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Abstract: Fish waste is attracting growing interest as a new raw material for biopolymer production
in different application fields, mainly in food packaging, with significant economic and environ-
mental advantages. This review paper summarizes the recent advances in the valorization of fish
waste for the preparation of biopolymers for food packaging applications. The issues related to fish-
ery industry waste and fish by-catch and the potential for re-using these by-products in a circular
economy approach have been presented in detail. Then, all the biopolymer typologies derived from
fish waste with potential applications in food packaging, such as muscle proteins, collagen, gelatin,
chitin/chitosan, have been described. For each of them, the recent applications in food packaging, in
the last five years, have been overviewed with an emphasis on smart packaging applications. De-
spite the huge industrial potential of fish industry by-products, most of the reviewed applications
are still at lab-scale. Therefore, the technological challenges for a reliable exploitation and recovery
of several potentially valuable molecules and the strategies to improve the barrier, mechanical and
thermal performance of each kind of biopolymer have been analyzed.

Keywords: fish by-product; fish discard; fish waste valorization; blue economy; sustainable food
packaging; circular economy; bioplastic; myofibrillar proteins; active packaging; ocean pollution;
fish scales

1. Introduction

The world fish production in 2019 was estimated to be 177.8 million metric tons and
it is expected to expand considerably in the future [1]. As widely recognized by the United
Nations’ 2030 Agenda for Sustainable Development and FAO, fishery and aquaculture
have an essential role for food security and nutrition [2]. About 70% of fish and seafood
is processed before sale, thus producing a huge amount of solid waste deriving from ac-
tivities such as beheading, de-shelling, degutting, removal of fin and scales, filleting [3],
[4,5]. The fish industry by-products generally consist of viscera, muscle tissues, carcasses,
heads, fins, skin, scales and bones, being approximately between 50% and 75% of the fresh
weight depending on the species [6-11]. For example, processing of shrimps and fish fil-
lets generates almost 50% and 75% by weight of waste [3]. About 20% of the fish industry
by-products is used as low-value ingredients in animal feed [5,10], but the major part is
landfilled or incinerated with consequent environmental, health, and economic damage
[12].

Another great issue concerning fishery is given by by-catch, that is, a fish or other
marine species that is unintentionally caught. By-catch is either the wrong species, the
wrong sex or is undersized or juveniles of the target species. Usually these unintentionally
caught animals are not kept, but returned to the sea, a phenomenon called discarding at
sea. Discarding constitutes a substantial waste of resources and negatively affects the sus-
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tainable exploitation of marine biological resources and marine ecosystems and the finan-
cial viability of fisheries [13]. The depletion of oxygen occurs as a result of an increased
consumption of aerobic bacteria and other organisms that degrade organic wastes with
changes in the benthic environment [14,15]. Fish discarding, in fact, greatly affects the
marine ecosystem through the food web. Some scavenger species or seabirds may benefit
from discards, influencing their populations and their movements. This environmental
impact is so high that the European common fisheries policy aims to reduce the discard
practice with obligatory landing [16].

Fish waste represents, hence, a growing issue that urgently need innovative ap-
proaches and solutions. To this aim, several projects and measures have been globally
employed to prevent food waste [17]. In 2015, the United Nations defined the Sustainable
Development Goals to guarantee sustainable consumption and production in order to
strongly reduce the global per capita food wastes and to protect marine and maritime
environments [16,18]. The need to implement more sustainable practices in the fishery
and aquaculture sector necessarily involves the valorization of by-products and discards
[19]. Recently, it has been proven that a circular economy approach can be successfully
applied to the seafood industry re-using by-products [20]. This approach could be in prin-
ciple extended also to fishery by-catch contributing to finding eco-friendly solutions for
the environmental and economic issues of the planet by preventing the abuse of natural
resources. To line up with this green lifestyle, the European Commission approved “Blue
Growth”, with the aim to sustain a natural growth in the marine and maritime sectors.

The valorization of fish waste could contribute to reducing the costs of a safe waste
disposal and to generating additional value arising from the recovery of several poten-
tially valuable molecules including oils, proteins, pigments, bio-active peptides, amino
acids, collagen, chitin, gelatin, etc. [2,3,10,21,22]. In Figure 1, the different types of fish
waste are sketched, e.g., muscle, skin, scales, fins and crustacean shells, together with the
derived biopolymers with potential application in food packaging, which will be de-
scribed in the following paragraphs.
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Figure 1. Biopolymers with potential food packaging application derived from fish industry waste.

The use of this bio-waste as a raw material, converted into a product with a higher
value, leads to the development of biorefinery, now considered a key technology in the
21st century, in contrast to the classical petroleum oil refinery associated with the emission
of carbon-based greenhouse gases [23,24]. Polymers derived from fish waste are, in fact,
particularly promising substitutes of synthetic polymers for the production of bioplastics
[25], which are bio-based or biodegradable, or include both properties [26]. Sometimes,
the words "biopolymer" or "bioplastic" have been generally referred to a large variety of
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plastics with different properties and applications and have been exposed to various sig-
nificances [2,27]. The bio-based plastics are produced from renewable sources such as
starch, cellulose, etc., but some of them can be also not biodegradable such as bio-based-
polyethylene [28-31]. There is general consensus on the potential contribution of biode-
gradable plastics to the reduction of plastic pollution in the marine environment, which
has been recognized as one of the most impacting threats for the environment, causing
numerous hazardous and ecologically negative consequences, such as the presence of mi-
croplastics and nanoplastics [32].

During the last decade, the production of bioplastics has largely grown, with the aim
of decreasing the negative impact of the synthetic polymers on the environment, since
they can be bio-based and/or biodegradable [4,33,34]. However, they still represent a very
small segment of the market. In detail, bioplastics are roughly one percent of the more
than 368 million tons of plastic supplied each year [35]. Nonetheless, since the market
demand is continually growing, including more advanced applications and innovative
products, the market for bioplastics is incessantly expanding and differentiating. The
global bioplastics production volume is expected to rise from around 2.11 million tons in
2020 to about 2.87 million tons in 2025 [35]. Packaging can still be considered the major
market segment for bioplastic production with 47 percent (0.99 million tons) of the total
bioplastics market in 2020 [35]. Among these innovative green materials, edible/biode-
gradable films for food packaging applications have, in fact, recently attracted the atten-
tion of both academic and industrial researchers. As reported in Figure 2, the number of
scientific papers on this important topic is, hence, largely rising, particularly in the last
five years.
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Figure 2. Distribution of scientific papers analyzed by the publication year in the last ten years up to June 2021 (from

Scopus database).

This review summarizes the recent advances in the valorization of fish industry
waste for the preparation of biopolymers for food packaging applications. In detail, the
issues related to fishery industry waste and fish by-catch and the potential for re-using
these by-products in a circular economy approach will be presented. Then, all the biopol-
ymer typologies derived from fish waste with potential applications in food packaging,
such as muscle proteins, collagen, gelatin, chitin/chitosan, will be described. For each of
them, the recent applications in food packaging, in the last five years, will be overviewed
with emphasis on smart packaging applications. In addition, the technological challenges
for a reliable exploitation and recovery of several potentially valuable molecules and the
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strategies to improve the barrier, mechanical and thermal performance of each kind of
biopolymer will be analyzed.

2. Muscle Proteins

As reported in Figure 3, muscle proteins are grouped into three major groups accord-
ing to their solubility: myofibrillar, sarcoplasmic and stromal proteins. Myofibrillar pro-
teins are the main component of the skeletal muscle representing about 65-75% of the total
muscle proteins [36,37]. Myofibrillar proteins include some contractile proteins, such as
myosin and actin, regulatory proteins, such as tropomyosin and troponin, and other mi-
nor proteins [37]. Due to their structure and localization, myofibrillar proteins require de-
naturing conditions, e.g., high ionic strength solution to be solubilized and extracted.

Sarcoplasmic proteins are water-soluble proteins, representing about 20-30% of total
proteins and mostly consisting of enzymes involved in the biochemical processes of mus-
cle tissues [37]. Stromal proteins, such as collagen and elastin, are present in low content
in most commercial fish species and remain insoluble in high-salt solutions [38]. Due to
the low extracted content, muscle protein is not the major source of marine collagen,
which is more abundant in fish skins and bones [39].

Muscle proteins

* myosin, actin
* tropomyosin, troponins

* enzymes

Stromal ¢ collagen

¢ elastin

Figure 3. Classification of the principal fish muscle proteins.

Proteins are one of the most used biomaterials in the food industry due to their nu-
tritional values, non-toxicity, biodegradability and ability to form gels [40]. In recent years,
fish stromal and myofibrillar proteins have been receiving significant attention for their
ability to form biodegradable edible films with good barrier properties against gases, or-
ganic volatiles and lipids [41-44], which are insoluble in water, but can be made soluble
by adjusting the pH of the solution [45]. These films developed from fish myofibrillar or
muscle proteins present several advantages: (i) excellent UV light barrier when compared
to commercial wrap films made of polyvinyl chloride [46]; (ii) good oxygen and carbon
dioxide barrier [12,41]; (iii) slight transparency; (iv) potential for producing active pack-
aging [47].

The major drawback limiting a wide broad commercial application of these films is
the rigidity and the low mechanical strength due to the extensive protein—protein chain
interactions in the film network that is further reinforced by disulfide bonds, hydrogen
bonds and/or electrostatic interactions [44,48]. To overcome this problem, a high content
of plasticizers (about 40-60%) is added into the biodegradable film in order to decrease
the brittleness and increase the extensibility and toughness by lowering the forces be-
tween the protein—protein chains [49]. Another limit of fish myofibrillar protein films is
the poor water vapor barrier, due to the high hydrophilic nature of amino acids in the
proteins and to the significant amounts of hydrophilic plasticizers added, such as glycerol
and sorbitol, to impart the adequate film flexibility [4,15,42]. Chemical crosslinking, elec-
tron beam and gamma radiation have been reported as effective methods for obtaining
stronger and less permeable films [4,50-52].
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3. Marine Collagen

Collagen is the most common animal protein since it is present in all connective tis-
sues (i.e., skin, bones, ligaments, tendons and cartilage) and interstitial tissues of the
parenchymal organs [53]. In nature, there are 28 different types of collagen, but the most
abundant and plentiful is type I [54], which is also the main constituent of marine collagen.
Itis characterized by a triple helix structure (Figure 4) made by three cross-linked ot amino
acid chains, consisting of 2 homologous a1 chains and one a2 chain [39,55]. While the ratio
and concentration of amino acids may vary from source to source, structurally, collagen
is the same strong molecule regardless of the source.

Marine collagen is mainly extracted from fish skin, bones, fins, scales, or from jelly-
fish, sea urchin, starfish or sea cucumber connective tissue [56]. Fish skin has been ex-
ploited for collagen extraction since about 70-80% of its dry matter is collagen [57,58].
Moreover, another promising and low cost source of marine collagen is given by fish
scales [59], representing about 4% of the total weight of the annual output of fish offal,
which amounts to circa 18-30 million tons [60,61]. Fish scales contain both organic com-
ponents (collagen, fat, lecithin, scleroprotein, various vitamins, etc.) and inorganic constit-
uent components (hydroxyapatite, calcium phosphate, etc.) [55,62,63]. The recent and in-
creasing interest towards the valorization of fish scales has led to several applications in
environmental protection [64], medicine [65-67] and bionics [68].

Compared to mammalian collagen, marine collagen presents a comparable or
slightly lower molecular weight and a lower denaturation (melting) temperature [25],
which is about 20-35 °C for most fish species with higher values for collagen derived from
warm-water species [53,69]. In order to enhance the thermal stability, suitable crosslink-
ing treatments have been studied [70,71].

According to Coppola et al. [53], the yield of collagen extracted from fish byproduct
can reach up to higher than 50% in dry mass. Moreover, the oil removal during fish pro-
cessing guarantees the absence of smell or taste [25]. The extraction of collagen from fish
scales by chemical methods often requires a long time. Therefore, the interest of research-
ers towards suitable processes for extracting fish scale collagen is increasing [30]. For more
details on the collagen structure and extraction chemical treatments, readers are ad-
dressed to recent literature [2,53,58,69,72].

