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Abstract: There has been a significant increase in the development of edible films and coatings in
recent times, and this is expected to have a significant impact on the quality of fruit and vegetables in
the coming years. Consumers expect fresh fruit and vegetables free from pesticide residues, with
high quality, nutritional value and an extended shelf life. The application of coatings and edible
films to fruits and vegetables represents an environmentally friendly approach to an innovative
solution to this problem. Coatings and edible films can act as ecological and biodegradable packaging.
The coating strategy involves a combination of natural biopolymers and appropriate preservation
methods. The article presents the applicability, trends and perspectives of polysaccharide coatings
and edible films and their impact on the quality of fruit and vegetables, providing an understanding
of their main functions and benefits. Numerous studies show that natural polysaccharides are well
suited for use as packaging material for fresh fruit and vegetables and can often be an important
alternative to synthetic compounds. Natural polymer materials are a good barrier to oxygen and
carbon dioxide; however, they are characterised by excessive solubility in the water environment,
water vapour permeability and low extensibility. The properties of edible coatings can be modified
by the addition of plasticisers, surfactants, cross-linkers, antimicrobial agents, functional additives,
nanosilver particles or fruit and vegetable residues. The use of an electric field is also a promising
technology here. The use of polysaccharides for the preparation of edible films and coatings is
justified not only by the possibility of reducing the consumption of packaging made of synthetic
polymer materials but also by the fact that the production of some natural polymers can be made
using waste products generated during the processing of food raw materials.

Keywords: cellulose derivatives; chitosan and chitin; edible films and coatings; fruit and vegetables;
gums; economic aspects and legislation; mechanical and physical properties; post-harvest quality;
pectin; seaweed products; starch

1. Introduction

Fruit and vegetables are essential in the human diet for their nutritional value. They
are a rich source of vitamins, essential minerals, antioxidants, bioflavonoids and dietary
fibre [1]. Fruit and vegetables are living tissues and highly perishable products needing
optimal post-harvest technologies in order to maintain their storage stability and extend
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their shelf life. The quality and stability of fruit and vegetables depends on the variety,
pre-harvest practices, climatic conditions, ripeness at harvest, harvest methodology and
post-harvest conditions, making the prediction of shelf life a difficult task compared to
other foods. Their short storage times are evidenced by physiological, biochemical and
microbiological changes, including respiration and transpiration, which lead to signifi-
cant economic losses. An important condition for preserving the shelf life of fruits and
vegetables is a proper method of storage and control of their quality parameters, such as
colour, firmness, ethanol fermentation, atmosphere composition, water content and weight
loss [2-4].

Fruit and vegetables in their natural state are covered with a layer of waterproof waxes
produced by biosynthesis, with a thickness ranging from a few micrometres to several
millimetres. The substances included in natural waxes are hydrocarbons (1-2% to 50-60%
by weight), esters (from 5% to 20% by weight), free alcohols (from 4% to 50% by weight),
fatty acids (approx. 10% by weight) as well as aldehydes and ketones. Natural waxes slow
down the life processes of plants after harvesting, contributing to their longer shelf life.
They perform protective functions, inhibit losses, regulate gas exchange, protect against
the penetration of undesirable substances from the external environment (pathogens,
pollution) and protect the tissue against damage. The thin layers of natural waxes on fruit
and vegetables are damaged during storage and distribution. The complete removal of
waxes occurs during sorting, washing, cleaning, peeling and cutting, and this initiates
undesirable biochemical processes. Then, fruits and vegetables show reduced durability
and a tendency to change colour and taste, lose their shine or turn brown [5,6].

The demand for fresh fruit and vegetables has forced the industry to develop new and
better methods of maintaining quality and extending their shelf life. Extending the shelf
life not only improves the quality, taste and texture of fruit and vegetables but also reduces
waste and associated costs. One such solution is the use of natural and biodegradable
food films and coatings, which can be a good alternative to synthetic fungicides. They can
effectively delay the deterioration of fruit and vegetables, extend the shelf life and also
protect them against the harmful effects of the environment. They are safe, functional and
environmentally friendly [3,7]. As semi-permeable membranes, they allow the permeation
of gases and electrolytes between the product and the environment. The addition of
sweeteners, flavours and dyes to edible films and coatings may increase the sensory
attractiveness of fruit and vegetables, and enriching them with antioxidant compounds
improves their nutritional and health values [8].

Edible films and coatings come into direct contact with plant products; therefore, they
must meet certain legal and functional requirements. Among other requirements, they
should not be harmful to health; have good barrier properties to UV rays, moisture, oils
and gases; dissolve well in water and fats; and have adequate resistance to microbiolog-
ical, biochemical or physicochemical changes. These properties depend on the type of
natural polymer, the method of modification in the production process (physical, chem-
ical or enzymatic cross-linking) and the method and conditions of forming the film and
coating [9,10].

Natural and biodegradable edible films and coatings are a sustainable alternative
to plastic packaging commonly used in the market. In view of the above, and due to
the importance attached to improving the post-harvest quality of fruit and vegetables,
the aim of this review is to analyse the latest trends and prospects for the use of edible
polysaccharide films and coatings as an effective preservative to ensure the safety, quality
and functionality of fresh fruit and vegetables.

2. Definition and Methods of Applying Edible Films and Coatings

Edible films and coatings are defined as any thin material used to wrap or coat a
product to extend its shelf life, which can be consumed with the product. They can improve
the quality of, e.g., fruits and vegetables by protecting them from physical, chemical and
microbiological changes such as moisture loss, enzymatic browning reactions and fat
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oxidation [11]. The thin layer formed by the edible materials that cover the fruit and
vegetables is called the edible coating, while the layer previously shaped and placed on
the raw material is called the edible film. The edible coatings are in liquid form and are
applied to the raw material by immersing it in the solution. Edible films are shaped like a
solid sheet and then applied by wrapping around the product [2,12,13].

For a long time, edible films and coatings have been used mainly as a one-component
film or coating formulation. However, recently, a number of studies have been carried out
on two-component and multi-component edible materials that provide better functional
properties. In such a case, composite films or coatings are prepared by combining two
or more binders to obtain structures with modified physical, mechanical and barrier
properties that are superior to a single-component material. Therefore, various substances
are used in film-forming preparations, such as plasticisers (glycerol, polyoxyethylene
glycol, propylene glycol, sorbitol), cross-linkers, emulsifiers and enhancers (vegetable fatty
acids) to improve or modify the basic functionality of the material [3,14-16]. However,
introduced in excess, they may deteriorate mechanical properties and increase water
vapour permeability (polypropylene glycol, sorbitol). Edible films and coatings have a
number of advantages over synthetic coatings:

e They act as a gas and moisture barrier that creates a modified atmosphere in the
fruit, which, in turn, extends the shelf life and preserves the quality of fresh fruit and
vegetables.

They act as a barrier against microorganisms and thus contribute to proper hygiene.

Several active ingredients such as anti-browning agents, dyes, aromas, nutrients and

spices can be incorporated into the polymer matrix and consumed with the fruit, thus

increasing safety and even nutritional and sensory properties.

e They help to reduce synthetic packaging waste due to their biodegradable nat-
ure [2,13,17-19].

When creating edible films and coatings, the aim is to obtain durable, thin and
homogeneous materials [20]. They can be produced by wet or dry methods. One of the wet
production methods is to obtain edible films by removing the solvent used to prepare the
film-forming solution. In this process, as a result of the physico-chemical intermolecular
interaction, a continuous structure is formed and stabilised. The macromolecules of the
film-forming solution are dissolved in a solvent (water, ethyl alcohol, acetic acid) and
can be combined with other additives. The resulting film-forming solution is poured in
a thin layer, dried and then removed from the surface [21]. The structure of the film is
influenced by the drying conditions (temperature, relative humidity), the thickness of the
film-forming solution layer and its composition [14,22,23]. Coatings are formed on the
surface of fruit or vegetables from a liquid solution by dipping in a film-forming mixture, as
well as by spraying or lubricating the surface [24]. This casting method is the most popular
technique on a laboratory scale, although there are also some industrial-scale applications.
The properties of the coating solution (density, viscosity, surface tension, food immersion
speed) are important in this method [25]. The multilayer technique is used here, in which
fruits and vegetables are electrolytically coated in layer by layer [21]. The coating process is
carried out at an appropriate temperature in order to ensure the fluidity of the ingredients,
create a specific thickness and even create coverage of the surface of fruits and vegetables.
Cohesion of particles in the coating structure and adhesion between the coating and the
surface of the plant product takes place during the coating process. The intensity of the
cohesive forces directly affects the barrier and mechanical properties of the covering layer,
which depend on the methods of formation [26].

Edible films and coatings can also be prepared by extrusion [27]. Extrusion is often
preferred to casting as the method of fabricating films because the throughput of the
process is faster and less energy is required for the removal of water [28]. The successful
application of extrusion depends upon the main variables that should be controlled during
the extrusion process. These variables include food polymer selection, liquid feed rates,
screw configuration, screw speed, zone temperatures, product inlet/outlet pressures (and
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their differentials) as well as die configuration [29]. Although extrusion is a promising
approach for the elaboration of edible films, there are a limited number of studies related
to the use of this technology on pectin edible film elaboration. Probably, this is due to the
behaviour and chemical interaction of food ingredients during extrusion, which is difficult
to understand, along with many processing variables that need to be controlled [30,31].
Thus, Fishman et al. [28] used extrusion to prepare edible films from pectin/starch blends
plasticised with glycerol. They used a twin-screw extruder with nine heating zones. As a
result of the research, the authors found that the extruded edible films have a microstructure
and thermodynamic mechanical properties comparable to those obtained by casting from
a solution containing the same materials. Pectin films with various combinations of orange
albedo and starch were produced under similar conditions [28]. In addition, Liu et al. [29]
investigated optimal extrusion parameter conditions for the production of edible packaging
films derived from food polymers. The authors indicated that the optimal conditions for
the pectin films are temperatures in extruder zones 3 and zone 4 of 125 °C and 110 °C,
respectively and a screw speed of 225 rpm. These conditions were determined on the basis
of the evaluation of the physical and mechanical properties of the films, such as tensile
strength, elongation, puncture resistance, colour, Young’s modulus, tear resistance, haze
and thickness [29,31].

