc, cobalt, iron,
magnesium, and copper) [21], and some studies promote its addition to modify the ionic
strength [16], however divalent ions have been shown to attenuate the inhibitory activity
of CS [22]. Regarding the antimicrobial effect of CS, Table 1 lists some of the pathogens

that have been inhibited by CS.

Table 1. Pathogens inhibited by the action of chitosan.

Types of Pathogens Examples

References

Bacteria

Bacillus spp.
Gram-positive Listeria monocytogenes
Staphylococcus aureus
Aeromonas hydrophila
Escherichia coli
Pseudomonas aeruginosa
Gram-negative Salmonella typhymurium
Shigella dysenteriae
Vibrio cholera
Vibrio parahaemolyticus

(23]

Fungi

Alternaria alternata
Aspergillus niger
Botrytis cinerea
Candida albicans
Colletotrichum spp.
Fusarium oxysporum
Lasiodiplodia theobromae

Phytopathogens Monilinia fructicola
Monilinia laxa
Penicillium spp.
Physalospora piricola
Rhizoctonia solani
Rhizopus stolonifer
Sclerotinia sclerotiorum
Verticillium albo-atrum

Virus

Alfalfa mosaic virus

Bean goldish mosaic virus

Peanut stunt virus
Tobacco mosaic virus
Phytopathogens Potato virus X and Y
Figwort mosaic virus
Cucumber mosaic virus
Bean common mosaic virus
Potato spindle tuber viroid

According to the insights documented by several authors, the antibacterial effect
of CS on prokaryotic cells (e.g., Gram-negative and Gram-positive bacteria) depends on
the electrostatic interactions between the biopolymer and bacterial cell wall components
(e.g., teichoic and lipoteichoic acids, and lipopolysaccharides), altering stiffness and even-
tually entering into the cell [25]. The antifungal effect of CS on eukaryotic cells is thanks to
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Gram-Negative Bacteria

the biopolymer cationic power acting on the residues of the mannoproteins (i.e., sialic acid)
located on the surface; once inside the cells, CS can chelate metals (e.g., potassium, calcium,
and sodium), denature proteins due to the effect of the net negative charge, or interact
with DNA via nucleic acid phosphate groups [25]. The antiviral effect may be due to the
interaction between CS and the RNA of viruses via phosphate groups [24]. To sum up,
Figure 4 represents most of the reported mechanisms of action of CS toward pathogens.
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Figure 4. Proposed interactions and mechanism of action between chitosan and pathogens (Gram-positive and Gram-

negative bacteria, fungi, and viruses). Adapted from References [24,25].

Thanks to its demonstrated bioactivity, CS has become an alternative in post-harvest
food treatment to control the decomposition and extend shelf-life by the inhibitory effect
against bacteria, fungi, and viruses. One of the feasible ways of applying CS has been
as a film due to its filmogenic properties [18], allowing its proper tailoring in edible
films and coatings. Hence, the following section addresses the relevant findings aimed
at implementing CS in edible films and coatings with potential application into food
packaging and preservation. To provide a better understanding in edible film and coating
preparation, a background on the key characteristics required from materials for such
applications is given.

3. Advances in Chitosan-Based Edible Films and Coatings
3.1. Key Characteristics of Edible Films and Coatings

Edible films and coatings are made of any biopolymeric material dispersed in an
aqueous phase with additives (e.g., plasticizers and surfactants) [26]. Once the biomaterials
are cast and dried, they may be able to form a sheet of less than 0.3 mm thick [27]. The main
difference between an edible film and a coating deals with the fabrication mode [2,28];
for example, a typical edible film is fabricated on a mold (e.g., Teflon, glass, or ceramic) and
it can be generated in monolayers (i.e., single biopolymer layer), multilayers (i.e., two or
more biopolymers added separately), or as composite films (i.e., a mix of more than
two biopolymers) using the solvent evaporation technique or casting [29]. On the other
hand, edible coatings are directly applied on the product through three different scenarios:
(i) by immersion [30], (ii) spread [31], or (iii) sprayed [32].

The materials used in edible films and coatings must have the ability to form rigid
matrices [33,34], and thus be capable to protect the product from ultraviolet (UV)-light,
and mechanical and pathogen damage; besides, they may display a controlled transport of
gases (e.g., oxygen, carbon dioxide, and ethylene) and water vapor between the environ-
ment and the product, and vice versa. Together with all such features, the films and coatings
must also maintain the original quality and nutritional characteristics of foods as long
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as possible and do not modify organoleptic properties [28,35-37]. Therefore, mechanical
(e.g., elastic modulus, tensile strength, and elongation at break) and permeability properties
are among the most important parameters to evaluate the functionality of edible films and
coatings, since they indicate the resistance to product handling [38,39] and transfer of gases
and vapors that can promote the growth of microorganisms and thus affect the maturation
and senescence of food products [40]. Here, it is worth to highlight that the mechanical
properties are not only highly influenced by the types of biopolymers, but also the addition
of plasticizers (e.g., glycerol and sorbitol) [41] and surfactants (e.g., Tween 20 and Tween
80) [42]. By interacting with the biopolymeric materials, both agents (i.e., plasticizers and
surfactants) cause a chemical modification of the three-dimensional matrix, specifically
by increasing its hydrophobicity, leading to a reduction in interactions with water [43].
Permeability properties depend on the chemical structure, the nature of the gases, their
solubility and diffusion across the polymer matrix, and handling conditions (i.e., temper-
ature and pressure) [44,45]. Crucially, the morphological and structure properties of the
edible films and coatings, which in turn depend on the preparation protocol used, greatly
influence the transport of gases and vapors [46]. For instance, Table 2 elucidates some of the
mechanical and permeability properties of polymers and biopolymers used in commercial
food packaging and edible films, respectively.

Table 2. General properties of polymers and biopolymers used in food packaging.