Compared to mammalian collagen, marine collagen does not present use limitations
for religious reasons and for possible transmissible diseases, while having excellent film-
forming ability, biocompatibility, low antigenicity, high biodegradability and cell growth
potential properties [53,57,73]. This waste material has the potential to be exploited as an
eco-friendly and low-cost collagen source with many potential applications in various
fields such as health foods, cosmetics and biomedicine as drug/delivery carriers or wound
dressings [55,58,74-77]. Due to its high-water absorption capacity, collagen is a good can-
didate for texturizing, thickening and gel formation. Moreover, it has interesting proper-
ties related to surface behavior, which involves emulsion, foam formation, stabilization,
adhesion and cohesion, protective colloid functions and film-forming capacity [53]. Alt-
hough it is already used as a food additive to improve food rheological properties, marine
collagen is yet underexploited, its applications being greatly lower than those with mam-
malian collagen.
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Figure 4. Collagen and its derivatives.

4. Fish Gelatin

Gelatin is a denatured protein derived from the partial hydrolysis of collagen fol-
lowed by thermal treatment (Figure 4) [40,78,79]. It consists of a pool of proteins and pol-
ypeptides of different molecular weights, which composition mainly depends on the par-
ent collagen and the extraction procedure [39]. During hydrolysis, the natural molecular
bonds between individual collagen strands are broken down leaving a mixture of single
or multistranded polypeptides, each with extended left-handed helix conformations and
containing 50-1000 amino acids [53,58]. Two types of gelatin, namely, type A and type B,
are obtained by acid hydrolysis and alkaline hydrolysis, respectively [53].

Due to religious matters and health concern about the spread of disease to human,
the extraction and application of gelatin from fish waste is generating widespread interest
[54,80-82]. Gelatin is an important industrial biopolymer with significant gelling and film
formation properties that make it useful for potential application in food, pharmaceutical
and other related fields [58].

Appreciable differences in mechanical and water vapor barrier properties have been
reported for gelatin films made from cold-water (cod, salmon or Alaska pollack) and
warm-water (tilapia, carp or catfish) fish species, largely as a consequence of differing
amino acid compositions. This is mainly due to the amino acid content, which affects the
melting point of fish gelatin and thus, the production process [83]. In general, the amino
acid content is lower in cold-water fish gelatins than in mammalian gelatins and, thus,
these fish gelatins have lower melting points, which could be a benefit in the manufacture
of fish gelatin-based products by thermo-mechanical processes due to lower energy con-
sumption and cost, thereby increasing their commercial feasibility [81]. On the other hand,
the fish gelatin from warm-water fish could have higher thermal stability, which can be
useful in some applications.

The molecular weight distribution, greatly affected by the gelatin manufacturing pro-
cess, influences the mechanical performance, especially when plasticizers like sorbitol or
glycerol are present in the film formulation [83]. More information about the characteris-
tics, the extraction methods and the functional properties of fish gelatin can be found in
[84-86]. Biodegradability of gelatin-based biopolymer films has led to a growing interest
in their use as edible food packaging [87].

Some chemical treatments of gelatin, such as acylation, esterification, deamination,
cross-linking, reactions with acids and bases can bring significant changes to its physical
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and chemical properties [53]. The formation of thermo-reversible gels is obtained by cool-
ing an aqueous solution of gelatin with a content higher than 0.5% to approximately 35—
40 °C. The rigidity or strength of the gel depends upon gelatin concentration, structure
and molecular mass, pH, temperature and presence of any additives [88]. Generally, col-
lagen and gelatin are processed by wet (or solvent) process, based on the dispersion or
solubilization of collagen and gelatin in a solvent, the deposition by film casting, compres-
sion molding, extrusion, etc., and the solvent removal by drying or through a solvent-non
solvent exchange mechanism [53,58]. In order to control the rheological properties during
processing and improve the final properties, especially the deformability, usually one or
a blend of plasticizers are used.

5. Chitin and Chitosan

Chitin, the second most abundant biopolymer in nature after cellulose, is a linear
polymer, i.e., a polysaccharide, sited in fungi cell walls and plankton, in crustacean and
insect exoskeletons (Figure 5), under the form of ordered crystalline microfibrils [21].
These organisms produce about 100 billion tons of chitin each year [89]. The chemical
structure of chitin, reported in Figure 5, is different from that of other sugars, since it is
characterized by the presence of nitrogen [90]. It appears as a yellowish powder, with a
high molecular weight, insoluble in water and organic solvents, composed of N-acetyl-2-
amino-2-deoxy-D-glucose units joined together by glycosidic bonds {3, forming a linear
chain with some of the deacetylated monomer units (Figure 5) [91,92]. Chitin can be found
in nature in three crystalline structures, o,  and y (Figure 5), which differ by the number
of chains per cell, degree of hydration and unit size [89].

The first experimental studies on chitin isolation started in 1811 by Henri Braconnot,
who exposed a variety of fungal species to an aqueous alkali solution, making, thus, avail-
able the extraction of the fungine [89]. Since a significant part of environmental pollution
is produced by fishing industries wastes, characterized by a distasteful odor, responsible
for attracting and accelerating the proliferation of insects, the valorization of chitin ex-
tracted form marine wastes could represent an ambitious academic and industrial goal
[93,94]. It is well known, in fact, that the fishing industry effluents cause physical and
chemical changes in water bodies, with dramatic consequences for aquatic animals (such
as a great increase of their mortality), influencing, in turn, the local microfauna and mi-
croflora. However, owing to its insoluble nature, the possibility to extract chitin from nat-
ural organism, in order to re-use it as a biopolymer, was mostly discounted until recently,
when its extraction from shrimp, crab and lobster shells, at industrial or semi-industrial
scale, is becoming easily possible, leading to evident advantages, related to the abundance
of this material as a derivative of the shellfish managing business [95]. The most used
chitin extraction methods are: chemical extraction, chemical deproteinization, chemical
demineralization, discoloration, biological extraction, enzymatic deproteinization and fer-
mentation. Chemical extraction uses a strong alkaline solution, in order to obtain the
breakdown of polymeric chains, reaching, hence, a high degree of chitosan deacetylation
[2,96]. Deproteinization implies the disruption of chemical bonds between proteins and
chitin, by using chemical substances to depolymerize the biopolymer [97]. Demineraliza-
tion uses strong acids, such as sulfuric acid, hydrochloric acid, acetic acid, nitric acid and
formic acid, in order to remove minerals, mainly calcium carbonate [98-101]. Discolora-
tion is an additional step during the extraction process useful to obtain colorless products,
by eliminating astaxanthin and carotene pigments from the extraction source, by means
of organic or inorganic solvents (acetone, sodium hypochlorite and hydrogen peroxide)
[102]. Biological extraction is a more economic, cleaner and greener process consisting in
the use of microorganisms to obtain enzymes and organic acids, obtaining, in turn, high
quality chitin [103]. Enzymatic deproteinization involves the addition of enzymes for pro-
tein fragmentation, with a consequent advantageous absence of environmental degrada-
tion sub-products [104,105]. Fermentation allows the productions of hydrolyzed proteins,
useful in the food industry, starting from proteolytic enzymes obtained by the lactic acid
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bacteria, stimulated in a low pH medium [106]. Recently, crustacean wastes of the fishing
industry have been successfully used to extract commercial chitin. The major sources are
shrimp, crab, lobster, prawn and krill shells. These wastes typically include chitin (20—
30%), a protein fraction (30—40%), inorganic salts, mostly calcium carbonate and phos-
phate (30-50%), and lipids (0-14%) [107]. Moreover, fish scales are also a potential source
of chitin, as recently demonstrated [108,109].

The most important byproduct of chitin is chitosan, whose main advantage, com-
pared to chitin, is its solubility. Chitosan, in fact, can be much easier solubilized in dilute
acidic aqueous solutions, thanks to the presence of free amino groups in its chemical struc-
ture (Figure 5) [89]. Furthermore, the solubilization of chitosan allows one to easily con-
vert it into hydrogels, 3D porous scaffolds, membranes and films, all characterized by
good mechanical strength and permeability properties. Chitosan is a polysaccharide, ob-
tained by chitin deacetylation reaction through alkaline hydrolysis and successive treat-
ment with 2-amino-2-deoxy-D-glycopyranose units, merged by glycosidic bonds. It usu-
ally has a degree of deacetylation of about 50% or even more. The structural properties of
chitosan, as, for instance, the degree of deacetylation and the molecular weight, associated
with its physicochemical and biological properties, depend on the relative proportions of
2-amino-2-deoxy-D-glycopyranose units [110-112]. Chitosan was discovered in 1859 by
treating chitin with heated potassium hydroxide and it is broadly employed in agricul-
ture, medicine, food, cosmetic and textile applications, as a biomaterial, because of its bi-
ocompatibility, biodegradability and absence of toxicity. It also worked as a therapeutic
agent thanks to its antibacterial and antifungal properties [113,114]. However, its potential
utilization could certainly be much larger, including for example tissue engineering, drug
delivery, wound dressing, scaffolds, pharmaceutical contaminant removal, cancer diag-
nosis, composites and nanocomposites, high-tech materials, packaging, dye removal. In
nanocomposite material preparation, chitosan has been demonstrated to be successful as
a stabilizing agent, for example, for titania nanoparticle dispersion [115], expanded graph-
ite [116], graphene oxide [117,118] and rare-earth elements [119]. In addition, both chitin
and chitosan can be mixed with other biopolymers, such as poly (vinyl alcohol), alginate,
collagen, cellulose acetate, by obtaining bio-polymer blends, characterized by improved
mechanical properties [120-123]. On the other hand, differently from chitin, thanks to its
solubility in both water media and acid solutions, chitosan can be produced in various
forms (particles, films, sponges, membranes, gels, fibers) [124]. In particular, chitosan-
based films, also thanks to the addition of graphene nanoplatelets, allow one to decrease
the permeability of moisture, confirming their potential applications as packaging films
for food, with evident advantages related to the re-use of dangerous wastes [125], [126].
Chitosan was also used as an edible antimicrobial coating of rainbow trout for storage at
4 °C for 16 days [127], or as supporting material for the production of antimicrobial coat-
ings for fresh Indian salmon (Eleutheronema tetradactylum) fillets [128].
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Figure 5. Sources of chitin/chitosan.

6. Technological Properties of Biopolymers Derived from Fish Waste for Food Packag-
ing

Food packaging is expected to preserve and protect of all types of foods, mainly from
oxidative and microbial degeneration, thus increasing their shelf-life [129]. Beside the tra-
ditional function of preservation, information and marketing, nowadays food packaging
should possess additional functionalities improving their barrier, mechanical and dura-
bility properties [130]. Biopolymers derived from fish waste have the potential to over-
come the traditional passive role of packaging leading to the development of smart pack-
aging. This new generation of packaging involves interactions between packaging and
food or internal packaging atmosphere. Smart packaging comprises both active and intel-
ligent packaging. Active packaging actively interacts with food and packaging headspace
to extend the shelf life of food maintaining nutritional and sensor quality and microbial
safety [115,116]. Intelligent packaging actively monitors and reports on product condi-
tions and history [131]. The active packaging developed starting from fishery by-products
can be in the form of edible coatings or film. Edible coatings are applied to foods by spray-
ing or dipping while edible films are produced separately by solution castings or com-
pression molding and then applied to food surface, by coating, wrapping or spraying,
[8,132]. Their aim is to prevent the migration of moisture, oxygen, carbonic dioxide, aro-
mas and lipids, to transport ingredients or bioactive compounds (e.g., antioxidants, anti-
microbials and flavor), and/or to improve the mechanical integrity or handling character-
istics of the food [18,38].

Among the technological requirements of biopolymers derived from fish by-prod-
ucts for food packaging summarized in Figure 6, biodegradability is very important since
the use of synthetic packaging films has led to worrying environmental complications.
Thus, the utilization of proper bio based and biodegradable packaging films is nowadays
becoming a crucial issue and there is an increasing awareness towards packaging made
in accordance with the principles of sustainable development [133].
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TECHNOLOGICAL
REQUIREMENTS

Transparency ‘_ Thickness

Figure 6. Technological requirements of biopolymers derived from fish by-products for food packaging.

The water vapor permeability (WVP) is one of the most important properties of a
packaging material to prevent food drying. It depends both on film porosity and perme-
ability, which is also dependent on temperature, pressure and humidity. The WVP level
depends on the specific applications since, for example, dry food or fruits and vegetables
needs film with very low and moderate WVP, respectively, to prevent moisture uptake
from the environment.