Films and coatings made from a single polymeric component are often brittle and
breakable. To counteract this, a plasticiser, allowing the formation of an elastic structure,
is introduced into the film-forming solution. The plasticiser enters the molecular chains
of polymers and their physicochemical connections, thus increasing the coherence. The
most commonly used plasticisers are polyols (glycerol, sorbitol, polyethylene glycol),
sugars (glucose, honey) and lipids (monoglycerides, phospholipids). The appropriate
selection of a plasticiser for films and coatings is important as it can significantly change
the physicochemical properties of the coatings [21]. The methods and possibilities of
coating fruits and vegetables depend on the type of product and its properties, storage and
distribution conditions [32,33].

Scientists have investigated various polymers of biological origin to obtain a con-
tinuous structure of membranes or coatings. Polysaccharide hydrocolloids are the most
common group of biopolymers used in the production of edible films and coatings. They
can be obtained from sources such as plants, crustaceans and microorganisms. Cellulose
derivatives, starches, alginates, pectins, chitosans, pullulan and carrageenans are the most
popular polysaccharides used in the production of edible films and coatings [2]. However,
these materials are hydrophilic in nature. Therefore, different types of oils and fats are
incorporated into the hydrocolloid matrix to enhance their water vapour barrier properties.
The most popular are waxes, triglycerides, acetylated monoglycerides, free fatty acids and
vegetable oils [34].

3. Characteristics of Selected Polysaccharides
3.1. Seaweed Products—Alginate, Carrageenan and Agar

Alginate, carrageenan and agar are products obtained from species of marine algae
belonging mainly to Phaeophyceae (brown algae) and Rhodophyceae (red algae) (Table 1).
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Table 1. Occurrence of polysaccharides in marine algae [35].

Phylum (Division)/Species of Seaweeds

Polysaccharide
Phaeophyceae Rhodophyceae
Macrocystis
Laminaria
Ascophyllum
Alginates Ecklonia
Eisenia

Nereocystis

Sargassum
Chondrus
Gigartina
Eucheuma

Hypnea
Carrageenans Iridaea
Kappaphycus
Gymnogongrus

Ahnfeltia
Furcellaria
Gelidium
Agar Gracilaria
Pterocladia

Alginate, the sodium salt of alginic acid, is a brown seaweed product hat exhibits
film-forming properties [14,36]. The colloidal properties of these biopolymers used as film
or coating constituents are related to their chemical structure [37,38]. Alginate coating
materials are made by the use of divalent cations such as Ca, Mg, Mn, Al and Fe, and
it is used as a gelling agent [39,40]. Alginate consists of D-mannuronic acid (M) and L-
guluronic acid (G) in various proportions, arrangements and molecular weights [35,37,41].
The physical properties of alginate gels largely depend, among others, on the ratio of
guluronic acid to mannuronic acid residues, the successive order of these residues, the
length of guluronic acid blocks and the total molecular weight of the polymer [41-43]. If
the M/G ratio < 1, the gel indicates a large amount of guluronic acid, which is capable of
forming strong bonds. If the M/G ratio > 1, the gel contains less guluronic acid, which
may result in softer and more flexible structures [44]. On the other hand, alginic acid
obtained from different species of brown algae may also be different, as it may contain
three types of polymer segments and consist of (a) mainly D-mannuronic acid (M) units,
(b) mainly L-guluronic acid units (G) or (c) alternating D-mannuronic acid and L-guluronic
acid residues [35] (Table 2).
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Table 2. Alginate composition of selected brown algae species.

Mannuronic Acid (M), Guluronic Acid (G),

Species wit % Wit % M:G Ratio References
Laminaria digitata 53-59 41-47 2.20-3.60 [35,45]
Laminaria hyperborea 30-38 62-70 0.45 [35,46,47]
Laminaria japonica 69 31 2.26 [48]
Ascophyllum nodosum 60-65 35-40 1.40-2.25 [35,45,46]
Ecklonia cava 62-67 33-38 1.60-2.00 [35,49]
Eisenia bicyclis 62 38 1.60 [35]
Macrocystis pyrifera 50-61 39-50 1.56 [36,45,48]
Durvillae antarctica 56 44 1.27 [50]
Sargassum ringgoldianum 64-70 30-36 1.80-2.30 [51]
Sargassum turbinaroides 49 52 0.94 [52]
Sargassum fluitans 34-54 46-66 0.52-1.18 [53]
Sargassum muticum 24 76 0.31 [54]
Sargassum polycystum 18 82 0.21 [54]
Nereocystis luetkeana 63 37 1.70 [55]
Pelvetia canaliculata 56-60 40-44 1.30-1.50 [56]
Undaria pinnatifida 60 40 1.50 [48]

The ability of alginate to irreversibly and immediately react with divalent and trivalent
metal cations (Ca?* and Ca3*) and to form water-insoluble polymers is used to form
coatings of edible vegetables and fruit [57]. Alginates have good film-forming properties,
giving a uniform, transparent, glossy look to films [2,39,58]. Films (membranes) made of
alginates are impermeable to fats and oils, and like other hydrophilic polysaccharides, they
are distinguished by high water vapour permeability [37,39,57]. Alginate has a unique
colloidal property, which contains a stabilising, thickening, suspending film or coating,
producing gel-forming and stabilising emulsion [40,57]. Alginate has some desirable
properties, including reduction in shrinkage, moisture retention, colour and odour of
food [39]. The alginate gel coating can protect vegetables and fruit from loss of turgor,
as moisture is first lost from the edible coating before the protected parts of the edible
plants are significantly dehydrated [58,59]. Alginate coatings provide a good barrier to
oxygen, which contributes to the delay of lipid oxidation in vegetables and fruits and
reduces their weight loss and the abundance of microflora on the surface [58,60,61]. They
also contribute to delaying the ageing processes that take place in fruits and vegetables
during their storage [62].

To extract the alginate, the seaweed is broken into pieces and mixed with a hot base
solution (e.g., sodium carbonate). After about 2 h, the alginate dissolves as sodium alginate,
forming a thick slurry that also has undissolved parts of the seaweed (glycellulose). The
resulting solution is diluted with water and pressed through a filter cloth in a filter press
along with an auxiliary filter, e.g., diatomaceous earth. The last step is the alginate precipi-
tation from the filtered solution as alginic acid or calcium alginate [63,64]. Pretreatment of
the seaweed with acid (prior to alkaline extraction) leads to a more efficient extraction, less
coloured product and reduced viscosity loss during extraction due to the lower amount
of phenolic compounds [65]. Due to the linear structure, alginate can form strong films
and appropriate fibrous structures in the solid state; therefore, it is considered a good
filmogenic material [44].

Carrageenans are natural hydrophilic polymers with a linear chain of partially sul-
phated galactans that have high membrane formation potential [34,66]. However, the
production of edible films using carrageenans is not as popular as they are most commonly
used as coatings [67]. They are extracted from the cell walls of red algae, most often
from the species Chondrus crispus, Kappaphycus alvarezii and Eucheuma denticulatum [34,63]
(Table 1). There are three types of carrageenan: kappa carrageenan (k-carrageenan), iota
carrageenan (l-carrageenan) and lambda carrageenan (A-carrageenan) [68]. The solubility
of carrageenans in water depends on the content of ester sulphate and associated cations.
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Higher levels of ester sulphate mean a lower dissolution temperature. The presence of
cations such as Na, K, Ca and Mg promotes cation-dependent aggregation between car-
rageenan helices. Depending on the concentration of the solution, the melting point of
carrageenans is from 50 to 70 °C and the gelation temperature is from 30 to 50 °C [63,69].
Iota carrageenan forms elastic and clear gels with no syneresis in the presence of calcium
salts [63]. Edible films based on iota carrageenan have good mechanical properties as they
are emulsion stabilisers and can reduce oxygen transfer and limit surface dehydration
and deterioration of fruit flavour [70]. Lambda carrageenan, on the other hand, does not
form a gel but only forms highly viscous solutions; therefore, it cannot be used as an
edible film [71]. Kappa carrageenan is one of the most common forms of carrageenan
that can be used in food, and the gel made from it can be frozen and thawed. Kappa car-
rageenan has a double-helix conformation, and the linear helical parts can associate to form
a three-dimensional gel in the presence of appropriate cations [72]. Kappa carrageenan
creates strong and stiff gels with potassium salts and brittle gels with calcium salts. Kappa
carrageenan gels are opaque but become clear when sugar is added [63]. These coatings,
like others, obtained from seaweeds, effectively protect vegetables and fruit against loss of
moisture and turgor, oxidation of compounds and ageing processes and, in combination
with ascorbic acid, reduce the number of microorganisms [36].

Carrageenan was previously obtained by the method of extracting into an aqueous
solution. After the filtrate containing the seaweed residues has been removed, the car-
rageenan should be recovered from the solution. However, this method is expensive, and
nowadays carrageenan is obtained by a method in which the seaweed is washed to remove
solid impurities and then treated with alkali to extract the carrageenan. After extraction,
the diluted extracts (1-2% carrageenan) are filtered, concentrated and then precipitated
with isopropanol until a fibrous coagulum is obtained. The coagulum is pressed to remove
the solvent and washed. It is then dried and milled to the appropriate particle size [63].

Agar is a mixture of agarose (gelling fraction) and agaropectin (non-gelling fraction)
that is obtained from red seaweed [73]. Agarose creates a supporting structure in the cell
walls of red algae and is responsible for the gelling properties of agar, making it suitable
for the formation of edible coatings of vegetables and fruit [74]. Agar is mainly made of
galactose units with a regular alternation of L and D isomeric forms. Agar gel compared
with kappa carrageenan has increased strength and a higher melting point, which is related
to the lower content of anionic sulphates. Agar gel melts when heated to 85 °C and resets
when cooled to 31-40 °C. However, the viscosity of agar in solution at 60 °C is lower
than that of carrageenan. Agar has the ability to form strong, thermoreversible gels and is
known for its hydrophilicity. Agar films and coatings are transparent, strong and stiff and
insoluble in water under ambient conditions [69].

Agar is most often obtained by alkaline treatment followed by hot-water extraction.
The alkaline treatment causes a chemical change in the agar (formation of 3,6-anhydro-
galactopyranose), resulting in increased gel strength. Extraction with hot water (tempera-
ture around 100 °C) takes about 2—4 h, sometimes under pressure. The agar is dissolved in
water, and the seaweed residues are removed by filtration. The agar is then recovered by
alcohol precipitation [75].