Packaging Materials Mechanical Properties Barrier Properties References

Polymer Materials *

Low-density polyethylene Tough and flexible High moisture barrier and very low gas barrier
Linear low-density polyethylene Tough and extensible High moisture barrier and very low gas barrier
High-density polyethylene Tough, stiff, strong, and easy to form Extremely high moisture barrier and very low gas barrier
Polypropylene Moderately stiff and strong High moisture barrier and low gas barrier
P High impact-resistance, low scratch-resistance, . . .
olyesters tough and st High barrier to gases and moisture
ough and strong
Polyethylene terephthalate Stiff and strong Good barrier to gases and moisture [47]
Polyethylene naphthalate Stiff Good barrier to gases and moisture
Polyvinyl chloride Strong and stiff ductile High moisture barrier and moderate oxygen barrier
Polyvinylidene dichloride Strong and stiff ductile Excellent barrier to oxygen and moisture
Polystyrene Hard and brittle Low barrier to moisture and air
Ethylene vinyl alcohol Stiff and strong Excellent moisture barrier and high air barrier
Polyamide Stiff and strong High barrier to air and moisture
Biopolymer Films **
Cellophane Good Moderate moisture barrier and good oxygen barrier
Cellulose acetate Good Moderate moisture barrier and poor oxygen barrier
Polylactic acid Good Moderate moisture barrier and poor oxygen barrier
Methy]l cellulose Moderate Moderate barrier to moisture and oxygen
Hydroxypropyl methylcellulose Moderate Moderate barrier to moisture and oxygen
Gelatin Not applicable Poor moisture barrier and good oxygen barrier [48]
Zein Moderate Moderate barrier to moisture and oxygen
Gluten Moderate Moderate moisture barrier and good oxygen barrier
Soy protein isolate Moderate Poor moisture barrier and good oxygen barrier
Casein Not applicable Poor moisture barrier and good oxygen barrier
Whey protein isolate Moderate Poor moisture barrier and good oxygen barrier

* Conditions are based on commercial packaging; ** Conditions depend on the plasticizer and the thickness of the packaging material.

3.2. Recent Advances in Chitosan-Based Edible Films and Coatings

As mentioned previously, CS is likely one of the most explored biopolymers in the
manufacture of edible films and coatings. Table 3 summarizes the most updated devel-
opment works aimed at using CS in the formulation of edible films and coatings over
the last decade. Some authors have formulated and tailored CS-based edible films using
different concepts of films, including monolayer, multilayer, and composites, varying the
polysaccharide concentration and additives, as well as using different temperatures and
drying technologies (e.g., irradiation, UV, or oven drying).
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Table 3. Chitosan (CS)-based edible films and coatings.

Biopolymeric Matrices CS Properties Additives Outstanding Results References
Monolayer
Vanillin Microwave irradiation was a rapid,
CS 15% DA L reliable, and economic method [49]
Acetic acid [
cross-linking
Acetic acid Improvement of water vapor
CS 50-190 kDa MW; 15-25% DA Tween 80 permeability, solubility, tensile [7]
Glycerol strength, and optical properties
Pistacia extracts Antioxidant activity improvement
Cs Medium MW; 15% DA Acetic acid Inhibition of Escherichia coli, [50]
Glycerol Staphylococcus aureus, and Salmonella
Mechanical and thermal
: o, Polyvinyl alcohol properties improvement
Quaternized carboxymethyl €S 16% DA Copper sulfate Inhibition of Staphylococcus aureus and (1]
Escherichia coli
Silybum marianum extract Improvement of water vapor
cs 190-310 kDa MW; 15-25% DA Sodium moptmqullomte permeabﬂlty, water r_es_lstance, [52]
Acetic acid antioxidant activity,
Glycerol and mechanical properties
Eucalyptus essential oil I
Shrimp-CS <25% DA Acetic acid Improvement of antioxidant and (53]
Glycerol antimicrobial activities
Thyme essential oil
cs High MW; 22% DA Basil egsent?al oil Improvement of emulsion stgblhty and [54]
Oleic acid water vapor permeability
Acetic acid
Propolis extract Improvement of mechanical properties,
cs 5% DA Glycerol permeability, and antimicrobial and [55]
Acetic acid antioxidant activities
Arabinoxylans
Arabino-xylo-oligosaccharides Improvement of mechanical and
CS High MW; 5% DA Lactic acid provement ot mechanical a [56]
Tween 80 prebiotic properties
Glycerol
Inhibition of Pseudonona fragi,
400 kDa MW Carvacrol Shewanella putrefaciens,
cs 180 kDa MW Acetic acid and Aeromonas hydrophila [57]
41 kDa MW Glycerol Carvacrol release was faster with CH
of high MW
Carvacrol Gas permeability improvement
CS 165 kDa MW, <15% DA . X Carvacrol release was faster with [58]
Acetic acid . 1
relative humidity
Gallic acid Antn:?lcr(')})lai actn&lt}'z 1mpr0vetment
cs 800 kDa MW; 2-5% DA Glycerol nsle strengt meremen [591
P Reduction of water vapor and
Acetic acid T
oxygen permeability
Lysozyme e i
cs Low MW; 15-25% DA Lactic acid Inhibition of Listeria monocytogenes and [60]
Pseudomonas fluorescens
Glycerol
Lemon essential oil e
Thyme essential oil Decrement of water vapor permeability
Cinnamon essential oil and elongation
Crab-CS 10% DA Acetic acid Improvement of barrier properties, [61]
Ti/ieecnago emulsion stability, particle size,
Glycerol and viscosity
Tea polyphenols
cs 5-20% DA Acetic acid Im%?‘l’Y emegt . Wa.tgr vapor [62]
Glycerol permeability and antioxidant activity
Acetic acid Improvement of mechanical and
cs - s . [63]
Glycerol permeability properties
Carvacrol Decrement of water vapor and carbon
Grape seed extract dioxide permeabilities, tensile strength,
cs High MW; <25% DA Acetic acid and elongation at break [43]
Tween 80 Increment of water content and
Glycerol oxygen permeability
Thyme essential oils
cs High MW; 15-25% DA Lactic acid Improvement of antibacterial and [64]

Tween 80
Glycerol

antioxidant activities
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Table 3. Cont.