Films and coatings should possess a high oxygen barrier to control oxygen exchange
between food and the surrounding atmosphere, protecting food and postponing its deg-
radation by discoloration or surface softening [81]. Referring to oxygen barrier properties,
it is well known that, unfortunately, the oxidation of highly unsaturated food lipids, such
as fish and seafood, causes dramatic food quality worsening, with consequent off-odors,
off-flavors, nutrition losses and color or textural declining [81]. Since film thickness gen-
erally influences the final performances of films (mechanical, water vapor permeability,
light transmission, transparency), the possibility to control this aspect is decisive in order
to produce suitable films for food applications [46]. Further properties are required for
packaging materials in direct contact with food, such as adequate sensory properties, bi-
ochemical, physicochemical and microbial stability, the absence of toxics, and safety.
These necessities are completely satisfied by natural polymers (generally prepared from
solutions containing biopolymer, plasticizer and solvent), thanks to their biodegradability
and environmental compatibility. Nevertheless, their mechanical properties and permea-
bility are still often lower than those synthetic polymeric materials. Consequently, an im-
portant rising interest of food industries is the possibility to use proper biodegradable
packaging films possessing not only high thermal and barrier properties, but also out-
standing mechanical properties, able, therefore, to increase the shell life of the food prod-
ucts, by protecting them from any kind of undesirable contamination. To this aim, cheap,
renewable and largely accessible biopolymers are nowadays generally proposed as a
green option over petrochemical polymers [134,135]. Several researchers are studying the
possibility to develop biopolymers able to satisfy the most important requirements for
food packaging applications, such as optical, barrier and mechanical properties [81].

Antimicrobial and/or antioxidant functionalities in food packaging aim to kill or sup-
press microbial growth and delay the oxidation of pigments and lipids present in food by
incorporating active agents into the packaging materials [114,136]. This active functional-
ity in packaging can help in reducing the economic loss associated with food spoilage.
Concerning optical properties, the transparency and the gloss of packaging films are al-
most mandatory in order to enhance the product appearance and, thus, increase the cus-
tomer satisfaction [81].
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7. Applications in Food Packaging
7.1. Applications of Biopolymers from Muscle Proteins in Food Packaging

Biopolymers obtained from muscle proteins show a high potential for food packag-
ing applications, mostly as edible films that may be wrapped, coated or sprayed over
foods. These films act as a selective barrier against the transmission of gases and vapors,
thus improving food quality and extending shelf life. In addition, these fish protein films
may have functional properties thanks to the incorporation of functional components like
antioxidants, vitamins and coloring agents [3]. The properties of bio-based and biode-
gradable polymer films derived from muscle proteins reported in the literature are sum-
marized in Table 1. Moreover, the traditional technologies used for thermoplastic poly-
mers can be applied also to these biopolymers, as firstly demonstrated by Cuq et al. [137].
The addition of plant extracts can provide antioxidant and antimicrobial activity as shown
by Kaewprachu et al. [138] on fish myofibrillar protein films with catechin-Kradon ex-
tracts. The same authors investigated also the effects of various plasticizers on the film
properties [48]. The film plasticized with sorbitol exhibited the highest tensile strength
(12.56 MPa) and film solubility (62.6%) but, in general, all the fish myofibrillar protein
films presented lower strength and flexibility than the commercial PVC films [48].

Romani et al. [139] obtained stiff gels by conformational changes in the structure of
fish protein through pH changes. Zavareze et al. [41] prepared biodegradable films from
fish myofibrillar and residue protein isolate from Whitemouth croaker achieving low wa-
ter vapor permeability and a tensile strength close to the values reported by Garcia et al.
[140] in Nile tilapia muscle protein films. Nie et al. [44] prepared edible/biodegradable
films made of silver carp myofibrillar proteins and tannins (tannic acid and apple procy-
anidins) at various concentrations under alkaline and heating conditions. They used nat-
ural phenolic compounds as a crosslinking agent to enhance the mechanical strength, wa-
ter resistance and thermal stability of the film. Gautam et al. [3] produced a film from a
mixture of fish proteins, glycerol and antioxidants. Some films were prepared also with
the addition of starch.

Araujo et al. [12] produced bioplastics from myofibrillar proteins from gilded catfish
(Brachyplatystoma rousseauxii) waste. A response surface methodology was employed to
optimize the process design, obtaining a bioplastic with 40% plasticizer (m/m) and 0.79%
protein (m/v), characterized by flexibility, mechanical strength, low solubility and water
vapor permeability which made the material suitable for food packaging. The good tensile
strength (4.91 MPa) was ascribed to the extent of sulfhydryl groups at the myofibrillar
protein surface which enabled the formation of covalent S-S in the biofilm framework. On
the other hand, the hydrophilicity of fish muscle proteins due to their content of polar
amino acids and hydroxyl (OH) groups was responsible for the low moisture barrier of
the bioplastic.

The film stability during storage is also an important factor in food packaging, as
studied by Leerahawong et al. [141] on mantle-muscle films from Todarodes pacificus. The
water vapor permeability remained relatively constant during the study while tensile
strength increased significantly during the first 10 days, likely due to protein crosslinking
caused by the Maillard reaction, while no changes were observed in the elongation at
break.

A promising strategy to improve mechanical properties consists in the addition of
gelatin and plasticizer into fish protein films, thus diminishing brittleness and improving
mechanical properties [42]. The plasticizer should be kept as low as possible in order to
avoid excessive hydrophilicity of the film [42,142,143]. As demonstrated by Neves et al.
[144], the mixture of gelatin and myofibrillar fish proteins can improve the technological
properties of the biodegradable film, making its application feasible in food packaging
[144].
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Table 1. Properties of bio-based and biodegradable polymer films derived from muscle proteins.

Fish waste Protein tvpe WVP
source and cont};it T TS EAB (x 101 S Ref
(starting material) (mm) (MPa) (%) gmlgl (%) )
(%)
Pa?)
Whitemouth fibrill 25
emod myotbriat 0.132 5.41 251 31 [41]
croaker
Yellow stripe tre- protein isolate/ gelatin 0.036 13.98 64 13 o [42]
vally blend
Argentine anchovy protein isolate 0.113 0.6 28 11.6 45 [45]
King weakfish ~ Tyotibrillar/gelatin ) | 0 6.5 384 2.7 27 [144]
blend
. . myofibrillar
Gilded catfish . 0.033 49 178 6.4 19 [12]
proteins
) proteins from bones, -
Sardine ) 0.21 0.34 - [145]
heads, guts, and fins
o myofibrillar protein
Til 48
rapia /sorbitol 0.014 125 66 3.0 63 (28]
Catfish 0.17 1.27 88 7.7 15 [4]
Silvercarp ~ Tyofibrillar/ glycerol/ ) oo 3.9 94 15 2 [44]
tannic acid
Whi h
itemout 10% 0.114 42 28 8.6 100 [139]
croaker
PVC film - 0.010 46.9 268 3.1 - [46]

T: Thickness; TS = Tensile strength; EAB: elongation at break; WVP: water vapor permeability, S: solubility.

7.2. Applications of Marine Collagen in Food Packaging

Marine collagen films and coatings are finding increasing application in the food
packaging development of sustainable packaging materials to protect, maintain and ex-
tend the shelf life of foods, mainly as integral/edible parts of food products [75,115]. Gen-
erally, food-packaging materials are required to act as a barrier against the migration of
oxygen and moisture, as well as to preserve the sensory qualities and prevent fat oxida-
tion, discoloration and microbial activity. The best known industrial application of colla-
gen consists in edible casings for meat processing industries (sausages/salami/snack
sticks) that are able to shrink and stretch to accommodate contraction and expansion of
meat batter during continuous processing [57]. The preparation of collagen films is gen-
erally achieved by using a plasticizer, mainly glycerol in the range 20-30 wt%, a small
molecule of low volatility added to decrease attractive intermolecular forces along poly-
mer chains and increase free volume and chain mobility. Ahmad et al. [57] prepared col-
lagen films obtained from the skin of starry triggerfish based on acid solubilized or pepsin
solubilized collagen. This latter had higher thermal stability and mechanical properties
with a smoother and homogenous surface compared to the films obtained from acid sol-
ubilized collagen, as reported in Table 2.

The use of fish collagen films is limited in the packaging industry by some disad-
vantages such as low thermal stability and relatively poor mechanical properties
[146,147]. Moreover, collagen is a hydrophilic polymer which has hydroxyl groups; thus,
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the water vapor could easily permeate through the film. To overcome these limitations,
various efforts are made, including the blending of collagen with other biopolymers and
several chemical and enzymatic treatments. For example, Ahmad et al. [147] used a blend
of collagen extracted from unicorn leatherjacket skin and chitosan, which enhanced the
film bacteriostatic capacity and fungistatic activity but affected the film elasticity or brit-
tleness. The same authors developed composites films through a blend of the same colla-
gen with soy protein isolate, which is an amphiphilic molecule obtained as a highly re-
fined by-product of soybean oil industry and represents a promising alternative for syn-
thetic polymers [147]. Owing to its non-cytotoxicity, abundance in nature, low cost, nutri-
tive value and hydrophobicity, the blend of soy protein isolate with collagen showed en-
hanced water vapor barrier property, as reported in Table 2. Wang et al. [129] prepared
collagen films with sodium alginate, using glutaraldehyde as a cross-linking agent. Ac-
cording to the authors, the hydrogen and electrostatic interactions between carboxylate
groups of sodium alginate and hydroxyl groups of collagen lead to a dense matrix with
improved thermal stability and mechanical strength and reduced water vapor permeabil-
ity. The properties of some bio-based and biodegradable polymer films derived from ma-
rine collagen reported in the literature are summarized in Table 2.

Table 2. Properties of bio-based and biodegradable polymer films derived from marine collagen.

Fl:l;g::te T TS  EAB WVP S pef
(mm) (MPa) (%) (gm?s?'Pal) (%) ’

Starry triggerfish A. stellatus

(skin) [57]
acid solubilized 29 47 28 4.8 x 1010
pepsin solubilized 29 34 40 6.6 x 10-10
Unicorn leatherjacket Aluterus 21 25 15 3.0 x 1010
Monoceros (skin)
Blend with chitosan CG/CH (8 :
2) 31 20 24 4.5 x 10-10 [147]
Blend with soy protein isolate 08
CG/SPI(8:2) 40 8 2.4 x 1010
Smooth-hound
Mustelus mustelus (skin) 16 66 4 18  [148]
Collagen-chitosan film 25:75
Fish skin collagen
(Shanghai Yuanye Bio-Technol- 3 2% 65 1.7 x 1010 [129]
ogy Co)

Collagen/sodium alginate (10:2)
T: Thickness; TS = Tensile strength; EAB: elongation at break; WVP: water vapor permeability, S:
solubility.

7.3. Applications of Fish Gelatin in Food Packaging

Thanks to good film-forming properties, low cost, biocompatibility and biodegrada-
bility, fish gelatin has been recently recommended for the preparation of biodegradable
films in active food packaging, replacing conventional non-biodegradable polymers and
other mammalian-based gelatins [149,150]. Gelatin is easily processed by applying heat
and mechanical stress in extrusion-based technologies [53]. In order to increase the flexi-
bility, a plasticizer is used as an internal lubricant, leading to increased molecular mobility
[79]. Gelatin films can be obtained through casting from the gelatin aqueous solution.
They are tasteless, colorless, transparent, water-soluble and present higher flexibility
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Cross-linking

properties than other bio-based films for food packaging [149]. Since the melting point of
gelatin is close to body temperature, the gelatin-based films can be used for the prepara-
tion of edible films [132,150]. In addition, fish gelatin has shown great potential as an ex-
cellent matrix to host bio-active compounds with enhanced functionalities, such as anti-
oxidant/antimicrobial [149].

The use of fish gelatin films in food packaging is limited by some drawbacks, such as
the high hygroscopicity, which is responsible for a drastic reduction in moisture barrier
and mechanical strength [53,151], and low oxygen permeability [150]. To overcome this
weakness, some successful strategies summarized in Figure 7 have been recently investi-
gated.

Crosslinking

Nanofillers:
nano-Si0, nanoclays,

Multi-layer structure polysaccharide nanofillers Chitosan

metal ions, metal oxides, PRINT Gxracts

graphene oxide

Blend: starch, etc.

Barrier properties Mechanical properties

Antimicrobial/
antioxidant properties

Figure 7. Strategies for improving the performance of fish gelatin and/or chitosan films for food packaging.

The water barrier properties have been improved by laminating fish gelatin films
with moisture resistant biodegradable polymers in a multi-layer film with optimized
moisture and oxygen barriers for specific package and conditions [53]. Martucci et al. [152]
obtained a three-layer gelatin film by hot compression of sodium montmorillonite-plasti-
cized gelatin as the inner layer and cross-linked dialdehyde starch and plasticized gelatin
films as the outer layers. The multilayer film displayed a compact and uniform micro-
structure due to the highly compatible individual layers which could interact by strong
hydrogen bonding. The same authors prepared also a multi-layer structure with poly (lac-
tic acid) films as outer layers achieving a water vapor permeability higher than that ob-
tained from other commercial polymers such as high density polyethylene or poly (vinyl
chloride) [153].