3.2. Gums

Gum arabic (synonymous with acacia gum) is a polysaccharide obtained from the
gummy exudate of the stems and branches of the species of the genus Acacia, most often
of the species Acacia senegal (L.) Willd. var. senegal. Gum arabic can also be obtained from
the following species: Acacia senegal var. karensis, Acacia seyal var. seyaland, Acacia seyal var.
fistula, Acacia polyacantha, Acacia gerrardii, Acacia laeta, Acacia nilotica and Acacia fischeri [76].
Gum arabic is a complex, branched, anionic, hydrophilic heteropolysaccharide with a back-
bone of 1,3-linked [3-galactopyranose units and side chains of 1,6-linked galactopyranose
or arabinose units terminating in rhamnose or glucuronic acid or 4-O-methlglucuronic acid
residues, which contains about 2% protein substance and is classified as an arabinogalactan—
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protein complex [76,77]. Depending on the source of the nodules, it may have a variable
composition and different physical and chemical properties. Among the hydrocolloids,
gum arabic is the least viscous and more soluble and has good emulsifying and film-
forming properties [76-80]. Tara gum is obtained by ground endosperm of the seeds of
the Cesalpinia spinosa tree. It consists of linear chains of (1 — 4)-f-D-mannopyranosyl
residues having single side chain units of (1 — 6)-x-D-galactopyranosyl, in a ratio of 3:1.
Galactomannans (including tara gum) have high viscosity, water-binding capacity and the
ability to synergistically interact with other polymers. Tara gum, based on steric hindrance,
possesses less galactose substitution compared with guar gum (other galactomannan),
which is why it can make stronger films [81,82]. However, the edible film produced from it
has relatively poor mechanical and water vapour barrier properties [83].

Guar gum is a hydrophilic carbohydrate biopolymer obtained from the seeds of
Cyamopsis tetragonoloba. It consists of a linear long-chain molecule of 3 (1 — 4)-linked D-
mannose residues with single linked « (1 — 6)-D-galactose, in which the ratio of mannose
to galactose units varies from 1.5:1 to 1.8:1. Guar gum can form a homogeneous edible
film that is almost completely soluble in water due to the large number of hydroxyl
groups [84,85].

In turn, xanthan gum is an extracellular heteropolysaccharide produced by submerged
aerobic fermentation of a pure Xanthomonas campestris culture [86,87]. Due to the ability to
create highly viscous solutions at low concentrations and its biodegradability, it is used as
an additive to starch-based films, improving some of its mechanical properties [88].

Basil seed gum (Ocimum basilicum L.) is an acidic (anionic) polysaccharide from which
edible film can be made [89]. Basil seed gum consists of two main fractions of glucomannan
(43%), with a glucose-to-mannose ratio of 10:2, and (1 — 4)-linked xylan (24.29%) and
a minor fraction of glucan (2.31%). This gum can be used to produce films with good
appearance and satisfactory mechanical properties. However, the improvement of the
mechanical properties of this film, including extensibility and increased water solubility,
can be obtained by adding glycerol [90].

Edible films and coatings made of polysaccharide gums form a semi-permeable barrier.
This helps to maintain the nutritional value of fruit and vegetables, although weight loss
may occur and the rate of respiration at the surface may be reduced. Edible coatings of
this type not only improve the shelf life of fruits and vegetables and prevent their quality
deterioration during storage but also protect them against pathogens [62,91].

3.3. Pectin

Pectin is a component of plant fibre and can be extracted from the plant cell walls. It is
a complex anionic polysaccharide composed of 3-1,4-linked «-D-galacturonic acid residues,
where the uronic acid carboxyls are either fully (high methoxy pectin) or partially (low
methoxy pectin) methyl-esterified [82,92]. Pectin-based films and coatings have excellent
mechanical properties. Raw materials rich in pectin can be used as a potential natural
plasticiser, improving the extensibility of edible films [93]. However, pectin-based films
are poor moisture barriers and are therefore recommended for food with low moisture
content [62]. Edible films produced from high methoxy pectin have more favourable
features. In the process of plasticising pectin and starch with a high amylase content, strong
and flexible edible and biodegradable films are obtained, which, after plasticising with
glycerol, have good mechanical and oxygen barrier properties [92,94].

3.4. Cellulose Derivatives

The most common natural polymer in nature is cellulose. Cellulose consists of D-
glucose units linked through 3-1,4-glycosidic bonds. It is an almost linear polymer in
which a highly crystalline structure is obtained due to the tight packing of anhydroglucose
polymer chains. Cellulose is insoluble in water due to the large number of intramolecular
hydrogen bonds. The water solubility of cellulose can be increased by treating with alkali so
that its structure swells. For this, a reaction with methyl chloride, chloroacetic acid or propy-
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lene oxide is carried out to obtain methyl cellulose (MC), carboxymethy]l cellulose (CMC),
hydroxylpropyl cellulose (HPC) or hydroxypropyl methyl cellulose (HPMC) [92,95,96].
Methyl cellulose, hydroxypropyl methyl cellulose and hydroxylpropyl cellulose films
have good film-forming properties and are also biodegradable, tasteless, odourless, flexi-
ble, of moderate strength, transparent, resistant to fats and oils as well as water-soluble
and moderately permeable to moisture and gases (oxygen and carbon dioxide) [62,92,96].
Cellulose-based films and coatings, which have a large surface area and biopolymer struc-
tures, are able to retain most of water in the product and therefore exhibit anti-rancidity
effect [97]. The water vapour permeability of these films is highly influenced by the hy-
drophobic:hydrophilic ratio of the film components [96]. Krochta et al. [98] showed that
the characteristics of cellulose, including its gas and moisture barrier, were dependent on
its molecular weight and that the higher the molecular weight, the better the properties.
Edible films obtained with carboxymethyl cellulose are an effective barrier to the pene-
tration of oxygen and carbon dioxide but have a poor water barrier [99]. Carboxymethyl
cellulose-based edible films can be used as a suitable carrier for some probiotic strains
and have significantly improved vapour permeability [100]. It has also been found that
mixing carboxymethyl cellulose with other polymers, e.g., starch and chitosan, increases
the inherent CMC shortcomings [62]. Methylcellulose is less hydrophilic and provides a
better moisture barrier [92,96,101]. Moreover, it is widely used as a carrier of antibacterial
agents in the production of edible films [98,100]. In turn, films based on hydroxypropyl
methyl cellulose create a good gas barrier [102].

3.5. Starch

Starch accumulates primarily in the tubers, seeds and roots of plants. For industry, it is
most often obtained from maize, wheat, edible cassava, potato, amaranth and quinoa [30].
Glucose polymerisation in the starch molecule results in the formation of two polysac-
charide fractions, linear amylose and branched amylopectin, which together constitute
about 98-99% of the dry weight of starch and are packed in concentric rings that form semi-
crystalline and amorphous layers [103,104]. Both fractions consist of chains composed of
a-D-glucopyranose residues linked by «-1,4-glycosidic bonds, and the chains, in turn, are
linked by o-1,6-glycosidic bonds, thus creating branches in polymers. Amylose (20-30%) is
a polymer with a linear structure, which greatly influences the amorphous form of starch
granules [30,105]. Due to its linear structure, it tends to orient itself in parallel. This causes
the formation of hydrogen bonds between hydroxyl groups, reducing the affinity of the
polymer to water and, as a result, enabling the formation of membranes and gels [106].
Amylopectin (70-80%) has a highly branched structure, and its structure influences the
peripheral crystal organisation of starch grains. Amylose and amylopectin are assembled
naturally in granular forms, about 1-100 pm in size [30,107]. Moreover, the distribution of
the unit chain length in the internal structure of amylose and amylopectin affects the ther-
mal properties and the starch retrogradation profile [108]. The content of these components
in starch determines the properties of the film, as edible films with higher amylose content
have better film-forming properties, i.e., better mechanical strength, elongation and gas
barrier properties [29]. To produce coatings with a higher amylose content, this polymer
can be extracted from starch by selective leaching in hot water (50-70 °C) [109]. After
cooling, starch forms a gel. During gelation, amylose and amylopectin undergo intra- and
intermolecular cross-linking. As a result, macromolecular networks are formed [29,110].

Depending on the source of starch, the content of amylose and amylopectin varies
significantly, as does the size of the granules (granules) and their shape (Table 3). These
features affect the functionality, barrier, mechanical and sorption properties of the starch.
On the other hand, the sorption properties of starch influence the composition of the
coatings, the process of their formation, methods of applying to the product and applica-
tion [111,112].
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Table 3. Amylose and amylopectin content and granule size in various plant products.

Starch Source Amylose (%) Amylopectin (%) Average Granule Size (um) References
Potato 21-30 70-79 36-100 [113-115]
Tapioca 17 83 14 [113]

Corn 19-26 74-81 13.3 [113,115]

Corn (waxy) 1 99 - [113,115]

Corn (high amylose) 50-85 15-50 9.8 [113]
Wheat 19-25 75-81 7-20 [113,115]

Rice 17 83 6-8 [114]

Pea (smooth) 33-50 50-67 2-40 [113]

Pea (wrinkled) 61-88 12-39 17-30 [113]

Amaranth 5-22 78-95 1-3 [114]

The use of starch as a component of edible coatings is possible due to its good barrier
to gases (carbon dioxide, oxygen), adequate durability and cohesive strength. Moreover,
starch films are odourless, tasteless, colourless and non-toxic [9,116]. However, a major
limitation in the use of starch is the high water vapour permeability, which additionally
adversely affects the mechanical properties of the coating [30,117]. Therefore, components
with hydrophobic properties are often added in the film production phase, e.g., oleic acid
and polyethylene glycol [118]. Starch does not dissolve in water, but with increasing
water temperature, it strongly swells and dissolves in an alkaline environment. Starch
films are produced by pouring starch dispersion on a smooth surface and then drying
them [119]. When forming a starch film, first the starch granules are heated in excess water
to prepare a viscous solution. However, aqueous solutions are usually unstable and tend to
gel immediately after cooling due to the association of the polymer chains [120]. Therefore,
at high temperatures and in excess of water, the starch undergoes a transformation known
as gelatinisation, during which the starch granules change from the semi-crystalline phase
to the amorphous state [121]. The loss of crystallinity occurs in two stages, the first of
which involves swelling of the starch molecule at 60-70 °C [122] and the second, excessive
swelling and solubilisation of the granule at temperatures above 90 °C, leading to a
complete loss of structural integrity [123]. This process depends on the ratio of amylose to
amylopectin, water content and temperature of the dispersion, which, in turn, influences the
recrystallisation of starch during retrogradation. Once the chain interactions are complete,
the weight of the gel is reduced by further evaporating the water until most of the free water
is removed. During the retrogradation, the dissociated amylose and amylopectin chains
in a gelatinised starch dispersion reunite to form more ordered structures. This process
affects the permeability, solubility and mechanical properties of starch films [113,120].