Biopolymeric Matrices CS Properties Additives Outstanding Results References
Monolayer
Polyvinyl alcohol
Mint extract Tensile st thi t
cs 186 kDa MW; 10% DA Pomegranate extract G enste st r.e“gb lmP“?Vflf.%‘?‘.‘ [65]
Avcetic acid ram-positive bacteria inhibition
Glycerol
Olive oil Increment of tensile strength and
cs 161 kDa MW; 10% DA Acetic acid b 610“;5&“9“ at break g [66]
Glycerol ecrement of moisture sorPt'lon an
¥ water vapor permeability
Oregano essential oil
Cinnamon essential oil
cs 450 kDa MW Lemongrass essential oil Inhibition of Aspergillus niger and [67]
Acetic acid Penicillium digitatum ?
Tween 20
Glycerol
Corn oil
Sorbitol ¢ bili
cs 10% DA Lactic acid Improvement of permeability, [68]
Tween 80 and mechanical and optical properties
Glycerol
Lactic acid Improvement of carbon dioxide and
CS <10% DA Glveerol water vapor permeabilities, and [69]
4 mechanical properties
a-Tocopherol Improvement of antioxidant activity
cs 5% DA Lactic acid and water vapor permeability [70]
Tween 80 Reduction of tensile strength and
elongation at break
Zataria multiflora essential oil I ¢
Grape seed extract mprovement of water vapor
cs 450 kDa MW; 15-25% DA Acetic acid permeability, phenolic content, [71]
Glycerol and antioxidant activity
Thyme essential oil Improvement of water vapor
cs High MW Basil essential ol P.lf’"e ent ot i ‘; vapor [72,73]
“Acetic acid permeability and optical characteristics
Oregano essential oil Inhibition of Aspergillus niger and
(@S] 450 kDa MW éf;ig: na;)d Penicillium spp. < [74]
Bereamot essential oil Penicillium italicum inhibition
CS High MW; 17% DA & Acetic acid Water vapor permeability [75]
ceticact improvement
A Improvement of crystallinity, structure,
Ccs 10% DA I?V\C/zsr?god tensile strength, and elongation [76]
at break
Cinnamon essential oil
Crab-CS 190-310 kDa MW: 15-25% DA Acetic acid Improvement of antibacterial, physical, [77]
’ Tween 80 and mechanical properties
Glycerol
Shrimp-CS 100 kDa MW; 24% DA Sorbitol Increment of thermal stability, fungal 78]
Crab-CS 480 kDa MW; 35% DA Acetic acid activity, and mechanical properties
Multilayers (Chitosan + Other Biopolymers)
. Oxygen permeability improvement
Csf/ﬂl:rl: )1 }111,12? (iﬁnipssﬁe - Lglzce;‘oil d Inhibition of Staphylococcus aureus and [79]
yethylene chicac Aspergillus flavus
Cs /Beeswax (composite Medium MW; 15-25% DA Acetic acid V\./a‘ter vapor 180]
film)/Copy-paper Glycerol permeability improvement
Acetic acid Improvement of water vapor
CS/Whey protein isolate 165 kDa MW; <15% DA Clveerol permeability and [81]
yeero mechanical properties
Sodium tripolyphosphate
CS/Beeswax <15% DA Acetic acid Increment of water vapor permeability [82]
Beeswax/CS/Beeswax ° Glycerol and stiffness
Tween 80
Basil essential oil Structural change induction
Thyme essential oil Antioxidant effect increment
CS/Wheat starch High MW Citric acid Improvement of water vapor [83]

«-Tocopherol
Glycerol

permeability and
mechanical properties
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Table 3. Cont.

Biopolymeric Matrices CS Properties Additives Outstanding Results References
Multilayers (Chitosan + Other Biopolymers)
CS/Polyethylene film 165 kDa MW; 15% DA Acetic acid Decrement of water vapor and [84]
Glycerol gas permeabilities
Reduction of solubility and water
Acetic acid vapor permeability
CS/Bovine gelatin 10% DA Glycerol Mechanical properties improvement [85]
yeero Inhibition of against Escherichia coli and
Listeria monocytogenes
Composite Film (Biopolymers Mixture)
Modified CS/Nanocrystalline o S Mechanical properties improvement
cellulose 15% DA Acetic acid Pseudomonas Aeruginosa inhibition (8]
Carum copticum essential oil Improvement of solubility,
CS./ Cellulose nanoflbe.r 190-310 kDa MW; 15-25% DA Acetic acid water vapor permeability, [87]
CS/Lignocellulose nanofiber Tween 80 . .
and mechanical properties
Glycerol
Thyme extract
. Tannic acid Improvement of antioxidant activity
CS/Pea starch High MW Acetic acid and mechanical properties (8]
Glycerol
S Tensile strength increment
Lauric acid Decrement of elongation and water
CS/Corn starch 30% DA Acetic acid bili [89]
Glycerol vapor permeability
Gram-positive bacteria inhibition
Quercetin P
CS/Fish gelatin 165 kDa MW; 15% DA Acetic acid Structure modification [90]
Control of quercetin release
Glycerol
Rosemary extract Water vapor permeability decrement
Cinnamon extract Improvement of mechanical properties
CS/Pigskin gelatin Medium MW; 15-25% DA Boldo-do-chile extract s [91]
and antioxidant and
Guarana extract I . R
antimicrobial activities
Glycerol
Low MW; 15% DA Acetic acid Improvement of structure, water vapor
Crab-CS/Corn starch Medium MW; 15% DA Clycerol permeability, elasticity, solubility, [92]
High MW; 15% DA Y and resistance by CH of high MW
Transglutaminase Structural change induction
CS/Fish gelatin 3-449 kDa MW; 20-25% DA Acetic acid . € ¢ [93]
Mechanical properties increment
Glycerol
. . Improvement of moisture,
CS/Tzf\ra gum 100 kDa MW; 10% DA Acetic acid water vapor permeability, [94]
CS nanoparticles/Tara gum Glycerol . .
and mechanical properties
Gallic acid
Ferulic acid Improvement of mechanical properties,
. 100 Succinic acid water vapor permeability,
CS/Zein 50-190 kDa MW; 10% DA Adipic acid and antioxidant and (%]
Acetic acid antimicrobial activities
Glycerol
Acetic acid Increment of tensile strength, elasticity
CS/Potato starch 149 kDa MW; 10% DA Glycerol (or glucose) modulus, solubility, and water [96]
CS/Cassava starch n
Tween 20 (or 80) vapor permeability
Graphene platelets Improvement of water vapor
CS/Tapioca starch 900 kDa MW; 15% DA Acetic acid permeability and mechanical and [97]
Glycerol thermal properties
Acetic acid Improvement of water vapor
CS/Zein <25% DA permeability and mechanical [98]
Glycerol .
properties
CS/Fish gelatin Medium MW; 15-25% DA Acetic acid Improvement of tensile strength, elgstlc [99]
Glycerol modus, and water vapor permeability
Resveratrol Structural change induction
—. 00 . . . . PR .
CS/Methylcellulose 15-25% DA Acetic acid Antioxidant activity improvement (100]
. Palm stearin R
CS/Soy protein isolate - Glycerol Thermoplasticity improvement [101]
Murta leaves extract Polymer mobility induction
CS/Corn starch 190-310 kDa MW; 25% DA Acetic acid Y YL [102]
Mechanical properties improvement
Glycerol
CS/Silk fibroin Low MW; 20% DA Acetic acid Roughness decrement [103]
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Table 3. Cont.