Another promising approach to improve the barrier, mechanical and thermal prop-
erties of fish gelatin for food packaging is based on crosslinking [154,155]. In particular,
natural based crosslinking agents have attracted more attention in order to take into ac-
count environmental and health concerns, along with the economic issues, as reviewed
by Garavand et al. [155]. Liguori et al. [156] have developed a protocol for crosslinking
fish gelatin with citric acid. Heat treatments in the presence of reducing sugars, known as
the Maillard reaction, have been demonstrated to lead to a crosslinking process and mod-
ified network structure [157]. Very recently, Maroufi et al. [158] demonstrated the chemi-
cal crosslinking of fish gelatin with the aldehyde groups of K-carrageenan.

A popular and attracting strategy for the realization of active packaging from fish
gelatin is based on the reinforcing with different types of nanofillers [86] such as nano-
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SiO: particles [159], nanoclays (montmorillonite, sepiolite, halloysite) [160,161], polysac-
charide nanofillers (nanowhiskers, nanofibers, micro and nanocrystalline cellulose) [162-
167] metal ions like silver, copper, etc., metal oxides nanoparticles such as ZnO [168,169]
or TiO2[170]), coconut husk [171], or chitosan nanoparticles [172,173]. The data reported
in the literature confirm the improvement of their performance in food packaging systems
thanks to the large interfacial area between the nanofiller and the biopolymer matrix [174].

The hydrophilic character of graphene oxide leads to strong physical bonds with hy-
drophilic polymers like gelatin with a consequent good compatibility [175]. More recently,
Adilah et al. [176] produced nanocomposite fish gelatin from Tilapia fish skin with gra-
phene oxide (up to 2% by weight) characterized by improved barrier and mechanical
properties compared to unfilled gelatin. Film properties can be enhanced by adding also
proteins (soy protein isolate), oils (sunflower oil, fatty acids, essential oils) [177], pectin
[178], starch [179,180] and cross-linkers (glutaraldehyde, MTGase, EDC) in order to im-
prove the rheological properties, barrier properties and water resistance of composite
fish—gelatin films [83]. Moreover, antioxidants can be added to the film formulation lead-
ing to better food preservation. Very recently, a high number of studies is focusing on the
use of natural antioxidants from plant extracts. For example, olive extracts [181], orange
[178], fruit berries [182].

The gelatin extracted from fish scales has been widely used in encapsulation and ed-
ible film formation [79]. Azmi et al. [79] investigated the functional properties of Tilapia’s
fish scale gelatin films with various type of plasticizers. They found that the addition of
plasticizers with different hygroscopicities affected the glass transition temperature, the
thermal degradation, the chemical interaction between protein and plasticizer, the
strength and flexibility of the plasticized films. Weng and Wu [54] prepared edible films
based on tilapia scale gelatin with improved thermal stability and mechanical properties
thanks to thermal treatments at temperature between 100 °C and 120 °C which promoted
the cross-linking in the gelatin film network between (3-chain and a-chains. The main in-
teractions involved in the gelatin film formation changed from ionic and hydrogen bonds
to hydrophobic interactions and covalent bonds, thus improving the water resistance of
the films.

Gomez-Estaca et al. showed that the application of chitosan—gelatin film can delay or
even inhibit the growing of microorganisms on fish, suggesting their suitability for fish
protection [136]. Chitosan—gelatin protective films have also been proven to be suitable in
the preservation of the shelf life of rainbow trout and Pacific white shrimp, kept in refrig-
erated environments [183-184]. The positive effects of chitosan—gelatin coatings led to
both oxidation and spoilage reduction, increasing food shelf-life, demonstrating, in turn,
their availability for the specific application. However, the impacts of these products in
terms of toxicological effects during handling or consumption still need consideration
[134]

7.4. Applications of Chitosan in Food Packaging

The biocompatibility, nontoxic and biofunctional properties of chitin and chitosan
biopolymers make them potentially suitable for food packaging applications [185-187]. In
particular, chitosan biopolymer, extracted form shrimp, was preconized as Generally Rec-
ognized As Safe (GRAS) [188,189]. On the other hand, chitosan is significantly cheaper in
comparison to other biopolymers. Nonetheless, the outstanding properties of chitosan
make it a greater candidate for food packaging applications. As an example, it was suc-
cessfully proposed for increasing the shelf life of bread, since it was demonstrated that it
is able to delay the starch retrogradation by preventing the microbial growing [190,191].

Tyliszczak et al. [192] demonstrated that chitosan films allow a strawberry preserva-
tion, too. Furthermore, in [193], Zakaria et al. evidenced that chitosan films inhibit altera-
tions in the physical properties of vegetables. Chitosan can be also used for the production
of paper for food packaging coated with it, thus delaying the microbial growth [193]. The
strategies for improving the performance of chitosan films for food packaging (Figure 6)
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are nearly the same as adopted for fish gelatin films. In fact, the development of polymer
blends represents a valid approach to enhance mechanical performances and reduce the
water solubility and the water vapor permeability [194,195]. Several polysaccharides have
been added to chitosan for producing blended films with enhanced final properties for
food applications. Among them, thanks to its low cost, wide availability and biodegrada-
bility, starch is one of the most common polysaccharides proposed for the production of
chitosan-based biofilms [196,197].

Chitosan/starch films showed reduced bacterial adhesion on the packaging, excellent
antioxidant activity and increased water vapor barrier properties, demonstrating, thus,
their potential suitability for the specific proposed application [198,199]. Several scientists
studied the possibility to prepare cellulose/chitosan blends in order to improve mechani-
cal properties of the neat chitosan [200]. As an example, Youssef et al. showed that chi-
tosan/carboxymethyl cellulose films were able to enhance the shelf life of cheese and
wheat bread [201,202]. In order to increase mechanical and barrier properties of chitosan
films for food packaging, several nanoparticles (such as graphene or carbon nanotubes,
silver nanoparticles) have been also added to the biopolymer, obtaining a different kind
of nanocomposite. In [125], the addition of nanometric graphene stacks to the cinnamal-
dehyde-functionalized chitosan films was evaluated with the aim to increase the mechan-
ical properties of the films. The nanocomposite films were also tested for antifungal prop-
erties with bread slices against a selected mold line, showing a greater activity compared
to the biopolymer without nanofiller. Silver nanoparticles, with antimicrobial activities
against a large range of pathogenic microorganisms, have been also incorporated into chi-
tosan films for food packaging, allowing a great increase of the antibacterial activity, hy-
drophilic property, degradability, biocompatibility and nontoxicity of the biofilms [203].
At the same time, the addition of extracts from plants to chitosan appreciably improves
the film properties, such as antimicrobial and antioxidant activity, barrier mechanical and
thermal properties, obtaining, in turn, a synergistic effect between chitosan and plant ex-
tracts [203]. Furthermore, several proteins, achieved from plants, animals or microorgan-
isms, have been added to chitosan to form films with different final properties, which
encourage their application in food packaging. As an example, chitosan/caseinate films
exhibited increased water vapor permeability [204]. Chitosan/collagen blends showed
higher thermal stability, good adhesion, and compatibility [147]. Lysozyme-chitosan
films enhanced the freshness of the egg during storage, improving the shelf-file of the
product [205]. As also reported for fish gelatin films, for chitosan based films, the cross-
linking with different methods has been reported as a viable strategy for improving the
performance [155].

Finally, an emerging research area is focused on chitosan nanoparticles as green fill-
ers, for the reinforcement of various biodegradable composites for food packaging and
biomedical applications [206,207]. It is reported that the addition of chitosan nanoparticles
to biocomposites can significantly enhance their thermal, physical, mechanical, antimicro-
bial and structural features.

7.5. Applications of Biopolymers from Fish Scales in Food Packaging

The mixing of fish scales with biopolymers to enhance the performance and applica-
bility of this renewable resource has been recently reported. Thammahiwes [67] used fish
scale wastes as a bio-filler for preparing green composites with wheat gluten characterized
by an increased tensile strength. Chiarathanakrit et al. [208] demonstrated that the addi-
tion of calcinated fish scales increased the tensile strength of wheat gluten-based bioplas-
tics and starch foams for replacing polystyrene based packaging. Nourbakhsh et al. [209]
reported that fish scale waste could increase the biodegradation rate of polypropylene.

Microbial fermentation of scales, consisting in the break of carbohydrates by micro-
organisms, is being studied with the aim of producing sterilized bioplastics without any
residual odor [87]. Moreover, several household goods have been manufactured from bi-
oplastics derived from fish scales. As an example, the designer Erik De Laurens patented
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a plastic material made only from fish scales, heat and pressure treated, with which he
produced a pair of swimming goggles, spectacles and beakers[210].

An interesting application is MarinaTex, a biodegradable polymer derived from the
combination of fish waste and red algae patented by Lucy Hughes [211]. This product, in
the form of a transparent film, decomposes in six weeks at lower temperatures compared
to other bioplastics, which can be reached in a home compost bin. According to its inven-
tor, Lucy Hughes, the film has a higher mechanical strength than low density polyeth-
ylene (LDPE) film of the same thickness. This promising material still needs a successive
development for a mass production.

8. Conclusions and Future Perspectives

Fish industry waste is demonstrating its great potential as a new raw material for
biopolymer production in different application fields, mainly in food packaging. The val-
orization of fish waste presents economic advantages since it could contribute to reducing
the costs of a safe waste disposal an generate additional value arising from the recovery
of several potentially valuable molecules. Moreover, the valorization of fish by-products
presents several environmental advantages arising from the reduction of landfilling, in-
cineration and discarding, which constitute a substantial waste of resources, and from the
replacement of fossil-based polymers. In this way, the recovery of fish industry waste
could positively affect the ecosystems and the financial viability of fisheries. Its diffusion
is expected to increase in the next years, in particular in developing countries, and can
contribute to alleviate the waste accumulation problem due to petrochemical derived
plastics.

The main contribute of this review is to show that all fish industry by-products can
be potentially exploited for the development of the biorefinery technology, in contrast to
the classical petroleum oil refinery associated with the emission of carbon-based green-
house gases. As summarized in Table 3, myofibrillar proteins, collagen, gelatin, chitin,
chitosan from muscles, viscera, skins, scales, fins or crustacean shell have been demon-
strated to satisfy the technological requirements for a novel generation of packaging,
named smart packaging, involving interactions between packaging and food or internal
packaging atmosphere. In particular, the review has highlighted the great variety of ap-
plications of biopolymers from fish industry waste as active packaging, which actively
interacts with food and packaging headspace to extend the shelf life of food maintaining
nutritional and sensor quality and microbial safety.

Table 3. Biopolymers derived from fish waste: principal applications in food packaging, advantages, disadvantages

and strategies for problem resolution.

Biopolymer from fish

Applicati Di Probl luti
waste pplication Advantages isadvantages roblem resolution
Gelatin addition
Functional ti ith anti- Plastici dditi
Myofibrillar protein Lnctiona’ properties with an Low mechanical properties asticizer adcition
. . oxidants, vitamins and coloring
edible films
agents
Marine Collagen . . . Low cost Low therrr.lal stablhty. Blending with biopolymers
edible films and coatings Poor mechanical properties
High h icit -linki
. . Good film-forming properties 181 ygroscopicity Cross mang
Fish gelatin . . . . s Low barrier properties Nanofillers
edible films and coatings Low cost Biocompatibility . . 11
Low mechanical strength ~ Blending with biopolymers
Bi tibili -linki
. iocompatibility Low barrier properties Cross 1.n ing
Chitosan . ) Low cost . . Nanofillers
edible films Low mechanical properties

Antimicrobial properties Blending with biopolymers

Despite the huge industrial potential of fish industry by-products, most of the re-
viewed applications have a limited Technology Readiness Level (TRL), since most of them
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have been only validated in the laboratory while the commercial exploitation of biode-
gradable polymers derived from fish waste is still limited since the functional properties
are lower than those of synthetic polymers. The main limitations are brittleness and low
mechanical strength, high water solubility, high water vapor permeability. Therefore, the
research and development for achieving similar properties of petroleum-based plastics is
required while studies on the feasibility at an industrial scale are still missing. Possible
routes, analyzed in this review, consist in the formation of composites/blends with several
other biopolymers, nanoscale reinforcement, crosslinking and addition of active com-
pounds providing functional properties suitable for active packaging. However, further
scientific research is still necessary to better understand the improving mechanisms of
material properties at molecular levels analyzing the impact of several factors on the final
quality. In addition, a more in-depth understanding of technological aspects of pro-
cessing, energy balance and costs, environmental emissions and biodegradation condi-
tions are still necessary.