3.6. Chitosan and Chitin

Chitin is a biopolymer that occurs naturally in the exoskeleton of crustaceans (shrimps,
oysters, krill, crabs, squid, lobsters), the cell walls of filamentous fungi (Mucoraceae) and
other biological materials such as arachnids and insects (bumblebees, crickets, bees, silk-
worm larval skin) [124-126]. Chitin consists mainly of poly([3-(1-4)-2-acetamido-D-glucose),
and unlike structurally identical cellulose, the acetamide group here replaces the secondary
hydroxyl on the second carbon atom of the repeating hexose unit (secondary hydroxyl
on the second carbon atom of the hexose repeat unit) [127,128]. Chitosan is obtained by
N-deacetylation of chitin in an alkaline environment [129]. It is a copolymer consisting of
(3-(1-4)-2-acetamido-D-glucose and 3-(1-4)-2-amino-D-glucose units, with the latter usually
exceeding 60% [127]. Chitosan is a non-toxic, non-allergenic, biodegradable, biocompatible
and film-forming material with beneficial biological effects (antifungal, antibacterial, an-
titumour) [130-132]. Chitosan films are characterised by selective gas permeability (CO,
and O;) and good mechanical properties and are biodegradable, so they are not harmful to
the environment [9].
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Edible chitosan coating applied to the surface of fruit and vegetables reduces their
respiration rate by regulating gas permeability [133]. However, due to high water vapour
permeability, their use as edible films is limited, especially in humid environments [127,134].
Water vapour permeability is a parameter that ensures the organoleptic properties of stored
vegetables and fruit, as well as the ability to fight against dehydration or rehydration of
the film [135]. Another factor limiting the direct use of chitosan as an edible coating is its
low water solubility, which results from its rigid crystal structure [132].

The antifungal and antimicrobial activity of chitosan results from its polycationic
nature [136]. Its antibacterial activity is mediated by electrostatic forces between the proto-
nated amino group (NH3) in chitosan and negative residues on the cell surface [137], while
the greater number of protonated amino groups (NH;) present in chitosan is associated
with an increase in deacetylation degrees (DD) [138]. According to Liu et al. [138] the
bactericidal effect of chitosan is influenced by the electrostatic interaction between the
NH?3* groups of chitosan and the phosphoryl groups of the phospholipid component of
the cell membrane. Chitosan particles change the permeability of bacterial cell membranes,
hindering the gas exchange of their cells with the environment, as well as lead to cell
dysfunction through cell penetration or rupture of the cell membrane [139-142]. Chitosan
forms edible coatings and films that protect vegetables and fruit against deterioration
and microbial contamination, helping to maintain their quality and contributing to the
extension of their shelf life [62,143].

About 30% of chitin is obtained from shrimp shells. In this process, proteins are
removed by reaction with a weak NaOH solution (1-10%) at elevated temperatures
(85-110 °C). After shredding the shells, a weak HCI solution (1-10%) is used at room
temperature to remove CaCOj. The physicochemical properties of chitin are determined
by the parameters of the extraction performed, e.g., temperature, concentration of the
reagents used, their duration of action and the size of the shells. The basic parameters that
characterise chitin are the degree of polymerisation, the degree of deacetylation and purity.
When chitin becomes soluble in weak acids, it can be regarded as chitosan, which is formed
during the treatment of chitin with a strong solution of NaOH (over 40%) at a temperature
of 90-120 °C. In the deacetylation reaction, the acetyl groups (CH3CO™) are removed from
the amino groups and soluble chitosan is formed. To obtain a soluble product, at least 65%
of the acetyl groups should be removed from the chitin molecule. The degree of deacety-
lation depends on the duration of the reaction, temperature and concentration of NaOH
solution [128]. The physicochemical characteristics of chitosan, e.g., molecular weight,
polydispersity and purity, depend on the method used, the apparatus used and the source
of the armour. Moreover, the total length of the polymer chain has a direct impact on its
weight, and as the chain shortens, the water solubility of chitosan increases. The parameter
determining the properties of chitosan is also the degree of chitin deacetylation, which,
depending on the technological process, may be 70-100%. This parameter is important as it
indicates the positive charge of the molecules when dissolved in a weak acid. An important
parameter from the point of view of applications is also purity, which is determined by
the content of such contaminants as proteins, dusts, insoluble compounds, bacteria and
endotoxins. Contaminants block the active amino groups of chitosan, which reduces the
effectiveness of its action. Therefore, it is important to precisely control the methods of
its production.

The enzymatic process, as well as the chemical one, leads to the conversion of N-
acetylglucosamine units into glucosamine units but is carried out under much milder
conditions and is not associated with the simultaneous hydrolysis of the polymer chain.
Chitin deacetylases take part in the enzymatic deacetylation process [144]. The enzymatic
reaction can produce chitosan with a higher molecular weight and the desired degree of
deacetylation compared to a polymer obtained by chemical processes [145]. Other enzymes
involved in the conversion of chitin and chitosan include chitinases and chitosanases,
which catalyse the hydrolysis of glycosidic bonds, but differ in their substrate specificity,
hydrolysing chitin and chitosan bonds, respectively [146].
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4. Properties of Edible Films and Coatings

The characteristics of biopolymer-based packaging materials depend on many differ-
ent factors. The most important are the primary source of the biopolymer, the structural
organisation of the polymer chain, the processing technology (preparation method and
drying conditions) and the degree of cross-linking or crystallinity. Therefore, when using
edible films and coatings for fruit and vegetables, it is necessary to take into account both
the physical properties of biopolymer materials and their functional properties [14,147].
The physical properties of the new biopolymer films and coatings depend on the proper-
ties of the main components. Considering multi-component formulations, the chemical
composition and miscibility of all components are crucial and affect most of the physical
properties of biopolymer materials. The most common measured physical properties are
mechanical resistance (tensile strength (TS), Young’s modulus and elongation at break €)
and water vapour permeability. The results of the physical and mechanical properties of
the selected biopolymers are presented in Table 4.

The thickness and uniformity of edible films and coatings are among the parameters
that affect the biological properties and shelf life of the coated raw materials. They depend
on the properties of the solution itself (its density, viscosity, surface tension) and the
method of producing films and coatings. The selection of the thickness of the cover layer
is difficult as it depends on the polarity of the liquid (coating) layer and the surface of
the raw material. Methods for measuring the thickness of the layer of edible films and
coatings are divided into contact and non-contact. Contact methods are the simplest
and consist in removing the coating layer from the product and measuring its thickness
using a micrometer [148]. In the group of non-contact methods, the optical microscope,
scanning electron microscope, confocal Raman microscope and surface-enhanced Raman
spectroscopy are used to measure the thickness of the film layer [23].

Good mechanical properties are among the basic requirements for edible films, since
poor flexibility or strength may lead to premature failure or cracking during production,
handling, storage or use [149]. These measurements are important once the mechanical
properties of films or coatings depend on the filmogenic nature of the material used,
which is directly related to its structural cohesion [150]. Multiple factors, such as film
composition, temperature, relative humidity and storage time, affect tensile properties.
Generally, the addition of plasticisers leads to a decrease in the TS and an increase in E [151].
Polysaccharide films generally have a mechanical strength in the range of 15-70 MPa.
The exception is amylopectin films, which have a lower mechanical strength—below
6 MPa [152]. The mechanical properties of polysaccharide chitosan films depend on the
pH of the environment (in an acidic environment films swell and may dissolve; in an
environment with pH 6, their solubility decreases) and the degree of polymer deacetylation.
The mechanical properties of the film are determined by both the molecular weight of the
chitosan and the type of acid in which it was dissolved to obtain the film. Chitosan films
can be transparent, colourless or slightly yellowish [153]. The films obtained from starch
(tapioca, Manihot esculenta Crantz) and xanthan gum or gellan (Xanthomonas campestris) are
characterised by the highest extensibility [86,154]. Likewise, Young’s modulus ranges from
0.014 MPa for gum and protein isolate (Cajanus cajan (L.) Millsp. seed) to 2586 MPa for
starch and flour (pinhao, Araucaria angustifolia Kuntze) (Table 4).

The effectiveness of edible films and coatings in protecting fruit and vegetables from
deterioration depends on their barrier properties against oxygen, carbon dioxide, nitrogen
and water vapour. Relative humidity and temperature are the most important parameters
when analysing the water vapour permeability (WVP) of polysaccharide coatings. It
was shown that high temperature promoted gas transport through edible coatings in an
exponential way [155]. Moreover, as the relative humidity increases, more water molecules
interact with the material and the film becomes more plasticised [156]. Under these
conditions, greater mobility and extensive mass transfer through the film are observed.
Therefore, the antioxidant properties of edible coatings should be tested under controlled
relative humidity conditions [60]. Biopolymer films show higher water vapour permeability
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values than synthetic films, which is attributed to the origin and parameters of the process.
Most polysaccharide films are characterised as hydrophilic materials, and improving the
water resistance of these materials has been of great interest to scientists in recent decades.
Moreover, water resistance depends on the thickness of the film, which also affects other
physical properties of the film [14]. Chitosan films and coatings are fully or partially water
soluble and have the ability to form films without the need for other additives.