antioxidant activities

Biopolymeric Matrices CS Properties Additives Outstanding Results References
Composite Film (Biopolymers Mixture)
Sunflower oil Improvement of water vapor
Crab-CS/Quinoa flour 15-25% DA Citric acid permeability and [104]
Tween 80 mechanical properties
CS/Pullulan 1Eo Acetic acid Induction of strong interactions,
Carboxymethyl CS/Pullulan 300 kDa MW; 15% DA Glycerol stability, and flexibility [105]
Improvement of surface charge,
Acetic acid the apparent viscosity, bright,
CS/Wheat starch High MW; <23% DA thickness, resistance, elongation, water [83]
Glycerol ol
vapor and oxygen permeabilities,
and antimicrobial activity
CS/Sodium alginate Low MW; 15-75% DA Acetic acid Efficient e\{aluatlor} of mlcFostructure [106]
Glycerol by microscopic techniques
Thyme essential oil Improvement of antimicrobial and
Crab-CS/Corn starch 400 kDa MW; 15-25% DA Acetic acidTween 80 [107]

Glycerol
. Water vapor permeability decrement
CS nanoparti- N R . .
71 kDa MW; 6% DA Methacrylic acid Improvement of mechanical properties [108]
cles/Carboxymethylcellulose o
and thermostability
Improvement water vapor
CS/Quinoa protein 408 kDa MW; 23% DA Lactic acid permeability, and mechanical and [109]
thermal properties
CS/Whey protein concentrate Lactic acid Decrement of gas permeability and
CS/Glycomacropeptide 10% DA Tween 80 tensile strength [110]
CS/Lactoferrin Glycerol Elongation at breakage increment

Acetic acid Improvement of mechanical and water

CS/Cellulose nanofibers Glycerol vapor permeability properties

71 kDa MW; 6% DA [111]

Polyvinyl alcohol

CS/Pectin 21% DA Acetic acid

Pathogenic bacteria inhibition [112]

118.7 kDa MW; 15% DA
. 135.3 kDa MW; 15% DA B Biodegradation by pepsin, amylase,
CS/Sodium cellulose sulfate 563.3 kDa MW- 15% DA and trypsin [113]

723.2 KDa MW; 15% DA

CS: chitosan; MW: molecular weight; DA: degree of acetylation.

As a starting point, most of the research has been focused on evaluating different prepa-
ration conditions, incorporation of additives, polymer blending, embedding of bioactive
compounds, natural extracts, among others, aiming to improve and extend the application
of CS-based films and coatings. For instance, Homez-Jara et al. [7] evaluated the effect of the
properties of CS-based films with different CS concentrations (from 0.5% up to 1.5% (w/v)) and
drying temperatures (from 2 up to 40 °C). The moisture content (from 10.8% up to 31.3%) was
mainly affected by drying temperature, which means that a higher temperature conducted
to a lower moisture content. The effect on the mechanical properties (such as tensile strength
and elongation at break) did not show a linear relationship with respect to the variation of CS
concentration and temperature; however, the highest tensile strength (656 MPa) was obtained
with the highest concentration and temperature (1.5% w/v and 40 °C, respectively) and the
highest elongation at break (42.4%) occurred with a medium concentration and lowest drying
temperature (1.0% w/v and 2 °C, respectively), while the water vapor permeability of the
CS-based films decreased gradually (from 72.5 to 0.27 x 107!! g m~! s7! Pa~!) with the
increase of the CS concentration. Nevertheless, Zhang et al. [63] showed that the CS concen-
tration (from 1% up to 2% w/v) influenced the increase in tensile strength (from 16 up to
28.5 MPa) and the decrease in elongation (from 10.5% down to 9.4%), while the increase in
drying temperature (from 20 up to 80 °C) reduced the tensile strength (from 18.6 down to
12.2 MPa) and elongation (from 12.3% down to 9.7%). However, the authors noted that the
addition of a plasticizer, such as glycerol (from 0% up to 1% w/w), decreased the water vapor
permeability in CS-based films from 5 to 4.36 g-cm m~2-h~!-kPa~! and water solubility about
25%. Interestingly, the application of a plasticizer does not always result in a beneficial factor on
the mechanical and permeable properties of edible films and coatings, for example, the study
reported by Farahnaky et al. [114] showed that wheat starch films became more brittle and less
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elastic with the addition of glycerol; furthermore, the permeability increased, possibly due to
the structural modification generated between the starch and plasticizer, which caused a dense
structure with greater movement, but less resistance.

The drying temperature and humidity are the main driving forces during the dehy-
dration of materials and products [115]; however, the drying protocol in CS-based edible
films has not been limited to such parameters. For example, Abraham et al. [49] noted
that the intensity microwave radiation (from 60% up to 100%) had a greater influence
than the application time (from 1 up to 5 min) in the drying CS-based edible films with
vanillin (from 1% up to 4%), which was reflected in the increase of the swelling index
from 321% up to 800%. Souza et al. [76], for instance, applied different electric field in-
tensities (from 100 up to 200 V cm~!) and noted that higher electrical intensity resulted
in a greater crystallinity of the films, and consequently improved the tensile strength and
elongation at break. This is, perhaps, due to the fact that the energy emitted modifies
the molecule charges, allowing more physical, chemical, and hydrogen bonds between
molecules, and thus a strong three-dimensional matrix is generated.