Author Contributions: Conceptualization, F.L. and C.E.C.; methodology, F.L. and C.E.C.; investi-
gation, F.L. and C.E.C.; writing—original draft preparation, F.L. and C.E.C.; writing—review and
editing, F.L. and C.E.C,; supervision, C.E.C. All authors have read and agreed to the published ver-
sion of the manuscript.

Funding: F.L. acknowledges Regione Puglia for funding REFIN —Research for Innovation project
“NA-NOPLASTIC”, project No. EF42B557, in the framework of POR PUGLIA FESR-FSE 2014/2020
projects.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Shahbandeh, M. Fish Production Worldwide 2002-2019. Available online: https://www.statista.com/statistics/264577/total-
world-fish-production-since-2002/ (accessed on 4 November 2020).

2. Maschmeyer, T.; Luque, R.; Selva, M. Upgrading of marine (fish and crustaceans) biowaste for high added-value molecules and
bio (nano)-materials. Chem. Soc. Rev. 2020, 49, 4527-4563.

3.  Gautam, RK; Kakatkar, A.S.; Karani, M.N. Development of protein-based biodegradable films from fish processing waste. Int.
J. Curr. Microbiol. Appl. Sci. 2016, 5, 878-888.

4. Mishra, P.K,; Gautam, R.K.; Kumar, V.; Kakatkar, A.S.; Chatterjee, S. Synthesis of Biodegradable Films Using Gamma Irradia-
tion from Fish Waste. Waste Biomass Valorization 2020, 12, 2247-2257.

5. Hua, K; Cobcroft, ].M.; Cole, A.; Condon, K;; Jerry, D.R.; Mangott, A.; Praeger, C.; Vucko, M.].; Zeng, C.; Zenger, K. The future
of aquatic protein: Implications for protein sources in aquaculture diets. One Earth 2019, 1, 316-329.

6.  Villamil, O.; Vaquiro, H.; Solanilla, ].F. Fish viscera protein hydrolysates: Production, potential applications and functional and
bioactive properties. Food Chem. 2017, 224, 160-171.

7.  Sayari, N,; Sila, A.; Abdelmalek, B.E.; Abdallah, R.B.; Ellouz-Chaabouni, S.; Bougatef, A.; Balti, R. Chitin and chitosan from the
Norway lobster by-products: Antimicrobial and anti-proliferative activities. Int. . Biol. Macromol. 2016, 87, 163-171.

8.  Vazquez, ].A,; Meduifna, A.; Duran, A.L; Nogueira, M.; Fernandez-Compas, A.; Pérez-Martin, R.I; Rodriguez-Amado, I. Pro-
duction of valuable compounds and bioactive metabolites from by-products of fish discards using chemical processing, enzy-
matic hydrolysis, and bacterial fermentation. Mar. Drugs 2019, 17, 139.

9. Rustad, T.; Storrg, L; Slizyte, R. Possibilities for the utilisation of marine by-products. Int. J. Food Sci. Technol. 2011, 46, 2001
2014.

10. AlKhawli, F.; Pateiro, M.; Dominguez, R.; Lorenzo, ].M.; Gullén, P.; Kousoulaki, K.; Ferrer, E.; Berrada, H.; Barba, F.J. Innovative
green technologies of intensification for valorization of seafood and their by-products. Mar. Drugs 2019, 17, 689.

11. Caruso, G.; Floris, R.; Serangeli, C.; Di Paola, L. Fishery wastes as a yet undiscovered treasure from the sea: Biomolecules
sources, extraction methods and valorization. Mar. Drugs 2020, 18, 622.

12.  Aragjo, C.S.; Rodrigues, AM.C.; Joele, M.R.S.P.; Aratjo, E.A.F.; Lourengo, L.F.H. Optimizing process parameters to obtain a

bioplastic using proteins from fish byproducts through the response surface methodology. Food Packag. Shelf Life 2018, 16, 23—
30.



Polymers 2021, 13, 2337 19 of 25

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Discarding in Fisheries. Available online: https://ec.europa.eu/oceans-and-fisheries/fisheries/rules/discarding-fisheries_en (ac-
cessed on 30 June 2021).

Putro, S.P.; Sharani, J.; Adhy, S. Biomonitoring of the Application of Monoculture and Integrated Multi-Trophic Aquaculture
(IMTA) Using Macrobenthic Structures at Tembelas Island, Kepulauan Riau Province, Indonesia. . Mar. Sci. Eng. 2020, 8, 942.
Kang, Y.; Kim, H.-J.; Moon, C.-H. Eutrophication Driven by Aquaculture Fish Farms Controls Phytoplankton and Dinoflagellate
Cyst Abundance in the Southern Coastal Waters of Korea. J. Mar. Sci. Eng. 2021, 9, 362.

Blanco, M.; Sotelo, C.G.; Pérez-Martin, R.I. New strategy to cope with common fishery policy landing obligation: Collagen
extraction from skins and bones of undersized hake (Merluccius merluccius). Polymers 2019, 11, 1485.

Goossens, Y.; Schmidt, T.G.; Kuntscher, M. Evaluation of food waste prevention measures—The use of fish products in the food
service sector. Sustainability 2020, 12, 6613.

Resolution, A. RES/70/1. Transforming our world: The 2030 agenda for sustainable development. In Proceedings of the Seven-
tieth United Nations General Assembly, New York, NY, USA, 15 September 2015; Volume 25.

Sotelo, C.G.; Blanco, M.; Ramos, P.; Vazquez, J.A.; Perez-Martin, R.I. Sustainable Sources from Aquatic Organisms for Cos-
meceuticals Ingredients. Cosmetics 2021, 8, 48.

Lucarini, M.; Zuorro, A.; Di Lena, G.; Lavecchia, R.; Durazzo, A.; Benedetti, B.; Lombardi-Boccia, G. Sustainable management
of secondary raw materials from the marine food-chain: A case-study perspective. Sustainability 2020, 12, 8997.

Xu, C,; Nasrollahzadeh, M.; Selva, M.; Issaabadi, Z.; Luque, R. Waste-to-wealth: Biowaste valorization into valuable bio (nano)
materials. Chem. Soc. Rev. 2019, 48, 4791-4822.

Alhakamy, N.A.; Aldawsari, HM.; Hosny, K.M.; Ahmad, J.; Akhter, S.; Kammoun, A.K,; Alghaith, A.F.; Asfour, H.Z.; Al-Rabia,
M.W.; Md, S. Formulation design and pharmacokinetic evaluation of docosahexaenoic acid containing self-nanoemulsifying
drug delivery system for oral administration. Nanomater. Nanotechnol. 2020, 10, 1847980420950988.

Hiilsey, M.]. Shell biorefinery: A comprehensive introduction. Green Energy Environ. 2018, 3, 318-327.

Esposito Corcione, C.; Ferrari, F.; Striani, R.; Visconti, P.; Greco, A. An innovative green process for the stabilization and valor-
ization of organic fraction of municipal solid waste (OFMSW): Optimization of the curing process II part. Appl. Sci. 2019, 9, 3702.
Claverie, M.; McReynolds, C.; Petitpas, A.; Thomas, M.; Fernandes, S. Marine-Derived Polymeric Materials and Biomimetics:
An Overview. Polymers 2020, 12, 1002.

What Are Bioplastics? Available online: https://docs.european-bioplastics.org/publications/fs/EuBP_FS_What_are_bioplas-
tics.pdf (accessed on 5 December 2020).

Jariyasakoolroj, P.; Leelaphiwat, P.; Harnkarnsujarit, N. Advances in research and development of bioplastic for food packag-
ing. J. Sci. Food Agric. 2020, 100, 5032-5045.

Ferrari, F.; Striani, R.; Visconti, P.; Esposito Corcione, C.; Greco, A. Durability analysis of formaldehyde/solid urban waste
blends. Polymers 2019, 11, 1838.

Ferrari, F.; Striani, R.; Minosi, S.; De Fazio, R.; Visconti, P.; Patrono, L.; Catarinucci, L.; Corcione, C.E.; Greco, A. An innovative
IoT-oriented prototype platform for the management and valorisation of the organic fraction of municipal solid waste. ]. Clean.
Prod. 2020, 247, 119618.

Ferrari, F.; Esposito Corcione, C.; Montagna, F.; Maffezzoli, A. 3D Printing of Polymer Waste for Improving People’s Awareness
about Marine Litter. Polymers 2020, 12, 1738.

Lionetto, F.; Maffezzoli, A.; Ottenhof, M.A.; Farhat, I.A.; Mitchell, ].R. Ultrasonic investigation of wheat starch retrogradation.
J. Food Eng. 2006, 75, 258-266.

Lionetto, F.; Esposito Corcione, C. An Overview of the Sorption Studies of Contaminants on Poly (Ethylene Terephthalate)
Microplastics in the Marine Environment. J. Mar. Sci. Eng. 2021, 9, 445.

Lionetto, F.; Lopez-Mufioz, R.; Espinoza-Gonzalez, C.; Mis-Fernandez, R.; Rodriguez-Fernandez, O.; Maffezzoli, A. A Study on
Exfoliation of Expanded Graphite Stacks in Candelilla Wax. Materials 2019, 12, 2530.

Lionetto, F.; Sannino, A.; Mensitieri, G.; Maffezzoli, A. Evaluation of the Degree of Cross-Linking of Cellulose-Based Super-
absorbent Hydrogels: A Comparison between Different Techniques. Macromol. Symp. 2003, 200, 199-207.

Bioplastics Market Development Update 2020. Available online: https://docs.european-bioplastics.org/conference/Report_Bio-
plastics_Market_Data_2020_short_version.pdfv (accessed on 5 December 2020).

Della Malva, A.; Albenzio, M.; Santillo, A.; Russo, D.; Figliola, L.; Caroprese, M.; Marino, R. Methods for extraction of muscle
proteins from meat and fish using denaturing and non-denaturing solutions. J. Food Qual. 2018, 2018, 8478471.

Medina, I.; Pazos, M. Oxidation and protection of fish. In Oxidation in Foods and Beverages and Antioxidant Applications. Volume 2:
Management in Different Industry Sectors; Woodhead Publishing Ltd.: Cambridge, UK, 2010; pp. 91-120.

Listrat, A.; Lebret, B.; Louveau, I.; Astruc, T.; Bonnet, M.; Lefaucheur, L.; Picard, B.; Bugeon, J]. How muscle structure and com-
position influence meat and flesh quality. Sci. World ]. 2016, 2016.

Goémez-Estaca, ].; Gavara, R.; Catala, R.; Hernandez-Mufioz, P. The potential of proteins for producing food packaging materi-
als: A review. Packag. Technol. Sci. 2016, 29, 203-224.

Bourbon, A.IL; Pereira, R.N.; Pastrana, L.M.; Vicente, A.A.; Cerqueira, M.A. Protein-based nanostructures for food applications.
Gels 2019, 5, 9.

Zavareze, E.d.R.; El Halal, S.L.M.; Marques e Silva, R.; Dias, A.R.G.; Prentice-Hernandez, C. Mechanical, Barrier and Morpho-
logical Properties of Biodegradable Films Based on Muscle and Waste Proteins from the W hitemouth Croaker (Micropogonias
furnieri). J. Food Process. Preserv. 2014, 38, 1973-1981.



Polymers 2021, 13, 2337 20 of 25

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.
69.

70.

71.

Arfat, Y.A; Benjakul, S.; Prodpran, T.; Osako, K. Development and characterisation of blend films based on fish protein isolate
and fish skin gelatin. Food Hydrocoll. 2014, 39, 58-67.

Limpan, N.; Prodpran, T.; Benjakul, S.; Prasarpran, S. Properties of biodegradable blend films based on fish myofibrillar protein
and polyvinyl alcohol as influenced by blend composition and pH level. J. Food Eng. 2010, 100, 85-92.

Nie, X.; Zhao, L.; Wang, N.; Meng, X. Phenolics-protein interaction involved in silver carp myofibrilliar protein films with hy-
drolysable and condensed tannins. LWT Food Sci. Technol. 2017, 81, 258-264.

da Rocha, M;; Loiko, M.R.; Gautério, G.V.; Tondo, E.C.; Prentice, C. Influence of heating, protein and glycerol concentrations of
film-forming solution on the film properties of Argentine anchovy (Engraulis anchoita) protein isolate. . Food Eng. 2013, 116,
666—673.

Kaewprachu, P.; Osako, K.; Benjakul, S.; Rawdkuen, S. Effect of protein concentrations on the properties of fish myofibrillar
protein based film compared with PVC film. J. Food Sci. Technol. 2016, 53, 2083-2091.