The measurement of the permeability of edible films to oxygen and carbon dioxide
provides important information for the development of edible films. Oxygen is the factor
that might cause oxidation, inducing several unwanted changes such as odour, colour and
flavour, as well as nutrient deterioration. Both O, and CO; permeabilities are important
when respiratory reactions can affect the quality of fruit and vegetables. Gas permeabilities
of edible films and coatings depend on several factors such as the integrity of the film,
the ratio between crystalline and amorphous zones, the hydrophilic-hydrophobic ratio
and the polymeric chain mobility; the interaction between the film-forming polymers
and the presence of a plasticiser or other additives are also important factors in film
permeability [157]. Polysaccharides are usually mostly polar in nature. The resulting films
are expected to be good barriers to nonpolar gasses, including oxygen [158]. The PO, and
PCO, values of edible films are presented in Table 4. The tomato fruits coated with 10-15%
gum arabic film yielded less weight loss during storage period than the control sample [30].
This suggests that gum arabic film exhibited effective semi-permeable barrier against O,,
CO,, moisture and solute movement, which probably decreased respiration, water loss and
oxidation reaction rates. The studies of Ruelas-Chacon et al. [159] showed that guar-coated
tomatoes stored for 20 days had the lowest CO, production (2.8 mL kg~ 'h~!) compared
with the control tomatoes (10.7 mL kg~'h~1), indicating that coating might have modified
the internal atmosphere and significantly delayed the respiration rate of tomatoes. The
respiration rate in fresh fruit and vegetables is considered a good index for determination
of storage life. The effect of polysaccharide-based coatings on respiration of horticultural
products is related to their ability to create a barrier to oxygen diffusion through the
coating. In tomatoes, coatings based on gum arabic [160,161], alginate [162] and hydroxyl
propyl methyl cellulose (HPMC) also reduced the fruit respiration rate during storage [163].
Regardless of the modification, edible coatings provide a good oxygen barrier, increasing
the oxidation stability and slowing down the respiration of fruits and vegetables [91].

In addition, these films and coatings are heat resistant and have good oxygen and
carbon dioxide permeability, but less than synthetic polyethylene films. They also show
good mechanical properties and are biodegradable and thus are not harmful to the envi-
ronment. However, the disadvantage of these films and coatings is their poor resistance to
moisture [9].
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Table 4. Physical and mechanical properties of edible films and coatings.

Water Vapour Permeability 0,/CO; Permeability
. (WVP) Tensile Strength Young’s Modulus Elongation at Break (mL um/(m? d Pa))
Polysaccharide/Components (10-11 g m—1 Pa—1 5-1), (MPa) (MPa) %) H References
at25°C PO, PCO,
Starch and flour (pinhao,
Araucaria angustifolia 1.14-2.80 1.60-46.5 19-2586 2.80-64.7 [164]
(Bertol.) Kuntze)
Starch (ulluco, Ullucus 414-4.84 10.6-15.1 765.5-1155 444495 [165]
tuberosus Loz.)
Starch (lentil, Lens culinaris
Medik, flour) 16.1-18.7 2.1-6.3 0.86-4.8 42-149 [166]
Starch (wheat, Triticum 130 [167]
aestivum L.)
Starch (quinoa, 0.5 x 10713
Chenopodium quinoa Willd.) 450 7.56 459 58.14 (m®m~1t s~ Pal) [331
Starch (potato, Solanum o o
tuberosum L.) 217 137.5 (20 °C) 2523.7 (20 °C) [168]
Starch (tapioca, Manihot 21 116 6.2 38 [169]
esculenta Crantz)
Starch (cush-cush yam,
Dioscorea trifida L. 1.8 1.88 13.9 19 [169]
Chitosan 74.0 2451 4.60 [170]
Chitosan (crustacean shells) 360 0.9 15.33 [171]
Chitosan (shrimp shell) 4.5 82.4 534 5.2 [172]
Gum and protein isolate
(Cajanus cajan (L.) 0.002-0.046 0.014-0.044 0.74-4.60 [173]

Millsp. seed)
Starch (corn, Zea mays L.)
and flour (eggplant, 2.36-4.29 42.7-65.5 19.7-37.3 [174]
Solanum melongena L.)
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Table 4. Cont.
Water Vapour Permeability 0,/CO; Permeability
. (WVP) Tensile Strength Young’'s Modulus Elongation at Break (mL pm/(m? d Pa)) Ref
Polysaccharide/Components (10-11 g m—1 Pa—1 5-1), (MPa) (MPa) %) eferences
at25°C PO, PCO,
Starch (tapioca, Manihot
esculenta Crantz) and
Xanthan gum (Xanthomonas 1.7-2.2 0.38-2.00 0.19-4.33 71.6-280.6 [86]
campestris)
Methyl cellulose 7.55 1.12 (30 °C) 64.19 (30 °C) [175]
Xanthan gum (Xanthomonas 0.07-0.024 (38 °C) 0.643-1.92 (25°C)  1.875-10.36 (25 °C) [176]
campestris)
Pectin (citrus peel) 7.3 62 1467 20 10 119 [177]
(cm®*m—2d1bar ) (cm®m2d-1bar?)
(23°C) (23°C)
Pectin (apple) and
glycerol—different % 1.21-2.25 0.00356-0.00972 49-12.4 [178]
composition
Alginate (sodium alginate) 7.2 39 607 27 438 1043 [177]
(cm®*m=—2d1bar 1) (tm® m=2d -1 bar )
(23°C) (23°C)
Alginate (sodium alginate)
and pectin—different % 0.84-1.73 22.5-42.3 5.9-14.9 [179]

composition
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5. Improving Physical Properties of Edible Films and Coatings

Modification of sensory, nutritional and functional properties, including mechanical
properties, of edible coatings, can be obtained by adding various substances. The basic com-
ponents or matrix components of edible coatings are hydrocolloids (polysaccharides) [59].
The matrix of coatings can be modified with plasticisers (increasing their elasticity and
extensibility), emulsifiers or surfactants (improving the stability of the emulsion) and cross-
linking agents (improving physical properties). Edible coatings are used directly on fruits
and vegetables; hence they can also be carriers of other food additives such as anti-oxidants,
nutraceuticals, flavourings, etc., which modify their functional properties [92,180].

Plasticisers are low-molecular, non-volatile compounds, such as monosaccharides,
oligosaccharides (glucose, fructose, sucrose, and honey) [5], polyols (glycerol, sorbitol,
xylitol, polyethylene glycols) [181-185], lipids and derivatives (phospholipids, fatty
acids) [186,187] and clay [188]. The incorporation of these substances into the structure
is necessary to obtain flexible coatings. Plasticisers reduce the strength of cohesion by
reducing the intermolecular hydrogen bonds between the polymer chains. They cause
an increase in intermolecular spaces, thus increasing the mobility of molecules, leading
to a decrease in the degree of crystallisation, changes in the tensile strength and changes
in Young’s modulus [189,190]. It has been shown that the plasticiser in contact with a
larger number of -OH groups during gelation reduces the tendency of potato starch to
crystallise [191]. Plasticisers improve flexibility, workability and elongation and make
films and coatings less hard and brittle and prevent them from cracking [59,181,192]. By
reducing the intermolecular forces acting between adjacent chains, plasticisers reduce
the stiffness and increase the extensibility of polymers [30,193]. Although they improve
the structural properties of edible films and coatings, they may negatively affect their
barrier properties [194], reducing their permeability to gas, water vapour and dissolved
substances [195].

Modifications are also used to improve the performance, physical and functional
properties of edible films or coatings for fruit and vegetables. Functional properties can be
improved, among others by heating, UV and vy radiation (physical cross-linking) or cross-
linking with lactase and tyrosinase. Cross-linking implies the formation of non-covalent
or covalent bonds and aims to develop a three-dimensional network through effective
binding of the polymer chain [196]. Irradiation, sulphur vulcanisation or chemical reactions
cause chemical cross-linking across the polymer chains. In turn, non-covalent bonding is
achieved through ionic interactions, hydrogen bonds or hydrophobic interactions [197].
The use of cross-linking agents in the creation of materials improves their water resistance,
cohesion, stiffness, mechanical strength and optical properties, thanks to which edible films
and coatings are more effective and long-lasting [198,199]. Cross-linking agents such as
cinnamaldehyde [196], glutaraldehyde [200], ferulic acid [201] and sodium trimetaphos-
phate [202] improve the internal bonding of the films and their functional properties. They
cause incomplete disintegration of the film, and when coming into contact with water, they
prevent it from dissolving and swelling [196]. In turn, surface-active agents, i.e., surfactants
(detackifiers), are in a higher concentration on the surface of the material, affecting the
surface tension and wettability of the solution coating food products, e.g., vegetables and
fruit. By lowering the surface tension, they facilitate the adhesion of the coating material to
the product surface [117]. Their polar part has a strong affinity for polar solvents, and the
non-polar part (so-called lipophile) can combine with non-polar solvents. This symmetry
between the polar and non-polar parts directs the action of the surfactant at the interface as
well as influences the properties of the coating [203]. Surfactants are intended to reduce
the overall tackiness of edible films and coatings. Non-ionic surfactants approved for
use in food products are tweens (Tween 20, Tween 80 and Tween 85) and spans (Span
80) [204-206].

Composite coatings can be produced as either bilayer or stable emulsions. In bilayer
coatings, the lipid forms a second layer over the polysaccharide layer. In emulsion coatings,
the lipid is dispersed and entrapped in the supporting matrix of protein or polysaccha-
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ride [207,208]. In this type of coatings, the efficiency of lipid materials depends on the lipid
structure, its chemical arrangement, hydrophobicity, physical state and its interaction with
other components of the film [209].

The functional properties of chitosan-based films can also be improved by adding
various polysaccharides [210-212]. The combination of polysaccharides (e.g., starch, algi-
nate, cellulose and chitosan) with proteins (e.g., milk protein, soy protein, collagen and
gelatin) in edible films improves their mechanical and physical properties. Laminated
chitosan/pectin films are based on the interaction of cationic chitosan groups with anionic
pectin groups. Moreover, the films made of chitosan and gelatin are homogeneous due
to the good miscibility between the two biopolymers [213-215], which leads to improved
functional properties of blended films compared to those obtained from pure polymers.
This explains the formation of electrostatic interactions between the ammonium groups of
chitosan and the carboxylate groups of gelatin.

6. Influence of Electric Field on Film Formation

In recent times, the electric field has become an important tool used by researchers in
the field of edible films and coatings. Numerous authors have shown that the use of electric
fields promotes a significant improvement in the transport and mechanical properties of
edible coatings [150,216-218]. Electric fields processing (e.g., ohmic heating) is based on
the passage of electrical current through a product that has an electrical resistance. The
electrical energy is thus converted to heat. Instant heating occurs, its magnitude depending
on the intensity of the current passing through the food material. The electrical conductivity
increases with rising temperature for most food materials, suggesting that ohmic heating
becomes more effective as temperature increases, but this could result in runaway heating.
Until the present moment, only two methodologies have been tested, which are briefly
described below: (1) the application of the electric field to the film-forming solutions with
subsequent drying [216,219] and (2) the application of the electric field during the drying
process [218,220].