Regardless of the drying method (by oven, microwave radiation, or electric fields)
or the film-forming materials (e.g., beeswax) [116], several studies have shown that the
faster drying of edible films generates usually more homogeneous structures and with
greater crystallinity, while it has been documented that crystallinity promotes and improves
mobility and mechanical properties [99,105].

To extend the application and functionality of the CS-based films and coatings, the in-
corporation of biologically active compounds extracted from naturals extracts into CS
film formulations has been reported. The use of plants and their extracts has been carried
out empirically since ancient times, particularly for the treatment of infectious diseases;
however, it was later discovered that the alleviation of symptoms was linked to the antimi-
crobial and antioxidant activity of such bioactive molecules [117]. Active compounds can
be obtained directly from plenty of natural sources, such as propolis, mint, thyme, rosemary,
cinnamon, boldo-do-chile, guarana, murta, grape, and pomegranate, to mention just a
few of them. Such biologically active compounds can be extracted by means of organic
solvents extractions (e.g., water, ethanol, and methanol) [118], membrane processes [119],
among other emerging extraction technologies (e.g., high-voltage electrical discharges,
microwave-assisted extraction, ultrasound-assisted extraction, and pulsed ohmic heat-
ing) [120]. Once the active compounds have been successfully extracted, their importance
relies on their potential antioxidant activity together with inhibitory effect against bac-
teria and fungi [121], especially phenolic compounds (e.g., catechin, rutin, kaempferol,
and chlorogenic, caffeic, and ferulic acids) [122]. Importantly, the characteristics and
properties of the CS-based edible films and coatings may change with the addition of the
natural extracts. For example, Siripatrawan and Vitchayakitti [55] observed that propolis
extract reduced the permeability to water vapor (about 28%) and oxygen (about 62%) but
improved the tensile strength (about 266%) and elongation at break (about 140%) of CS-
based films. Interestingly, the enhanced mechanical properties can be substantially related
to a possible cross-linking effect [123], e.g., it has been reported that a strong interaction
between the CS and phenolic components, such as quercetin, naringenin, and baicalin [124],
can potentially produce a crosslinking reaction, resulting in a compact structure of the
resulting edible films [77]. In addition to this, the phenolic compounds of the extract
were possibly responsible for antimicrobial and antioxidant properties [55]. Concurrently,
Rubilar et al. [43] also observed that CS-based films with grape seed extract (from 160
up to 684 ppm) and carvacrol (from 9.6 up to 90 ppm) decreased the physical properties
(water solubility by 9% and moisture content by 67%), water vapor permeability (about
48%), and mechanical properties (tensile strength by 67% and elongation at break by 145%)
in direct relation to the carvacrol concentration; unfortunately, this negative reduction
was possibly attributed to the mobility decrease of the polymer matrix by the carvacrol
hydrophobicity [57]. On the contrary, the incorporation of natural extracts has been done in
different studies, confirming the improvement of CS-based films in terms of tensile strength



Polymers 2021, 13, 767

12 of 24

and antimicrobial activity against Staphylococcus aureus and Bacillus cereus, as reported by
Kanatt et al. [65], who added peppermint and pomegranate extracts into CS.

Essential oils are defined as complex mixtures of more than 300 volatile chemical
compounds with low molecular weight (<1000 Da) [125], and they have also been recog-
nized due to their healing power towards diseases transmitted by pathogenic microorgan-
isms [126]. Positively, their popularity has recently increased in the food industries and
research areas since they are recognized as a green alternative of additives that improve the
quality of food and perishable products [127]. Some studies have demonstrated that essen-
tial oils contained in different parts of the plant, such as flowers, leaves, fruits, roots, stems,
and seeds [128], exhibit antimicrobial, analgesic, sedative, anti-inflammatory, spasmolytic,
anesthetic, and antioxidant effects [129]. Nowadays, the tuning of characteristics and
properties of edible films and coatings by the addition of essential oils in formulations is
continuously evaluated.

Avila-Sosa et al. [67] proved a better antifungal effect against Aspergillus niger and
Penicillium digitatum in CS-based films by enriching with essential oils from oregano or
cinnamon. While, Hafsa et al. [53] found that the eucalyptus essential oil showed an-
tiradical activity, especially against 2,2-diphenyl-1-picrylhydrazyl (DPPH), nitric oxide,
and hydrogen peroxide in CS-based films. More recently, Peng and Li [61] noted that lemon,
thyme, and cinnamon essential oils inhibited Escherichia coli by 474%, 1969%, and 1895%
respectively, and Staphylococcus aureus by 575%, 3619%, and 2427%, respectively. Addition-
ally, essential oils slightly decreased the water vapor permeability by 5.3%, 2.4%, and 5.0%
respectively, while the water solubility was decreased by 51%, 28%, and 34%, respectively.
The elongation at break was also negatively affected by 54%, 31%, and 42% respectively,
but the essential oils increased the opacity in CS-based films by 601%, 272%, and 281%,
respectively. When essential oils were blended in mixture, some studied properties were sig-
nificantly affected; for example, the tensile strength, opacity, and water solubility decreased
by about 25%, 784%, and 26% respectively, but the antimicrobial activity against Escherichia
coli and Staphylococcus aureus increased by 1511% and 2089%, respectively. The inhibition is
thanks to the phenolic content of essential oils since they are responsible for neutralizing
reactive species and interacting with the membrane components of microorganisms by the
contribution of electrons [130,131].