Rostamzad, H.; Paighambari, S.Y.; Shabanpour, B.; Ojagh, S.M.; Mousavi, S.M. Improvement of fish protein film with nanoclay
and transglutaminase for food packaging. Food Packag. Shelf Life 2016, 7, 1-7.

Kaewprachu, P.; Osako, K.; Rawdkuen, S. Effects of plasticizers on the properties of fish myofibrillar protein film. J. Food Sci.
Technol. 2018, 55, 3046-3055.

Nuanmano, S.; Prodpran, T.; Benjakul, S. Potential use of gelatin hydrolysate as plasticizer in fish myofibrillar protein film. Food
Hydrocoll. 2015, 47, 61-68.

Wihodo, M.; Moraru, C.I. Physical and chemical methods used to enhance the structure and mechanical properties of protein
films: A review. J. Food Eng. 2013, 114, 292-302.

Prodpran, T.; Benjakul, S.; Phatcharat, S. Effect of phenolic compounds on protein cross-linking and properties of film from fish
myofibrillar protein. Int. ]. Biol. Macromol. 2012, 51, 774-782.

Shi, Y.; Li, R.; Tu, Z.; Ma, D.; Wang, H.; Huang, X.; He, N. Effect of y-irradiation on the physicochemical properties and structure
of fish myofibrillar proteins. Radiat. Phys. Chem. 2015, 109, 70-72.

Coppola, D.; Oliviero, M.; Vitale, G.A.; Lauritano, C.; D’Ambra, I.; Iannace, S.; de Pascale, D. Marine collagen from alternative
and sustainable sources: Extraction, processing and applications. Mar. Drugs 2020, 18, 214.

Weng, W.; Wu, F. Water resistance and mechanical property improvement of tilapia (Tilapia zillii) scale gelatin films by dehy-
drated thermal treatment. J. Food Sci. Technol. 2015, 52, 3358-3366.

Chinh, N.T.; Manh, V.Q.; Trung, V.Q.; Lam, T.D.; Huynh, M.D.; Tung, N.Q.; Trinh, N.D.; Hoang, T. Characterization of collagen
derived from tropical freshwater carp fish scale wastes and its amino acid sequence. Nat. Prod. Commun. 2019, 14,
1934578X19866288.

Blanco, M.; Vazquez, J.A.; Pérez-Martin, R.L; Sotelo, C.G. Collagen extraction optimization from the skin of the small-spotted
catshark (S. canicula) by response surface methodology. Mar. Drugs 2019, 17, 40.

Ahmad, M.; Nirmal, N.P.; Chuprom, ]. Molecular characteristics of collagen extracted from the starry triggerfish skin and its
potential in the development of biodegradable packaging film. RSC Adv. 2016, 6, 33868-33879.

Pal, G.K.; Suresh, P.V. Sustainable valorisation of seafood by-products: Recovery of collagen and development of collagen-
based novel functional food ingredients. Innov. Food Sci. Emerg. Technol. 2016, 37, 201-215.

Yao, Q.F.; Zhou, D.S,; Yang, ] H.; Huang, W.T. Directly reusing waste fish scales for facile, large-scale and green extraction of
fluorescent carbon nanoparticles and their application in sensing of ferric ions. Sustain. Chem. Pharm. 2020, 17, 100305.

Wu, C.-S. Comparative assessment of the interface between poly (3-hydroxybutyrate-co-3-hydroxyvalerate) and fish scales in
composites: Preparation, characterization, and applications. Mater. Sci. Eng. C 2019, 104, 109878.

Muhammad, N.; Gao, Y.; Igbal, F.; Ahmad, P.; Ge, R.; Nishan, U.; Rahim, A.; Gonfa, G.; Ullah, Z. Extraction of biocompatible
hydroxyapatite from fish scales using novel approach of ionic liquid pretreatment. Sep. Purif. Technol. 2016, 161, 129-135.
Cavalcante, L.d.A.; Ribeiro, L.S.; Takeno, M.L.; Aum, P.T.P.; Aum, Y.K.P.G.; Andrade, J.C.S. Chlorapatite Derived from Fish
Scales. Materials 2020, 13, 1129.

Nur, R.M. The Utilitation of Fish Scale Waste as A Chitosan. Agrikan ]. Agribisnis Perikan 2020, 13, 269-273.

Rasheed, T.; Bilal, M.; Nabeel, F.; Igbal, HM.N.; Li, C.; Zhou, Y. Fluorescent sensor based models for the detection of environ-
mentally-related toxic heavy metals. Sci. Total Environ. 2018, 615, 476—485.

Zhang, Y.; Gao, Z.; Zhang, W.; Wang, W.; Chang, ].; Kai, J. Fluorescent carbon dots as nanoprobe for determination of lidocaine
hydrochloride. Sens. Actuators B Chem. 2018, 262, 928-937.

Zhang, Y.; Gao, Z.; Yang, X.; Chang, J.; Liu, Z.; Jiang, K. Fish-scale-derived carbon dots as efficient fluorescent nanoprobes for
detection of ferric ions. RSC Adv. 2019, 9, 940-949.

Thammahiwes, S.; Riyajan, S.-A.; Kaewtatip, K. Preparation and properties of wheat gluten based bioplastics with fish scale. J.
Cereal Sci. 2017, 75, 186-191.

Liu, K,; Jiang, L. Bio-inspired design of multiscale structures for function integration. Nano Today 2011, 6, 155-175.

Jafari, H.; Lista, A.; Siekapen, M.M.; Ghaffari-Bohlouli, P.; Nie, L.; Alimoradi, H.; Shavandi, A. Fish Collagen: Extraction, Char-
acterization, and Applications for Biomaterials Engineering. Polymers 2020, 12, 2230.

Sanz, B.; Albillos Sanchez, A.; Tangey, B.; Gilmore, K.; Yue, Z; Liu, X.; Wallace, G. Light Cross-Linkable Marine Collagen for
Coaxial Printing of a 3D Model of Neuromuscular Junction Formation. Biomedicines 2021, 9, 16.

Cumming, M.H.; Leonard, A.R.; LeCorre-Bordes, D.S.; Hofman, K. Intra-fibrillar citric acid crosslinking of marine collagen
electrospun nanofibres. Int. |. Biol. Macromol. 2018, 114, 874-881.



Polymers 2021, 13, 2337 21 of 25

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Luca, S.; Nunzia, G.; Lucia, N.M.; Lorena, C.; Paola, L.; Marta, M.; Stella, B.F.; Angelo, C.; Loredana, C.; Alessandro, S. Marine
collagen and its derivatives: Versatile and sustainable bio-resources for healthcare. Mater. Sci. Eng. C 2020, 110963.

Subhan, F.; Ikram, M.; Shehzad, A.; Ghafoor, A. Marine collagen: An emerging player in biomedical applications. ]. Food Sci.
Technol. 2015, 52, 4703—4707.

Irastorza, A.; Zarandona, I.; Andonegi, M.; Guerrero, P.; de la Caba, K. The versatility of collagen and chitosan: From food to
biomedical applications. Food Hydrocoll. 2021, 116, 106633.

Lim, Y.-S.; Ok, Y.-].; Hwang, S.-Y.; Kwak, J.-Y.; Yoon, S. Marine collagen as a promising biomaterial for biomedical applications.
Mar. Drugs 2019, 17, 467.

Kozlowska, J.; Prus-Walendziak, W.; Stachowiak, N.; Bajek, A.; Kazmierski, L.; Tylkowski, B. Modification of Collagen/Gela-
tin/Hydroxyethyl Cellulose-Based Materials by Addition of Herbal Extract-Loaded Microspheres Made from Gellan Gum and
Xanthan Gum. Materials 2020, 13, 3507.

Sergi, R.; Bellucci, D.; Cannillo, V. A review of bioactive glass/natural polymer composites: State of the art. Materials 2020, 13,
5560.

Zhang, F; Xu, S.; Wang, Z. Pre-treatment optimization and properties of gelatin from freshwater fish scales. Food Bioprod. Pro-
cess. 2011, 89, 185-193.

Mohammed, M.A.P. Functional Properties of Tilapia’s Fish Scale Gelatin Film: Effects of Different Type of Plasticizers. Sains
Malaysiana 2020, 49, 2221-2229.

Prodpran, T.; Chuaynukul, K.; Nagarajan, M.; Benjakul, S.; Prasarpran, S. Impacts of plasticizer and pre-heating conditions on
properties of bovine and fish gelatin films fabricated by thermo-compression molding technique. Ital. ]. Food Sci. 2017, 29, 487-
504 doi:10.14674/1JFS-611.

De la Caba, K.; Guerrero, P.; Trung, T.S.; Cruz-Romero, M.; Kerry, ].P.; Fluhr, J.; Maurer, M.; Kruijssen, F.; Albalat, A.; Bunting,
S. From seafood waste to active seafood packaging: An emerging opportunity of the circular economy. J. Clean. Prod. 2019, 208,
86-98.

Etxabide, A.; Uranga, J.; Guerrero, P.; De la Caba, K. Development of active gelatin films by means of valorisation of food
processing waste: A review. Food Hydrocoll. 2017, 68, 192-198.

Gomez-Guillén, M.C.; Pérez-Mateos, M.; Gémez-Estaca, J.; Lopez-Caballero, E.; Giménez, B.; Montero, P. Fish gelatin: A renew-
able material for developing active biodegradable films. Trends Food Sci. Technol. 2009, 20, 3-16.

da Trindade Alfaro, A.; Balbinot, E.; Weber, C.I; Tonial, I.B.; Machado-Lunkes, A. Fish gelatin: Characteristics, functional prop-
erties, applications and future potentials. Food Eng. Rev. 2015, 7, 33-44.

Muhammad, K.M.L.; Ariffin, F.; Abd Razak, H.K.B.; Sulaiman, P.D.S. Review of fish gelatin extraction, properties and packag-
ing applications. Food Sci. Nutr. 2016, 56, 47-59.

Hosseini, S.F.; Gdmez-Guillén, M.C. A state-of-the-art review on the elaboration of fish gelatin as bioactive packaging: Special
emphasis on nanotechnology-based approaches. Trends Food Sci. Technol. 2018, 79, 125-135.

Olden, ].D.; Vitule, ].R.S.; Cucherousset, J.; Kennard, M.]. There’s more to Fish than Just Food: Exploring the Diverse Ways that
Fish Contribute to Human Society. Fisheries 2020, 45, 453—-464.

Ottani, V.; Martini, D.; Franchi, M.; Ruggeri, A.; Raspanti, M. Hierarchical structures in fibrillar collagens. Micron 2002, 33, 587—
596.

Santos, V.P.; Marques, N.S.S.; Maia, P.C.5.V.; de Lima, M.A.B.; de Franco, L.O.; de Campos-Takaki, G.M. Seafood waste as
attractive source of chitin and chitosan production and their applications. Int. ]. Mol. Sci. 2020, 21, 4290.

Santos, V.P.; Maia, P.; Alencar, N.d.S,; Farias, L.; Andrade, RF.S.; Souza, D.; Ribaux, D.R.; Franco, L.d.O.; Campos-Takaki, G.M.
Recovery of chitin and chitosan from shrimp waste with microwave technique and versatile application. Arg. Inst. Biol. 2019,
86, 1-7 d0i:10.1590/1808-1657000982018

Nufiez-Gémez, D.; Nagel-Hassemer, M.E.; Lapolli, F.R.; Lobo-Recio, M.A. Potencial dos residuos do processamento de camarao
para remedia¢ao de aguas contaminadas com drenagem acida mineral. Polimeros 2016, 26, 1-7.

Chen, C.; Li, D.; Yano, H.; Abe, K. Insect cuticle-mimetic hydrogels with high mechanical properties achieved via the combina-
tion of chitin nanofiber and gelatin. J. Agric. Food Chem. 2019, 67, 5571-5578.

Abreu, F.L.; Vasconcelos, F.P.; Albuquerque, M.F.C. A diversidade no uso e ocupacdo da zona costeira do brasil: A
sustentabilidade como necessidade. Conex. Technol. 2017, 11, 8-16.

de Souza, F.M,; Ferreira, R.d.M.S.; Cardoso, R. Utilizagao da Casca de Camarao para Producao de Quitina; Revista Academico-
Cientifica 2015, 7, 1-11.

Ru, G;; Wu, S;; Yan, X,; Liu, B.; Gong, P.; Wang, L.; Feng, J. Inverse solubility of chitin/chitosan in aqueous alkali solvents at low
temperature. Carbohydr. Polym. 2019, 206, 487-492.