Lei et al. [218] reported advantages in the use of ohmic heating for the production of
protein-lipid films, including the improvement of the yield, of the film formation rate and
of the rehydration capacity of the films. They concluded that the major advantage of heating
is that the heat is dispersed uniformly throughout the whole liquid compared to water
bath heating, and finally concluded that the film formation rate was higher when ohmic
heating was applied. During the heating process, heat was uniformly applied to the whole
volume of the film, accelerating the collisions between molecules. This process can provide
an improvement in the crystallinity of the chitosan film, thus increasing the material’s
resistance to gas permeation. Garcia et al. [220] analysed the effect of applying an electrical
field during drying on the microstructure of films formulated with different concentrations
of chitosan and methylcellulose. They showed that electric field treatment can be a good
alternative to improve the flexibility of the film and increase the water vapour barrier
properties. Souza et al. [216] applied a moderate electric field to film-forming chitosan
solutions and showed that it influences the physical properties and structure of edible films
and coatings, which then translates into their transport properties.

Water vapour permeability (WVP) is an important parameter that is governed by
the interactions between the polymer and water molecules. Souza et al. [216] showed
that the WVP of chitosan membranes decreased (to 17.3%) with increasing electric field
strength applied to the film-forming solution for values of 100 V-cm~! or higher. A positive
correlation was found between the WVP and the crystallinity of the film. Balau et al. [221]
studied the X-ray difractogram of chitosan films and observed an almost amorphous
structure; the films treated with an electric field of E = 20 kV cm~! developed a crystalline
structure, while the films to which no electric field was applied displayed a significantly
lower proportion of crystalline material, showing that the electric field plays an important
role in the crystallisation process. Miller and Krochta [222] also pointed to the fact that
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permeability is largely influenced by how tightly the polymer chains are packed, thus
establishing a direct relationship between the crystallinity of the structure and permeability.

Park et al. [211] found that the increase in the TS and E values for chitosan films is
related to the deacetylation degree of the sample. This is due to the higher crystallinity
of the chitosan film, which reduces the absorption of water particles. Garcia et al. [220]
showed that electrically treated samples exhibited higher E values, indicating that the
electric treatment allowed the alignment of the chains in the field direction, facilitating
their stretching and thus increasing their flexibility.

The application of electric fields to solutions forming films and coatings significantly
influences their selected properties, which depend on the applied electric field. This means
that it is possible to tailor the coatings properties by subjecting them to an electric field
of controlled magnitude. In practice, the changes in the film properties induced by the
application of the electrical field may translate into an improved shelf life of fruits and
vegetables due to reduced water loss (calculated on the basis of the lower WVP) and
re-duced O, and CO, exchanges. Application of electric fields may provide a novel method
for the production of coatings and films with distinctive properties. However, further
research is needed for a clearer understanding of the importance of these changes for real
food system applications. Despite the many advantages of using an electric field, there are,
however, certain barriers (convincing consumers of the new technology, relatively high
investment costs), limiting the use of this method on an industrial scale.

7. Edible Films and Coatings and the Post-Harvest Quality of Vegetables and Fruits

The application of edible coatings with polysaccharides has a positive effect on the
extension of the shelf life of fruits and vegetables and the preservation of their nutritional
or sensory properties, preventing microbiological [22,223], chemical and physical pro-
cesses [92,224]. They show special barrier properties, reducing the migration of moisture,
oxygen and other gases. The use of edible coatings and their doses are regulated by the
laws of the country where the coating is applied or in the country to which fruits and
vegetables are to be exported. Selected applications of edible films and coatings on various
fruits and vegetables in order to improve their quality are presented in Table 5.
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Table 5. Effect of edible films and coatings on the quality of fruits and vegetables.

Polysaccharide/Components Coated Fruit/Vegetable Microbiological Stability Chemical Stability Physical Stability References
. . - . Increase in reducing sugar, total Improvement of sensory
Alginate/nano-Ag Shiitake mushroom (Lentinula Beneficial gffect ?gamSt fungal sugar, total soluble solids and  attributes and decrease in weight [225]
edodes (Berk.) Pegler) infection . .
electrolyte leakage rate loss, softening and browning
Alginate/beta- . L .
cyclodextrin/trans- Watermelon (Citrullus lanatus Beneficial effect against Shelf—hfe extension; retention of
. . . . ; . - firmness, colour and pH; [226]
cinnamaldehyde/pectin/calcium (Thunb.) Mansf.) bacterial and fungal infection : .
lactate decrease in weight loss
Alginate/ ascorblc acid/citric Mango (Mangifera L.) ) Increase in an?loxu.:lant activity Retention of colour [227]
acid and vitamin C
Retention of firmness; decrease in
Alginate/cellulose nanofibril Andean bl}leberry (Vaccinium } Retention of soluble solids respiration rat.e and the water [228]
(CNF) meridionale Swartz): loss; prevention of cell wall
degradation
Decrease in weight loss, ethylene
Alginate/chitosan/Flourensia - . production and oxygen and
. ) Beneficial effect against .
cernua extract/nanolaminate Tomato (Solanum lycopersicum L.) . ; . carbon dioxide gas exchange [229]
. bacterial and fungal infection . .
(layer-by-layer coating) rates; retention of firmness and
colour;
stopped growth in headspace
Alginate/chitosan . Beneficial effect against carbon d}ox1de and controlleq
. Melon (Cucumis melo L.) . ; . concentration of ethanol; delay in [230]
(layer-by-layer coating) bacterial and fungal infection . .
tissue texture degradation;
retention of firmness
Decrease in maleic dialdehyde . .
Beneficial effect against fungal content and polyphenol Decrease in weight loss and
Alginate/rhubarb extract Peaches (Prunus persica L.) . . ey . .. . respiration rate; retention of [231]
infection (Penicillium expansum) oxidase activity; retention of .
. firmness
soluble solids
Reduction in moisture loss;
Carrageenan/glycerol Papaya (Carica papaya L.) delayed ripening; retention of [232]
firmness
Carrageenan /ascorbic Beneficial effect against fungal
acid /citric acid /oxalic Apple (Malus Mill.) . 18 8 Increase in antioxidant activity =~ Retention of colour and firmness [233]
. infection
acid/CaCl,
Agar/k-carrageenan/konjac Spinach (Spinacia oleracea L. Beneﬁ(‘tlal zjmtlbacterladal effect [234]
glucomannan (Listeria monocytogenes)
Agar/chitosan/acetic acid Garlic (Allium satioum L.) Beneficial effect against fungal Retention of colour and [235]

infection

reduction in respiration rate
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Table 5. Cont.

Polysaccharide/Components

Coated Fruit/Vegetable

Microbiological Stability

Chemical Stability

Physical Stability

References

Chitosan

Chitosan

Chitosan

Chitosan/Ficus hirta Vahl. fruit
extract

Chitosan/Laurus nobilis extract

Beeswax/chitosan/beeswax
(three-layer coatings)

Chitosan/chlorogenic acid

Chitosan/oxidised starch

Banana (Musa spp.)

Peach (Prunus persica (L.) Batsch)

Xinyu tangerine (Citrus reticulata
Blanco)

Cashew nut
(Anacardium occidentale L.)

Strawberries (Fragaria X ananassa
Duchesne)

Peach (Prunus persica L.)

Papaya (Carica papaya L.)

Beneficial effect against fungal
infection (Colletotrichum musae,
Fusarium spp., Lasiodiplodia
theobromae)
Beneficial effect against fungal
infection (Aspergillus niger)

Beneficial effect against fungal
infection (Monilinia fructicola)

Beneficial effect against fungal
infection (Penicillium italicum)

Beneficial effect against
bacterial and fungal infection

Beneficial effect against fungal
infection

Beneficial effect against
bacterial and fungal infection

Retention of soluble solids

Increase in titratable acidity
and vitamin C

Increase in reduction of soluble
solids; increase in titrable acid
and ascorbic acid content;
decrease in malondialdehyde
content; increased activities of
superoxide, dismutase,
peroxidase and phenylalanine
ammonia-lyase

Delay in lipid oxidation

Retention of titratable acidity,
pH, soluble solids and reducing
sugars

Enhancement of antioxidant
activity; retention of titratable
acidity, soluble solid content
and L-ascorbic acid content;
reduced ROS levels

Delayed ripening and retention
of peel colour and firmness

Delayed ripening and senescence;
retention of firmness; reduction
in respiration rate and ethylene

and malondialdehyde
production; higher superoxide
dismutase activity; better
membrane integrity

Reduced fruit decay rate, weight
loss and respiration rate

Decrease in senescence, weight
loss and respiration rate;
retention of firmness, colour and
texture of tissue

Decrease in weight loss and

respiration rate and retention of
firmness

Retention of firmness

[236]

[237]

[238]

[239]

[240]

[241]

[242]

[243]
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Table 5. Cont.