As a current trend in the field, the design for tailoring single, composite, or multilayer
films is a latent way of film fabrication. Pereda et al. [85] generated two types of composite
and bilayer films based on CS and bovine gelatin. Basically, the authors dispersed both
biopolymer phases to generate composite films, while a general multilayer methodology
was also used to generate bilayer films. Theoretically, the dispersions were made separately
by casting technique, one dispersion is dried before pouring the next one [58]. According
to Pereda’s findings, both concepts of films presented smooth and homogeneous surface;
however, the bi-layered films displayed an interface between layers, which indicated a
lack of compatibility, compactness, and adhesion among biopolymers [85]. Both films
showed similar tensile at break (6.27 and 8.55 MPa, respectively) but the composite films
had especially a higher percentage of elongation at break (85.4% against 41.0%); in addition
to this, the inhibitory power of both films against Escherichia coli was not affected. Unlike
Pereda’s work [85], Zhang et al. [80] reported good compatibility and improvement in
properties of copy paper covered by a bilayer films based on CS and beeswax, specifically
in the decrement of the water vapor permeability (up to 98%). This was attributed to the
viscoelasticity of beeswax since it allowed the adhesion of CS and copy paper while the
malleability of the biopolymeric matrix allows the transport of vapor [132]. In this study,
the authors confirmed the excellent capacity of CS as an emulsifier to prepare stable lipid
latex with beeswax thanks to the electrostatic interaction between positively charged CS
and negatively charged lipids (carboxyl groups) of beeswax [133].
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3.3. Applications of Chitosan-Based Edible Films and Coatings on Food Products Models

In principle, the main objective of using edible films and coatings in food products pur-
sues their preservation, serving as an alternative to conventional packaging [33]. Of course,
the most challenging task of edible films and coatings deals with the preservation of the
natural characteristics of foods and delays spoilage due to physical damage, and chemical
and biochemical reactions [134]. Such targets have been successfully achieved by edible
films and coatings based on CS, for instance, Table 4 summarizes outstanding studies in
which several food products (e.g., fruits, vegetables, animal products, and dairy) have been
preserved with CS-based edible films and coatings, highlighting the meaningful impact of
using such materials in the products’ quality.

Table 4. Application of chitosan-based edible films and coatings on food products.

BlOpOl}fmerlC Additives Coat.mg Models Results References
Matrices Techniques
Tomato plant extract Quality parameters conservation
Cs Acetic acid Dipped Chicken Microbial inhibition [135]
Glycerol Shelf-life prolongation
Lactic acid
Cs H{drogen peroxide Dipped Fresh cheese Listeria monocytogenes inhibition [136]
auric arginate
Sodium caprylate
Green tea extract Total phenolic content increase
Cs Acetic Dipped Strawberries Increment of antioxidant and [137]
Glycerol antimicrobial activities
Trachyspermum ammi extract
Acetic acid . Microbial inhibition
cs Tween 80 Wrapped Chicken meat Shelf-life prolongation [138]
Glycerol
Acetic acid . Conservation of weight, water content,
s Glycerol Dipped Apples and vitamin C (139
Acetic acid Sprayed . e )
CS Glycerol Dipped Baby carrots Microbial inhibition [140]
Thymus piperella essential oil
Thymus moroderi essential oil Bacterial inhibition
(@3] Lactic acid Wrapped Cooked cured ham Lipid oxidation protection [141]
Tween 80 Shelf-life prolongation
Glycerol
Conservation of polyphenols, flavonoids,
Cs nr. Dipped Loquats ascorbic acid, and carotenoids [142]
Senescence delay
. . Reduction of weight loss, respiration rate,
Cs ASC'OI‘.blC a.c1d Dipped Plums and stress [143]
Citric acid . .
Firmness conservation
Garlic oil ) ]
cs Acetic acid Dipped Raw shrimp meat Nitrogen content reduction [144]
Shelf-life prolongation
Glycerol
Acetic acid Bacterial inhibition )
s Glycerol Wrapped Fresh sea bass Shelf-life prolongation [143]
Acetic acid . Ripening process delay )
cs Tween 80 Dipped Guavas Oxidative stress decrease [146]
Sensory properties conservation
Cs Acetic acid Dipped Indian oil sardine Oxidation compounds reduction [147]
Shelf-life prolongation
Lemon essential oil . . Fungal inhibition )
cs Acetic acid Dipped Strawberries Shelf-life prolongation [148]
Palm stearin Weight loss reduction
CS Acetic acid Dipped Star fruits Conservation of firmness, appearance, [149]
Tween 80 and quality
Zataria multiflora essential oil
Grape seed extract Ready-to-eat mortadella . .
Cs Acetic acid Wrapped sausages Shelf-life prolongation [150]
Glycerol
Acetic acid . . Bacterial inhibition
s Glycerol Dipped Broccoli Shelf-life prolongation (1511
(@) Acetic acid Dipped Apples Fungal inhibition [152]
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Table 4. Cont.
Biopolymeric - Coating
. Additives . Models Results References
Matrices Techniques
Sunflower oil . .
(@) Acetic acid (or lactic acid) Wrapped Pork meat hamburgers Shelf-life prolongation [153]
Sodium lactate
Sodium diacetate N o ,
Cs Potassium sorbate Wrapped Cold-smoked salmon Listeria monocytogenes inhibition [154]
Acetic acid
) Fls}.l oil Acid-reactive substances reduction
Vitamin E500 P
L . . Bacterial inhibition
(@) Acetic acid Dipped Lingcod . . . [155]
Conservation of lipids, omega-3 fatty acids,
Tween 80 and fatty acidsShelf-life prolongation
Glycerol P &
Natamycin
cs Acid lactic Wrapped Saloio cheese Aspergillus niger mhlbﬁlonshelf-hfe [156]
Tween 80 prolongation
Glycerol
CS silver Spread Tomatoes . .
nanoparticles Glucose (four-layer) Apples Shelf-life prolongation [157]
Limonene essential oil
Oregano essential oil
Red thyme essential oil Nati th inhibiti
Modified CS Peppermint essential oil Sprayed Strawberries anve pathogens mupition [158]
L AR Shelf-life prolongation
emongrass essential oil
Acetic acid
Tween 80
N, Sodium chlorite
O-carboxymethyl P Dipped Pears Escherichia coli inhibition [159]
3 Acetic acid
Mint essential oil
CS-Gelatin Thyme essential oil Wrapped Black radish Listeria monocytogenes inhibition [160]
Acetic acid
Reduction of weight loss, lipid oxidation,
CS/Bovine gelatin Glycerol Dipped Beef and discoloration [161]
Shelf-life prolongation
Acetic acid ‘?g?fper()j Bacterial inhibition
CS/Fish gelatin cetcac raye Rainbow trout Antioxidant effects increase [162]
Glycerol Dipped Lipi Sy
. ipid oxidation delay
(bilayer)
Clove essential oil
Soy lecithin
CS/Bovine gelatin Acid lactic Wrapped Cod Microorganisms inhibition [163]
Sorbitol
Glycerol
Hieh oleic sunflower oil Conservation of firmness and color
CS/Quinoa protein & S Dipped Blueberries Mold inhibition [164]
Lactic acid . .
Shelf-life prolongation
Curcuma essential oil
Tween 80 . ) Microbial inhibition
CS/Corn starch Acetic acid Dipped Strawberries Ripening and spoilage delay [165]
Glycerol
Essential oils
(from Lippia gracilis Schauer) s .
CS/Cassava starch Acetic acid Dipped Strawberries Gram-positive bacteria inhibition [166]
Shelf-life prolongation
Tween-80
Glycerol
bCe ir/'ll\sdtlal?cgh Perilla oil Inhibition of bacteria and fungi
CS/Water Acetic acid Spread Mongolian cheese Weight loss delay [167]
chestnut starch Glycerol Shelf-life prolongation
CS/Kappa Sunflower oil
PP Acetic acid Dipped Longan fruits Shelf-life prolongation [168]
carrageenan
Glycerol
. Acetic acid Dipped Inhibition of bacteria, yeasts, and molds :
CS/Alginate Calcium chloride (bilayer) Melons Firmness conservation [169]
CS/Carboxymethyl L Mandarins, oranges . .
cellulose (bilayer) Acetic acid Spread and grapefruits Glossiness and appearance improvement [170]
Sodium tripolyphosphate
Beeswax/CS/ Acetic acid . . Native fungi inhibition
Beeswax Dipped Strawberries . - [82]
Glycerol Shelf-life prolongation
(three layer)