Henry Garcia, Y.; Troncoso-Rojas, R.; Tiznado-Hernandez, M.E.; Bdez-Flores, M.E.; Carvajal-Millan, E.; Rascon-Chu, A.; Lizardi-
Mendoza, J.; Martinez-Robinson, K.G. Enzymatic treatments as alternative to produce chitin fragments of low molecular weight
from Alternaria alternata. J. Appl. Polym. Sci. 2019, 136, 47339.

Yadav, M.; Goswami, P.; Paritosh, K.; Kumar, M.; Pareek, N.; Vivekanand, V. Seafood waste: A source for preparation of com-
mercially employable chitin/chitosan materials. Bioresour. Bioprocess. 2019, 6, 8.

Sugiyanti, D.; Darmadji, P.; Anggrahini, S.; Anwar, C.; Santoso, U. Preparation and characterization of chitosan from Indonesian
Tambak Lorok shrimp shell waste and crab shell waste. Pak. ]. Nutr. 2018, 17, 446-453.



Polymers 2021, 13, 2337 22 of 25

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Samrot, A.V.; Burman, U,; Philip, S.A.; Shobana, N.; Chandrasekaran, K. Synthesis of curcumin loaded polymeric nanoparticles
from crab shell derived chitosan for drug delivery. Inform. Med. Unlocked 2018, 10, 159-182.

Ali, M.; Shakeel, M.; Mehmood, K. Extraction and characterization of high purity chitosan by rapid and simple techniques from
mud crabs taken from Abbottabad. Pak. J. Pharm. Sci 2019, 32, 171-175.

Tanabtabzadeh, M.S.; Javanbakht, V.; Golshirazi, A.H. Extraction of betacyanin and betaxanthin pigments from red beetroots
by chitosan extracted from shrimp wastes. Waste Biomass Valorization 2019, 10, 641-653.

El Knidri, H.; Belaabed, R.; Addaou, A.; Laajeb, A ; Lahsini, A. Extraction, chemical modification and characterization of chitin
and chitosan. Int. J. Biol. Macromol. 2018, 120, 1181-1189.

Chakravarty, J.; Yang, C.-L.; Palmer, ]J.; Brigham, C.J. Chitin extraction from lobster shell waste using microbial culture-based
methods. Appl. Food Biotechnol. 2018, 5, 141-154.

Lopes, C.; Antelo, L.T.; Franco-Uria, A.; Alonso, A.A.; Pérez-Martin, R. Chitin production from crustacean biomass: Sustaina-
bility assessment of chemical and enzymatic processes. J. Clean. Prod. 2018, 172, 4140-4151.

Marzieh, M.-N.; Zahra, F.; Tahereh, E.; Sara, K.-N. Comparison of the physicochemical and structural characteristics of enzy-
matic produced chitin and commercial chitin. Int. . Biol. Macromol. 2019, 139, 270-276.

Castro, R.; Guerrero-Legarreta, I.; Bérquez, R. Chitin extraction from Allopetrolisthes punctatus crab using lactic fermentation.
Biotechnol. Rep. 2018, 20, e00287.

Zaku, 5.G.; Aguzue, S.A.E.O.C,; Thomas, S.A. Extraction and characterization of chitin; a functional biopolymer obtained from
scales of common carp fish (Cyprinus carpio L.): A lesser known source. Afr. J. Food Sci. 2011, 5, 478-483.

Kumari, S.; Rath, P.K. Extraction and characterization of chitin and chitosan from (Labeo rohit) fish scales. Procedia Mater. Sci.
2014, 6, 482-489.

Kumari, S.; Annamareddy, S.H.K.; Abanti, S.; Rath, P.K. Physicochemical properties and characterization of chitosan synthe-
sized from fish scales, crab and shrimp shells. Int. J. Biol. Macromol. 2017, 104, 1697-1705.

Arrouze, F.; Desbrieres, J.; Rhazi, M.; Essahli, M.; Tolaimate, A. Valorization of chitins extracted from North Morocco shrimps:
Comparison of chitin reactivity and characteristics. J. Appl. Polym. Sci. 2019, 136, 47804.

Younes, L; Frachet, V.; Rinaudo, M.; Jellouli, K.; Nasri, M. Cytotoxicity of chitosans with different acetylation degrees and mo-
lecular weights on bladder carcinoma cells. Int. ]. Biol. Macromol. 2016, 84, 200-207.

Baroudi, A.; Garcia-Payo, C.; Khayet, M. Structural, mechanical, and transport properties of electron beam-irradiated chitosan
membranes at different doses. Polymers 2018, 10, 117.

Srinivasan, H.; Kanayairam, V.; Ravichandran, R. Chitin and chitosan preparation from shrimp shells Penaeus monodon and its
human ovarian cancer cell line, PA-1. Int. J. Biol. Macromol. 2018, 107, 662—667.

Medina, E.; Caro, N.; Abugoch, L.; Gamboa, A.; Diaz-Dosque, M.; Tapia, C. Chitosan thymol nanoparticles improve the antimi-
crobial effect and the water vapour barrier of chitosan-quinoa protein films. J. Food Eng. 2019, 240, 191-198.

Goyal, N.; Rastogi, D.; Jassal, M.; Agrawal, A.K. Chitosan as a potential stabilizing agent for titania nanoparticle dispersions for
preparation of multifunctional cotton fabric. Carbohydr. Polym. 2016, 154, 167-175.

Demitri, C.; Moscatello, A.; Giuri, A.; Raucci, M.G.; Esposito Corcione, C. Preparation and characterization of eg-chitosan nano-
composites via direct exfoliation: A green methodology. Polymers 2015, 7, 2584-2594.

Yang, X.; Tu, Y.; Li, L.; Shang, S.; Tao, X. Well-dispersed chitosan/graphene oxide nanocomposites. ACS Appl. Mater. Interfaces
2010, 2, 1707-1713.

Giuri, A; Masi, S.; Colella, S.; Listorti, A.; Rizzo, A.; Liscio, A.; Treossi, E.; Palermo, V.; Gigli, G.; Mele, C.; et al. GO/PEDOT: PSS
nanocomposites: Effect of different dispersing agents on rheological, thermal, wettability and electrochemical properties. Nan-
otechnology 2017, 28, 174001.

Catalano, M.; Taurino, A.; Zhu, J.; Crozier, P.A.; Dal Zilio, S.; Amati, M.; Gregoratti, L.; Bozzini, B.; Mele, C. Dy-and Tb-doped
CeO 2-Ni cermets for solid oxide fuel cell anodes: Electrochemical fabrication, structural characterization, and electrocatalytic
performance. J. Solid State Electrochem. 2018, 22, 3761-3773.

Castel-Molieres, M.; Conzatti, G.; Torrisani, J.; Rouilly, A.; Cavalie, S.; Carrere, N.; Tourrette, A. Influence of homogenization
technique and blend ratio on chitosan/alginate polyelectrolyte complex properties. . Med. Biol. Eng. 2018, 38, 10-21.

Oliveira, P.N.; Montembault, A.; Sudre, G.; Alcouffe, P.; Marcon, L.; Gehan, H.; Lux, F.; Albespy, K.; Centis, V.; Campos, D. Self-
crosslinked fibrous collagen/chitosan blends: Processing, properties evaluation and monitoring of degradation by bi-fluores-
cence imaging. Int. |. Biol. Macromol. 2019, 131, 353-367.

Kasai, D.; Chougale, R.; Masti, S.; Chalannavar, R.; Malabadi, R.B.; Gani, R.; Gouripur, G. An investigation into the influence of
filler Piper nigrum leaves extract on physicochemical and antimicrobial properties of chitosan/poly (vinyl alcohol) blend films.
J. Polym. Environ. 2019, 27, 472-488.

Gopi, S.; Pius, A.; Kargl, R.; Kleinschek, K.S.; Thomas, S. Fabrication of cellulose acetate/chitosan blend films as efficient adsor-
bent for anionic water pollutants. Polym. Bull. 2019, 76, 1557-1571.

Aranaz, I.; Acosta, N.; Civera, C.; Elorza, B.; Mingo, J.; Castro, C.; Gandia, M.D.LL.; Heras Caballero, A. Cosmetics and cos-
meceutical applications of chitin, chitosan and their derivatives. Polymers 2018, 10, 213.

Demitri, C.; De Benedictis, V.M.; Madaghiele, M.; Corcione, C.E.; Maffezzoli, A. Nanostructured active chitosan-based films for
food packaging applications: Effect of graphene stacks on mechanical properties. Measurement 2016, 90, 418-423.

Leceta, I; Pefialba, M.; Arana, P.; Guerrero, P.; De La Caba, K. Ageing of chitosan films: Effect of storage time on structure and
optical, barrier and mechanical properties. Eur. Polym. J. 2015, 66, 170-179.



Polymers 2021, 13, 2337 23 of 25

127.

128.

129.

130.

131.
132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Jasour, M.S,; Ehsani, A.; Mehryar, L.; Naghibi, S.S. Chitosan coating incorporated with the lactoperoxidase system: An active
edible coating for fish preservation. J. Sci. Food Agric. 2015, 95, 1373-1378.

Thaker, M.; Hanjabam, M.D.; Gudipati, V.; Kannuchamy, N. Protective Effect of Fish Gelatin-Based Natural Antimicrobial Coat-
ings on Quality of I ndian S almon Fillets during Refrigerated Storage. ]. Food Process Eng. 2017, 40, e12270.

Wang, Z.; Hu, S.; Wang, H. Scale-up preparation and characterization of collagen/sodium alginate blend films. J. Food Qual.
2017, 2017, 4954259.

Koztowicz, K.; Nazarewicz, S.; Géral, D.; Krawczuk, A.; Domin, M. Lyophilized Protein Structures as an Alternative Biode-
gradable Material for Food Packaging. Sustainability 2019, 11, 7002.

Gokoglu, N. Innovations in Seafood Packaging Technologies: A Review. Food Rev. Int. 2020, 36, 340-366.

Murrieta-Martinez, C.L.; Soto-Valdez, H.; Pacheco-Aguilar, R.; Torres-Arreola, W.; Rodriguez-Felix, F.; Marquez Rios, E. Edible
protein films: Sources and behavior. Packag. Technol. Sci. 2018, 31, 113-122.

Ruiz-Salmén, I.; Margallo, M.; Laso, J.; Villanueva-Rey, P.; Marifio, D.; Quinteiro, P.; Dias, A.C.; Nunes, M.L.; Marques, A.;
Feijoo, G. Addressing challenges and opportunities of the European seafood sector under a circular economy framework. Curr.
Opin. Environ. Sci. Health 2020, 13, 101-106.

Qamar, S.A.; Asgher, M; Bilal, M.; Igbal, H.M.N. Bio-based active food packaging materials: Sustainable alternative to conven-
tional petrochemical-based packaging materials. Food Res. Int. 2020, 109625.

Bocqué, M.; Voirin, C.; Lapinte, V.; Caillol, S.; Robin, J. Petro-based and bio-based plasticizers: Chemical structures to plasticiz-
ing properties. J. Polym. Sci. Part A Polym. Chem. 2016, 54, 11-33.

Goémez-Estaca, J.; Gémez-Guillén, M.C.; Fernandez-Martin, F.; Montero, P. Effects of gelatin origin, bovine-hide and tuna-skin,
on the properties of compound gelatin—chitosan films. Food Hydrocoll. 2011, 25, 1461-1469.

Cugq, B.; Gontard, N.; Guilbert, S. Thermoplastic properties of fish myofibrillar proteins: Application to biopackaging fabrica-
tion. Polymer 1997, 38, 4071-4078.

Kaewprachu, P.; Rungraeng, N.; Osako, K.; Rawdkuen, S. Properties of fish myofibrillar protein film incorporated with cate-
chin-Kradon extract. Food Packag. Shelf Life 2017, 13, 56-65.

Romani, V.P.; Machado, A.V.; Olsen, B.D.; Martins, V.G. Effects of pH modification in proteins from fish (Whitemouth croaker)
and their application in food packaging films. Food Hydrocoll. 2018, 74, 307-314.

Garcfa, F.T.; do A. Sobral, P.J. Effect of the thermal treatment of the filmogenic solution on the mechanical properties, color and
opacity of films based on muscle proteins of two varieties of Tilapia. LWT Food Sci. Technol. 2005, 38, 289-296.

Leerahawong, A.; Tanaka, M.; Okazaki, E.; Osako, K. Stability of the physical properties of plasticized edible films from squid
(Todarodes pacificus) mantle muscle during storage. J. Food Sci. 2012, 77, E159-E165.