Polysaccharide/Components Coated Fruit/Vegetable Microbiological Stability Chemical Stability Physical Stability References
.Chltosan (C.:H) Beneficial effect against fungal Retention of titratable acidity Dela.y 1N rpenmg, decr.ease n
Chitosan/arabic gum Banana (Musa spp.) infection (Colletotrichum musae) and soluble solids (CH/AG) weight loss and retention of [244]
(CH/AG) firmness (CH/AG)
. Retention of firmness and
Chitosan/carboxymethyl Increase in mannoheptulose moisture and decrease in weight
. Avocado (Persea americana Mill.) and decrease in polyphenol L [245]
cellulose/moringa leaf extract . .. C loss, respiration rate and
oxidase and lipid peroxidation : .
electrical conductivity
Cassava . . . Beneficial effect against fungal
starch/glycerol/chitosan Garlic (Allium satioum L.) infection [246]
Decrease in weight loss and
Rice starch/-carrageenan plum (Prunus salicina L.) respiration rate and inhibition of [247]
endogenous ethylene production
Corn starch (CS)/Moringa
oleifera extract carboxymethyl . . . Retention of ascorbic acid Decrease in weight loss and
cellulose (CMC)/Moringa Orange (Citrus sinensis L. Osbeck) content retention of firmness [248]
oleifera extract
Retention of total soluble solids Decrease in weight loss and
Rice starch Apple (Malus L.) and titratable acidity respiration rate; retention of [113]
PP ’ enhancement of antioxidant firmness and colour; reduction in
activity fruit greasiness
Beneficial effect against fungal
Carboxyl . infection (Colletotrichum Decrease in weight loss, ethylene
methylcellulose/moringa leaf Avocado (Persea americana Mill.) " . . . [249]
gloeosporioides, Alternaria production and respiration rate
and seed extracts
alternata)
Retention of titratable acidity,
soluble solid concentration and Delay in ripening; decrease in
. . total antioxidant capacity; weight loss, respiration rate and
Gum arabic Tomato (Solanum lycopersicun L.) retention of ascorbic acid, ethylene production; retention of [79,80]
lycopene, total phenolics and firmness and colour
total carotenoid content
Guar gum/Aloe vera/Spirulina Mango Ret.entlon of Rhenol, ascorbic . .
. . o . acid, flavonoid content and Retention of firmness [250]
platensis (Mangifera indica L.) total soluble solids
. Beneficial effect against fungal . .
Gum arabic/carboxymethyl Avocado (Persea americana Mill.) infection (Colletotrichum Decrease in weight loss and [251]

Cellulose/moringa leaf extract

gloeosporioides)

retention of firmness and colour
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The presence of pathogenic microorganisms contributes to a number of undesirable
changes in fruits and vegetables. Bnuyan et al. [252] reported that gum arabic exhibited
good antimicrobial activity against various bacteria and fungi, including S. aureus, S. epi-
dermidis, S. pneumoniae, Ps. aeruginosa, P. mirabilis, Acinetobacter, Enterobacter, Klebsiella
pneumoniae, Serratia spp., E. coli, Salmonella typhi and C. albicans. Gum arabic coating has
been successfully used for preserving the quality and safety of apples during cold storage.
The coating significantly reduced decay compared to uncoated samples of apples [253]. In
addition, other studies have confirmed that using gum arabic as packaging materials effec-
tively inhibits fungal growth during storage in perishable food such as strawberries [254]
or tomatoes [79].

Edible coatings with alginate can reduce weight loss, preserve the quality of apples and
prolong their shelf-life [255]. Edible coatings based on gums create a modified atmosphere
around the fruit by providing a semi-permeable barrier to CO, and O,, thus decreasing
respiration and oxidation reaction rates [256]. Amanatidou et al. [257] investigated the
high O,- and high CO,-modified atmospheres for increasing the shelf life of carrots. Their
results showed that edible coatings with alginate gum can decrease weight loss and natural
microbial total counts in carrots. The influence of edible coating based on alginate gum (1%
and 3%) on preserving plum quality during post-harvest storage was studied by Valero
et al. [258]. The treatments were useful in inhibiting ethylene production, especially when
3% alginate was used. The delay in the ripening process was related to lower carotenoid
and anthocyanin accumulation. The changes in fruit quality parameters related to plum
post-harvest ripening, including weight and acidity losses, softening and colour changes,
were delayed by the use of alginate edible coatings. Edible films and coatings can preserve
the quality of tomatoes by functioning as solute, vapour and gas barriers. Zapata et al. [162]
investigated alginate-based edible coatings on tomato to delay the post-harvest ripening
process and to maintain its quality. Their results showed positive effects of retarding the
ripening process by decreasing the respiration rate and ethylene production, and changes
triggered by this plant hormone, such as colour change and loss of firmness [256].

Pigeon pea polysaccharide combined with protein isolate provided a good semi-
permeable barrier around strawberry fruit, which decreased the change in acidity, pH,
soluble solids, weight loss and firmness loss [173]. In the food industry, a combination
of starch and gums is used to modify and control texture, improve moisture retention
and control water mobility [259]. Guar gum and pea starch edible coatings provided
effective control in ethylene production, respiration rate and weight and firmness loss [260].
In peach fruit, tara gum treatments produced a good effect on weight loss reduction,
firmness conservation and maintenance of greater total soluble solids [261]. Specifically, the
composite coating agent consisted of tara gum, ascorbic acid, citric acid, calcium chloride
and glycerol, making it possible to improve the mechanical barrier properties of the
edible coatings. Gum arabic and chitosan-based edible coatings are effective post-harvest
treatments to conserve the quality of banana fruit during cold storage.

Coating technology is a promising approach in order to prolong the consumer accept-
ability and shelf life of fruits and vegetables. The composites are able to control the growth
of microorganisms, increase antioxidant activity, retain soluble solids, decrease weight loss,
retain colour and control the concentration of ethanol [244,262,263]. In general, edible films
and coatings should be safe, biodegradable and non-toxic to fruits and vegetables.

8. Application of Functional Substances in Innovative Edible Films and Coatings

Edible films and coatings are a rapidly evolving technology that provides an alterna-
tive to conventional plastics that seriously pollute the environment. The main advantages
of environmentally friendly composites are that they are renewable and biodegradable.
Therefore, recently the development of edible coatings has attracted more and more at-
tention from researchers and consumers, mainly due to the wide variety of applications
these materials provide. Much research is focused on the development and testing of
new materials where the new components are used as coatings. These materials may
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be available food compounds that exist but have not been tested as edible packaging
ingredients or industrial by-products and waste that find sustainable use [14]. Fruit and
vegetable residues as components of polysaccharide coatings have been the subject of
much research [120,157,264]. These residues are a rich source of nutrients and bioactive
compounds, especially biopolymers such as polysaccharides and dietary fibre. In addition,
the peel, pomace and seed fractions of some fruits have higher antioxidant activity than
the pulp fractions. Recently, attention has also been paid to the use of fruit and vegetable
residues in the preparation of edible films and coatings. Andrade et al. [265] investigated
new edible coatings based on flour from various residues, including orange, passion fruit,
watermelon, lettuce, zucchini, carrot, mint, cucumber and arugula. The authors obtained
homogeneous, flexible films without the addition of plasticisers, which showed promising
properties. Another good example is the use of citrus fruit by-products. Grapefruit albedo
was investigated as a film-forming material, showing good functional properties of the
produced films [266] and pomelo peel flour [267]. Plant residues are complex materials and
therefore different residues fractions can have different uses, depending on their composi-
tion and particle size (as dietary fibre, as major components of edible films and coatings).
Research by Riaz [268] focused on the use of Opuntia cactus as a potential application in
improving the shelf life of citrus. The polysaccharides extracted from the Opuntia cactus
were applied to the citrus fruit in the form of an edible coating and stored for up to 35
days at 5 °C and 90% relative humidity. The results indicated that the edible cactus coating
extended the shelf life of the mandarin. Like polysaccharides, waste or by-products used
in the preparation of edible coatings are also environmentally friendly and economical and
have promising film-forming properties.

Increasingly, herbal extracts are also being investigated as an additive to polysac-
charide edible films and coatings. This may become their innovative and alternative
commercial application in the post-harvest processing of fruits and vegetables, extend-
ing their shelf life. Herbs are a natural source of vitamins, minerals and antioxidants,
which are beneficial for health and act as nutraceuticals and medicines. Edible coatings
are made from herbs or a combination of other edible coatings and herbs, and the most
common herbs used in edible coatings are Aloe vera gel, lemongrass, rosemary, tulsi and
turmeric [1,64,127,269,270]. The 10% extracts of garlic and ginger inhibited most of the
bacterial and fungal isolates except for Rhizopus and Aspergillus [271]. A significantly lower
physiological loss in weight (PLW) percentage was recorded in tomato fruit sprayed with
10% garlic extract followed by spraying of 10% ginger extract. The use of natural antimicro-
bials such as herbal extracts enhances the shelf-life of fresh-cut tomatoes, maintaining or
increasing the contents of lycopene, ascorbic acid and total phenolic compounds [272]. The
use of plant extracts could be a useful alternative to synthetic fungicides in the management
of rot fungi during post-harvest handling of fruits and vegetables. A new approach to
the control of post-harvest pathogens, while maintaining fruit quality, has been imple-
mented by the application of essential oils. This approach eliminates the need for synthetic
fungicides, thereby complying with consumer preferences and organic requirements and
reducing environmental pollution [273]. The antimicrobial activity of essential oils is at-
tributed to the presence of compounds with characteristic chemical structures, in particular
to the presence of hydrophilic functional groups, such as hydroxyl groups of phenolic
components, and/or the lipophilicity of some essential oil components [274]. Usually,
compounds with phenolic groups, such as oils of clove, oregano, rosemary, thyme, sage
and vanillin, are the most effective. These are more inhibitory against Gram-positive than
Gram-negative bacteria [275]. Ginger, mint and clove bud oil, turmeric extract and other
essential oils and extracts are also used in edible coatings of fruit and vegetables [276,277].

Much attention has been paid to enhancing and improving the antimicrobial prop-
erties of edible coatings materials. Fruits and vegetables are sources of various disease
outbreaks [278]; however, their susceptibility to microbial contamination is attributed to
their high moisture content and nutrients, which provide an excellent environment for
the growth of pathogenic microorganisms (bacteria, moulds and yeasts). The microbial
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contamination of fruits and vegetables can occur during harvesting, packaging, processing,
transportation, distribution and storage. For instance, Salmonella spp., Escherichia coli (O157:
H?7), Staphylococcus aureus, Campylobacter spp. and Listeria monocytogenes are the pathogens
most implicated in many human diseases [279,280]. In addition to its effectiveness as a
mechanical barrier, edible polysaccharide treatment can be applied for its antimicrobial
activities to maintain the quality of produce and prolong its post-harvest shelf life [254]. A
study indicated that the phenolic hydroxyl group in plant polyphenols can interact with
carboxyl groups of polysaccharides [281]. This type of interaction can slow the release of
bioactive ingredients from films and coatings and ultimately improve the antimicrobial
properties of the coatings. Guar gum in combination with bioactive substances from natural
raw materials (black cumin seeds, coriander seeds, bay leaf, fennel seeds) reduced the
total viable count in tomato fruit up to 60 days at 10 °C [282]. The addition of lemongrass
essential oil to linseed gum improved the antibacterial effect of pure linseed gum [283].
Magbool et al. [262] investigated the antifungal effects of gum arabic containing lemongrass
oil and cinnamon oil to combat banana and papaya bacteria. The results showed that the
use of gum arabic with essential oils successfully reduces the growth of Colletotrichum
musae and Colletotrichum gloeosporioides in tropical fruit. However, it should be remembered
that a large addition of essential oils may improve the antimicrobial effect but may also
have a negative taste of the coated material.