Tween 80




Polymers 2021, 13, 767 15 of 24

Table 4. Cont.

BprlYmenc Additives Coat_mg Models Results References
Matrices Techniques
CS/0- . . .
- . . . Microbial spoilage delay
carboxcyénethyl Acetic acid Dipped Whiteleg shrimp Shelf-life prolongation [171]
CS/Quercetin- EDTAC i tric acid . . Improvement of antioxidant and
modified Ascorbic acid Dipped Cactus fruits antimicrobial activities (721

Texture improvement
CS/Whey protein Hydrochloric acid Dipped Ricotta cheese Sensory characteristics conservation [173]
Shelf-life prolongation

CS/High . . .
. . Weight and firmness conservation
molecular weight Bergamot essential . R . 1
L Dipped Grapes Respiration rate reduction [174]
hydroxypropyl Acetic acid L - P
Antimicrobial activity improvement
methylcellulose
. s Carrot I s .
CS/Sodium Acetic acid Wrapped Inhibition of mesophilic, psychrotrophic,
X . Cheese : [175]
caseinate Glycerol Dipped Salami yeast, mold, and bacteria growth

By keeping in mind that food spoilage is influenced by oxygen, water content, temper-
ature, relative humidity, and pH [176], the physicochemical and mechanical properties of
the films should efficiently control such storage conditions, and as a consequence, maintain
the physical and sensory characteristics together with the protection against microbio-
logical pathogens and increase foods’ shelf-life [177]. This becomes more important in
perishable natural foods (e.g., fruits and vegetables), which continue to metabolize and
breathe after harvest, which means they consume oxygen to produce carbon dioxide, ethy-
lene, and water (in different proportions), which causes the product ripening and later
its decomposition [178], whereas the decomposition in perishable foods of animal origin
(e.g., meat and seafood) begins immediately after death because they are highly susceptible
to microbial attack by Staphylococcus aureus, Listeria monocytogenes, and Salmonella [179].
For this reason, the application of edible films and coatings is mostly directed towards
highly perishable products to preserve their quality (e.g., taste, texture, and appearance)
for a longer time.

Apriyanti et al. [137] applied a functional CS film enriched with green tea extract
for the protection of strawberries. Since such natural extract contains considerably high
amounts of phenolic compounds, they noted an increase in the phenolic content according
to the gallic acid equivalents (GAE) from 3.5 up to ~14 mg GAE g1, as well as increased an-
tioxidant capacity from 5% up to ~70%, which in fact was dependent on the concentration
of CS and tea extract. Similarly, using strawberries as a model, Perdones et al. [148] proved
that the properties of the strawberries did not change significantly by packing with CS
coatings containing lemon essential oil; more importantly, lemon essential oil successfully
extended shelf-life of the strawberries by mitigating the fungal attack. In another investiga-
tion, Vu et al. [158] covered strawberries with a film-forming solution of CS and different
essential oils extracted from limonene, oregano, thyme, peppermint, or lemongrass. Practi-
cally, the authors noted an extension of fruits” shelf-life for over double the time (14 days);
in addition, the greatest inhibitory effect on the native flora (43.3 mm in inhibition diameter)
and molds (57.5 mm in inhibition diameter) were achieved when using red thyme essential
oil, and the least effect (0.0 and 15.5 mm in inhibition diameter, respectively) was generated
by limonene essential oil. Although the authors did not precisely state the reason for the
efficacy of red thyme essential oil, they attribute it to its antifungal power that has been
previously studied on native flora from strawberries (against Botrytis cinerea and Rhizopus
stolonifer) [180].

More recently, Yusof et al. [165] coated strawberries with a complex edible coating
based on a CS-corn starch blend enriched with Curcuma longa L. essential oil. A good
interaction between the two biopolymers was improved by the essential oil addition;
in general, the coatings inhibited the native flora of the fruit and concurrently extended its
shelf-life for 5 days without refrigeration. Similarly, Azevedo et al. [166] used CS-based
edible coatings formulated with cassava starch and Lippia gracilis essential oil to protect
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strawberries, noting that the essential oil increased the antimicrobial and antifungal effect
against yeasts, molds (up to 99.8%), and psychotropic bacteria (up to 98.7%), maintaining a
bacteriostatic effect on total and thermo-tolerant coliforms according to the most probable
number (<3 MPN g~ 1).