Another environmentally friendly approach is the use of nanoemulsions. A nanoemul-
sion is defined as a conventional emulsion with a particle size ranging from 1 to 100 nm.
The entrapment of naturally occurring substances with functional properties, into na-
noemulsions enables the development of edible coatings with antimicrobial properties and
hence proves better than conventional emulsions. During cold storage studies of the shelf
life of rucola leaf, it was found that the shelf life was prolonged for 7 days using edible coat-
ings formed with nanoemulsions prepared by a combination of lipophilic and hydrophilic
combined surfactants (glycerol monooleate and Tween 20) with lemon oil and water added
to a chitosan solution. Nanoemulsion-based coatings exhibited better shelf life than lemon
oil or chitosan coatings alone [284]. Similarly, carvacrol-incorporated nanoemulsions with
modified chitosan solutions completely inhibited Escherichia coli growth on fresh green
beans over 11 days of cold storage [285].

Polysaccharide films and coatings have also been found to be a suitable medium
for the synthesis and stabilisation of silver nanoparticles [286,287]. This type of polymer-
assisted synthesis route ensures a good dispersion of nanoparticles in the polymer matrix,
which, in turn, affects the final structural stability and homogeneity of the nanocomposite
coating, leading to the preservation of strong antimicrobial properties in nanocomposite
films [147,288]. Bankura et al. [286] discovered that dextran, a polymer with promising
properties when used as edible films and coatings, could be a medium for the synthe-
sis of silver nanoparticles with a size of about 10-60 nm. Silver nanoparticles are well
covered with dextran particles, thanks to which they can attach to the hydroxyl group
of dextran molecules, which prevents their aggregation. The resulting systems show ef-
fective antibacterial activity against B. subtilis, B. cereus, E. coli, S. aureus and P. aeruginosa.
Lin et al. [289] showed that silver nanoparticles in chitosan matrices showed good dis-
persion without agglomeration for almost three months. The strong affinity between the
polymer matrix and the metal particles corresponds to the amino and hydroxyl groups
of chitosan. As a result, the effective antibacterial activity of such nanocomposite mate-
rials against both Gram-positive and Gram-negative bacteria was observed. In research
conducted by Bahrami et al. [290], an innovative three-layer biocomposite film based on
tragacanth/hydroxypropylmethylcellulose /beeswax enhanced and enriched with silver
nanoparticles (AgNP) was developed. The influence of AgNP (2%, 4% and 8%) on some
physical-mechanical and antibacterial properties of the biocomposite film was investigated.
AgNP was found to lower the tensile strength of the composite. However, the water
vapour permeability was improved by adding nanoparticles (4.57-2.16 x 10-13 g/m?sPa).
The tested nanocomposite films also showed a strong antibacterial effect on the tested
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pathogenic bacteria. Mohammed Fayaz et al. [291] found that a thin coating of sodium
alginate with silver nanoparticles showed good antibacterial activity against the test strains.
This film extends the shelf life of carrots and pears compared to the control for weight
loss and soluble protein content. These results show that vegetables and fruit coated with
sodium alginate with the addition of silver nanoparticles are suitable for preservation. In
addition, the storage temperature of nanocomposite materials plays an important role
as it may limit their antimicrobial stability. Khalaf et al. [292] investigated the inhibitory
potency of pullulan-based membranes containing silver nanoparticles on S. aureus and L.
monocytogenes during 7 weeks of storage. The authors showed that temperatures higher
than 25 °C significantly reduced the bactericidal activity of nanomaterials. The inclusion
of silver nanoparticles into the polymer network of polysaccharides leads to changes in
their final structure and affects the physical and mechanical properties of the edible film.
However, it is still necessary to study the mechanism of migration of silver nanoparticles
from the packaging material to the raw material and their impact on the human body and
the natural environment.

9. Economic Effects of Using Edible Polysaccharide Films and Coatings

Due to the serious global problem of environmental pollution, the so far quite com-
mon plastic packaging for fruit and vegetables is being replaced by new, environmentally
friendly solutions. In developed countries, the packaging market is regulated by the Eu-
ropean Commission (EC) or the Food and Drug Administration (FDA), where there is
pressure to reduce traditional plastic packaging and replace it with more sustainable pack-
aging solutions that include edible films/coatings. At the same time, countries” economies
should move from a linear model to a circular economy [293].

In addition to its traditional role, packaging also serves as a communication and
branding medium. As a marketing tool, it allows to promote a healthier lifestyle and
thus influences the change of consumer habits [294,295]. However, it has been shown that
the cost of producing bio-packaging from residues can be up to three to five times more
expensive compared to packaging made of fossil-based materials [296]. The increase in
these costs is related to mobilisation issues of biomass, lack of technological innovations
and low economies of scale [297,298]. In addition, FDA and EU regulations are associated
with restrictions in the implementation of standards, including the support needed for
biowaste food packaging materials, appropriation of standards for bioproducts and contact
with food and the availability of proper waste management facilities, which is an obstacle
in the production of packaging based on biomaterials, including polysaccharides [296].
In addition, to be acceptable to consumers, edible films and coatings should be non-toxic
and have a good appearance, lack of aroma and taste (or agreeable taste) and good barrier
properties; should prevent the loss of turgor (water loss) and the development of storage
diseases of fruits and vegetables and have good stability over time; and, above all, should
be economically viable [299]. However, the overall performance and cost of producing
edible films have always been a challenge [300]. Moreover, the profitability of using edible
films or coatings depends on the type of material from which they are made and the
production technology used.

There are also problems with the production of edible films on an industrial scale
and their commercialisation for successful packaging of fruit and vegetables. It has been
found that the current production of edible films on a laboratory scale may not be suitable
for scaling up to the industrial scale as there may be problems related to the inability to
produce continuous films, long drying times, inaccurate thickness control, high energy
consumption and high costs. Improvement of the functional properties of edible films can
be achieved through the use of nanotechnology; however, research is needed towards the
use of nanomaterials and their toxicological effects. In addition, insufficient legal aspects,
fear of toxicological and health effects, inadequate marketing, social awareness and cultural
issues may also contribute to lower consumer acceptance of edible films. Therefore, these
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aspects should be improved, which will undoubtedly facilitate the commercialisation of
these biodegradable films [301].

10. Legislation

Polysaccharide coatings and edible films are an integral part of fruit and vegetables
and therefore are subject to the same legal regulations as other substances in food produc-
tion [302]. If a material has been approved by the Food and Drug Administration (FDA)
as safe and listed as GRAS, and is also used in accordance with Good Manufacturing
Practices (GMP), then it can be used in edible packaging. If the biopolymer material used
is not currently covered by GRAS, the producer who wants to use it for production may
apply for it, provided that its safety can be proved. The toxicity and allergenicity of edible
films and coatings should also be taken into account. This especially applies to the use of
essential oils used in edible coatings as an antimicrobial compound, although classified and
registered by the European Commission and as GRAS, they may show allergenic effects.
Consuming higher doses of these natural compounds can lead to toxicity problems. There-
fore, it is necessary to find a balance between the effectiveness of the dose of an oil or plant
extract and the risk of its toxicity [303]. In addition, edible films and coatings may contain
a number of nutrients or functional additives (antioxidants, antimicrobials, colourings,
etc.). In the regulation of most countries, chemical substances added as antimicrobials are
regarded as food additives if the primary purpose of the substances is shelf-life extension.
The use of edible coatings and their doses are regulated by the laws of the country where
the coating is applied or in the country to which fruits and vegetables are to be exported.
In general, as edible films and coatings become an integral part of fruits and vegetables, all
materials used must be properly declared on the label [14,304].

The development of edible films based on pectin and other biodegradable polymers is
encouraged by green-packing initiatives such as the US Environmental Protection Agency’s
(EPA) suggested plan to reduce the initial amount of packaging. The suggestion consisted
of designing a packaging system that could reduce the amount of environmental toxic
materials used in packaging and make them easier to reuse or compost. The agency also
suggested using packaging that could reduce the amount of damage or spoilage to food
products, which eventually could improve the quality and extend the shelf life of packaged
foods [305].

Generally, edible coatings are safe and biodegradable, with nontoxic influence on the
biological system. However, some authors have reported the negative effect of carrageenan
gum. These adverse effects are associated with decomposed carrageenan (poligeenan),
which have low molecular weights, less than 50 kDa [306-308]. In another study, Tobac-
man [309] observed the carcinogenic effects of undegraded carrageenans. These adverse
effects of carrageenans do not occur when food-grade ingredients (i.e., molecular weight
greater than 100,000 Da) are used in edible coatings and films [34,308].

11. Conclusions and Future Prospects

Edible films and coatings can be used to extend the shelf life and freshness of fruit and
vegetables. Most fruits and vegetables require protection against decay or spoilage during
storage. Consumers demand fresh and safe natural commodities. This prompts scientists
to look for new post-harvest techniques that will improve the shelf life, quality and safety
of fruit and vegetables without causing loss of nutrients and organoleptic properties.
Therefore, natural compounds are of great importance in research and industry because of
their potential to provide quality and safety benefits with reduced side effects on human
health. Numerous studies show that natural polysaccharides are well suited for use as
packaging material in fresh fruit and vegetables and can often be an important alternative to
synthetic compounds. Natural polymer materials are a good barrier to oxygen and carbon
dioxide; however, they are characterised by excessive solubility in the water environment,
water vapour permeability and low extensibility. Therefore, edible films and coatings
derived from polysaccharides should be modified. Replacing synthetic films with edible
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or biodegradable coatings is desirable from an environmental point of view. A promising
trend in this area is the use of nanoemulsions based on polysaccharides or essential oils,
with the inclusion of bioactive ingredients or encapsulated nanocoatings, which can also
inhibit the growth of pathogenic microorganisms. The use of polysaccharides for the
preparation of edible films and coatings is justified not only by the possibility of reducing
the consumption of packaging made of synthetic polymer materials but also by the fact
that the production of some natural polymers can be made using waste products generated
during the processing of food raw materials. Natural edible polysaccharide coatings
represent a promising approach to improve the quality and extend the shelf life of fruits
and vegetables.
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