By preparing a composite film, Velickova et al. [82] used three-layer coatings of
beeswax/CS/beeswax to preserve strawberries. The addition of the wax improved the
tensile strength and elastic modulus of the coating, while maturity index of the fruit
decreased due to control of respiration rate and fungal infection, with the latter attributed
to beeswax. It is important to mention that thanks to its rich hydrophobic protective
properties, the beeswax is indeed used in cosmetics and body products [181]. The bilayer
effect was also evaluated by Nowzari et al. [162], who formulated a film-forming solution
with CS and fish gelatin to protect rainbow trout. This study evaluated the food protection
in two different scenarios, (i) by dipping one polymer followed by the other, and (ii) by
wrapping with film in pre-made bilayer. The authors were monitoring the free fatty acids
content over a period of 16 days; in theory, these are the result of enzymatic hydrolysis of
esterified lipids (e.g., phospholipids and triglycerides), promoting oxidation reactions with
proteins [182,183]. The results showed a greater slowdown in the free fatty acids formation
using bilayer films and the same inhibitory effect (of about 40%) of native pathogens with
both coatings [162].

In some other perishable products, such as cheeses and meats, the nutritional content
and the water content are the most sensitive parameters during their storage since they
allow the proliferation of microorganisms and the degradation of the product [184]. In the
light of cheese preservation, Brown et al. [136] protected fresh cheese using a coating based
on CS, hydrogen peroxide, lauric arginate, and calcium sulfate. Until now, it has been
well-proven the efficiency of CS to extend the shelf-life of food products and control the
action of pathogens. The embedding of different antimicrobials, such as essential oils,
enzymes, and bioactive compounds, has also provided an enhanced activity towards the
growth of Listeria monocytogenes, however, simple additives and chemicals, such as lactic
acid, hydrogen peroxide, lauric arginate, and sodium caprylate, have also been recognized
for their effectiveness in inhibiting Listeria monocytogenes in broth and whole milk. There-
fore, Brown and co-workers analyzed the further antimicrobial effect of hydrogen peroxide,
lauric arginate, and calcium sulfate into CS when utilized before or after surface contamina-
tion at refrigerated storage. After evaluation, the authors concluded that such formulated
films successfully controlled the growth of Listeria monocytogenes and extended the shelf-life
of the cheese up to 35 days with refrigeration. Fajardo et al. [156] used CS-based edible
films containing natamycin, which was subsequently implemented to protect Saloio cheese
against Aspergillus niger. By releasing the fungicide, a suitable inhibition of the strain was
reached, controlling its growth, and the shelf-life increased from 7 days (at 25 °C) up to
37 days (at 4 °C). In previous studies, the success has been mainly attributed to the addi-
tives that synergistically improved the biological activity of CS acting against pathogenic
organisms. CS also offers the possibility to be blended with protein materials, as shown
by Di Piero et al. [173]. Here, the authors combined CS and whey protein to fabricate
films for the conservation of ricotta cheese. These proposed films delayed undesirable
acidity, improved texture, maintained sensory characteristics, and inhibited mesophilic
and psychotropic bacteria at modified atmosphere of CO;/Nitrogen (N»).

Ruiz-Cruz et al. [135] have very recently increased the chicken fillets shelf-life over
16 days due to the inhibition of mesophilic, psychophilic, and coliform bacteria by means
of CS-based edible coatings enriched with tomato extract, which acted as an antimicrobial
and antioxidant compound. On the other hand, Karimnezhad et al. [138] achieved a greater
reduction of aerobic, psychrophilic, and coliform bacteria for 12 days, maintaining the odor,
color, taste, texture, and acceptability of the chicken meat. Such benefits were related to the
excellent action and protective effect of CS films loaded with Trachyspermum ammi extract.
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4. Concluding Remarks

Bio-packaging made from biodegradable materials is a current trend in the field
of preservation of food products, however, it is still an important challenge for food
technicians since the materials must meet specific requirements to protect food products.
CS-based edible films and coatings have successfully demonstrated their ability to fabricate
different concepts of monolayer or composite films.

The ability of CS to form edible films is mainly due to its polycationic nature that
allows it to work in conjunction with other biopolymers and additives. This synergy causes
strong physical interactions between all the components, which reflects the improvement of
the physical, mechanical, and permeability properties. In addition, the bioactive potential
of CS-edible films is originated by its intrinsic properties such as antimicrobial, antifungal,
and antioxidant capacities. These features make CS potentially interesting compared with
other biomaterials.

The evidence on CS-edible films and coatings shows that they meet the requirements to
be part of the so-called "green" bio-packaging and be an alternative to synthetic packaging.
However, this type of technology is highly targeted towards characteristics that must be
adequate and specific for the type of food to be protected, making the area of edible films
or coatings have a great potential for study. Finally, since several bioactive compounds
extracted from natural sources are providing various benefits to human health, it is likely
that CS will continue to be explored as a support for the incorporation of new functional
edible films.

5. Future Perspectives

Beyond the ecological aspect that CS represents within the food and packaging indus-
tries when used for "green" bio-packaging, it must be specified that it is a highly important
polysaccharide due to its availability in nature to acquire it. For instance, it is believed that
the global chitin and chitosan market could reach $4.2 billion by 2021 from $2.0 billion
in 2016 at a compound annual growth rate (CAGR) of 15.4% [185], while most of the
new environmentally friendly materials are still not consolidated. At this point, CS has
been widely studied and proven in plenty of applications, and currently has meaningful
interest in medicine, cosmetics, the food industry, and biotechnology [186]. Moreover,
it has shown its ability to form sustainable films, and more interestingly, it is able to interact
with other polymeric materials, resulting in new blends with enhanced properties. CS has
also demonstrated its ability to incorporate a number of bioactive components in its matrix.
We believe that CS will still be explored for its ability in carrying bioactive compounds
toward functional bio-packing manufacture. Nevertheless, these industries are in constant
biotechnological renovation to market better quality food products with better benefits to
the consumer, where the implementation of CS is fostered for intelligent packaging.

Today, intelligent packaging is a complex system generated mostly from petroleum-
based plastics according to available development works. However, trends clearly show
that bio-packaging will also improve to become part of these systems to monitor, generate,
and display relevant information about the product. Therefore, the nature of CS and
its compatibility with various materials make it a candidate to evolve into these new
packaging technologies.
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