Hoque, M.S.; Benjakul, S.; Prodpran, T.; Songtipya, P. Properties of blend film based on cuttlefish (Sepia pharaonis) skin gelatin
and mungbean protein isolate. Int. ]. Biol. Macromol. 2011, 49, 663-673.

Tongnuanchan, P.; Benjakul, S.; Prodpran, T.; Songtipya, P. Characteristics of film based on protein isolate from red tilapia
muscle with negligible yellow discoloration. Int. |. Biol. Macromol. 2011, 48, 758-767.

Neves, EM.P.X,; Pereira, R.R.; da Silva Pereira, G.V.; da Silva Pereira, G.V.; Vieira, L.L.; de Fatima Henriques Lourenco, L. Effect
of polymer mixture on bioplastic development from fish waste. Boletim Instituto Pesca 2019, 45, 1-10 doi:10.20950/1678-
2305.2019.45.4.518.

Ishak, N.S.; Thng, C.S.; Marsilla, K.IK. The effect of crosslinking agent on protein-based bioplastic from fish waste. In Proceed-
ings of the AIP Conference Proceedings; AIP Publishing LLC: 2020; Volume 2267, p. 20030.

Sommer, A.; Dederko-Kantowicz, P.; Staroszczyk, H.; Sommer, S.; Michalec, M. Enzymatic and Chemical Cross-Linking of Bac-
terial Cellulose/Fish Collagen Composites—A Comparative Study. Int. ]. Mol. Sci. 2021, 22, 3346.

Ahmad, M.; Nirmal, N.P.; Danish, M.; Chuprom, J.; Jafarzedeh, S. Characterisation of composite films fabricated from colla-
gen/chitosan and collagen/soy protein isolate for food packaging applications. RSC Adv. 2016, 6, 82191-82204.

Ben Slimane, E.; Sadok, S. Collagen from cartilaginous fish by-products for a potential application in bioactive film composite.
Mar. Drugs 2018, 16, 211.

Valdés, A.; Garcia-Serna, E.; Martinez-Abad, A.; Vilaplana, F.; Jimenez, A.; Garrigés, M.C. Gelatin-Based Antimicrobial Films
Incorporating Pomegranate (Punica granatum L.) Seed Juice by-Product. Molecules 2020, 25, 166.

Chen, Z,; Pan, S.; Zhou, Z.; Lei, T.; Dong, B.; Xu, P. The Effect of Shear Deformation on Permeability of 2.5 D Woven Preform.
Materials 2019, 12, 3594.

Hosseini, S.F.; Rezaei, M.; Zandi, M.; Farahmandghavi, F. Preparation and characterization of chitosan nanoparticles-loaded
fish gelatin-based edible films. . Food Process Eng. 2016, 39, 521-530.

Martucci, J.F.; Ruseckaite, R.A. Biodegradation of three-layer laminate films based on gelatin under indoor soil conditions.
Polym. Degrad. Stab. 2009, 94, 1307-1313.

Martucci, J.F.; Ruseckaite, R.A. Three-layer sheets based on gelatin and poly (lactic acid), part 1: Preparation and properties. J.
Appl. Polym. Sci. 2010, 118, 3102-3110.

Bae, H.J.; Darby, D.O.; Kimmel, R.M.; Park, H.].; Whiteside, W.S. Effects of transglutaminase-induced cross-linking on proper-
ties of fish gelatin-nanoclay composite film. Food Chem. 2009, 114, 180-189.

Garavand, F.; Rouhi, M.; Razavi, S.H.; Cacciotti, I.; Mohammadi, R. Improving the integrity of natural biopolymer films used
in food packaging by crosslinking approach: A review. Int. ]. Biol. Macromol. 2017, 104, 687-707.



Polymers 2021, 13, 2337 24 of 25

156.

157.

158.

159.

160.

161.

162.

163.
164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Liguori, A,; Uranga, J.; Panzavolta, S.; Guerrero, P.; de la Caba, K.; Focarete, M.L. Electrospinning of fish gelatin solution con-
taining citric acid: An environmentally friendly approach to prepare crosslinked gelatin fibers. Materials 2019, 12, 2808.
Kchaou, H.; Benbettaieb, N.; Jridi, M.; Abdelhedi, O.; Karbowiak, T.; Brachais, C.-H.; Léonard, M.-L.; Debeaufort, F.; Nasri, M.
Enhancement of structural, functional and antioxidant properties of fish gelatin films using Maillard reactions. Food Hydrocoll.
2018, 83, 326-339.

Maroufi, L.Y.; Ghorbani, M.; Tabibiazar, M.; Mohammadi, M.; Pezeshki, A. Advanced properties of gelatin film by incorporat-
ing modified kappa-carrageenan and zein nanoparticles for active food packaging. Int. J. Biol. Macromol. 2021, 183, 753-759.
Tabatabaei, R.H.; Jafari, S.M.; Mirzaei, H.; Nafchi, A.M.; Dehnad, D. Preparation and characterization of nano-SiO: reinforced
gelatin-k-carrageenan biocomposites. Int. |. Biol. Macromol. 2018, 111, 1091-1099.

Farahnaky, A.; Dadfar, S M.M.; Shahbazi, M. Physical and mechanical properties of gelatin-clay nanocomposite. J. Food Eng.
2014, 122, 78-83.

Qiang, X.; Zhou, S.; Zhang, Z.; Quan, Q.; Huang, D. Synergistic Effect of Halloysite Nanotubes and Glycerol on the Physical
Properties of Fish Gelatin Films. Polymers 2018, 10, 1258.

Leite, L.S.F.; Bilatto, S.; Paschoalin, R.T.; Soares, A.C.; Moreira, F.K.V_; Oliveira, O.N., Jr.; Mattoso, L.H.C.; Bras, J. Eco-friendly
gelatin films with rosin-grafted cellulose nanocrystals for antimicrobial packaging. Int. ]. Biol. Macromol. 2020, 165, 2974-2983.
Kreith, F.; Manglik, R.; Bohn, M. Principles of Heat Transfer; Cengage Learning: 2010; ISBN 1133714854.

Shabanpour, B.; Kazemi, M.; Ojagh, S.M.; Pourashouri, P. Bacterial cellulose nanofibers as reinforce in edible fish myofibrillar
protein nanocomposite films. Int. J. Biol. Macromol. 2018, 117, 742-751.

Pan, L.; Li, P.; Tao, Y. Preparation and Properties of Microcrystalline Cellulose/Fish Gelatin Composite Film. Materials 2020, 13,
4370.

Trache, D.; Tarchoun, A.F.; Derradji, M.; Hamidon, T.S.; Masruchin, N.; Brosse, N.; Hussin, M.H. Nanocellulose: From funda-
mentals to advanced applications. Front. Chem. 2020, 8, 392.

Beroual, M.; Trache, D.; Mehelli, O.; Boumaza, L.; Tarchoun, A.F.; Derradji, M.; Khimeche, K. Effect of the delignification process
on the physicochemical properties and thermal stability of microcrystalline cellulose extracted from date palm fronds. Waste
Biomass Valorization 2021, 12, 2779-2793.

Rouhi, J.; Mahmud, S.; Naderi, N.; Ooi, C.H.R.; Mahmood, M.R. Physical properties of fish gelatin-based bio-nanocomposite
films incorporated with ZnO nanorods. Nanoscale Res. Lett. 2013, 8, 364.

Shankar, S.; Teng, X.; Li, G.; Rhim, J.-W. Preparation, characterization, and antimicrobial activity of gelatin/ZnO nanocomposite
films. Food Hydrocoll. 2015, 45, 264-271.

Vejdan, A.; Ojagh, S.M.; Adeli, A.; Abdollahi, M. Effect of TiO2 nanoparticles on the physico-mechanical and ultraviolet light
barrier properties of fish gelatin/agar bilayer film. LWT Food Sci. Technol. 2016, 71, 88-95.

Nagarajan, M.; Benjakul, S.; Prodpran, T.; Songtipya, P. Properties and characteristics of nanocomposite films from tilapia skin
gelatin incorporated with ethanolic extract from coconut husk. J. Food Sci. Technol. 2015, 52, 7669-7682.

Hosseini, S.F.; Rezaei, M.; Zandi, M.; Farahmandghavi, F. Fabrication of bio-nanocomposite films based on fish gelatin rein-
forced with chitosan nanoparticles. Food Hydrocoll. 2015, 44, 172-182.

Glaser, T.K,; Plohl, O.; Vesel, A.; Ajdnik, U.; Ulrih, N.P.; Hm¢i¢, M.K.; Bren, U.; Fras Zemlji¢, L. Functionalization of polyeth-
ylene (PE) and polypropylene (PP) material using chitosan nanoparticles with incorporated resveratrol as potential active pack-
aging. Materials 2019, 12, 2118.

Chawla, R.; Sivakumar, S.; Kaur, H. Antimicrobial edible films in food packaging: Current scenario and recent nanotechnolog-
ical advancements-a review. Carbohydr. Polym. Technol. Appl. 2021, 2, 100024.

Afshar, S.; Baniasadi, H. Investigation the effect of graphene oxide and gelatin/starch weight ratio on the properties of
starch/gelatin/GO nanocomposite films: The RSM study. Int. ]. Biol. Macromol. 2018, 109, 1019-1028.

Adilah, A.N.; Hean, C.G.; Hanani, Z.A.N. Incorporation of graphene oxide to enhance fish gelatin as bio-packaging material.
Food Packag. Shelf Life 2021, 28, 100679.

Simona, J.; Dani, D.; Petr, S.; Marcela, N.; Jakub, T.; Bohuslava, T. Edible films from carrageenan/orange essential oil/trehalose —
structure, optical properties, and antimicrobial activity. Polymers 2021, 13, 332.

Jridi, M.; Abdelhedi, O.; Salem, A.; Kechaou, H.; Nasri, M.; Menchari, Y. Physicochemical, antioxidant and antibacterial prop-
erties of fish gelatin-based edible films enriched with orange peel pectin: Wrapping application. Food Hydrocoll. 2020, 103,
105688.

Yadav, S.; Mehrotra, G.K,; Bhartiya, P.; Singh, A.; Dutta, P.K. Preparation, physicochemical and biological evaluation of quer-
cetin based chitosan-gelatin film for food packaging. Carbohydr. Polym. 2020, 227, 115348.

Tongdeesoontorn, W.; Mauer, L.J.; Wongruong, S.; Sriburi, P.; Reungsang, A.; Rachtanapun, P. Antioxidant Films from Cassava
Starch/Gelatin Biocomposite Fortified with Quercetin and TBHQ and Their Applications in Food Models. Polymers 2021, 13,
1117.

Bermudez-Oria, A.; Rodriguez-Gutiérrez, G.; Vioque, B.; Rubio-Senent, F.; Fernandez-Bolafios, J. Physical and functional prop-
erties of pectin-fish gelatin films containing the olive phenols hydroxytyrosol and 3,4-dihydroxyphenylglycol. Carbohydr. Polym.
2017, 178, 368-377.

Staroszczyk, H.; Kusznierewicz, B.; Malinowska-Paniczyk, E.; Sinkiewicz, I.; Gottfried, K.; Kotodziejska, I. Fish gelatin films
containing aqueous extracts from phenolic-rich fruit pomace. LWT 2020, 117, 108613.



Polymers 2021, 13, 2337 25 of 25

183.

184.

185.

186.

187.

188.
189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.
211.

Farajzadeh, F.; Motamedzadegan, A.; Shahidi, S.-A.; Hamzeh, S. The effect of chitosan-gelatin coating on the quality of shrimp
(Litopenaeus vannamei) under refrigerated condition. Food Control 2016, 67, 163-170.

Nowzari, F.; Shabanpour, B.; Ojagh, S.M. Comparison of chitosan—gelatin composite and bilayer coating and film effect on the
quality of refrigerated rainbow trout. Food Chem. 2013, 141, 1667-1672.

Hirano, S.; Itakura, C.; Seino, H.; Akiyama, Y.; Nonaka, I.; Kanbara, N.; Kawakami, T. Chitosan as an ingredient for domestic
animal feeds. J. Agric. Food Chem. 1990, 38, 1214-1217.

Li, Q;; Dunn, E.T.; Grandmaison, E.W.; Goosen, M.F.A. Applications and properties of chitosan. Appl. Chitin Chitosan 2020, 3-
29.

Sagoo, S.; Board, R.; Roller, S. Chitosan inhibits growth of spoilage micro-organisms in chilled pork products. Food Microbiol.
2002, 19, 175-182.

Raafat, D.; Sahl, H. Chitosan and its antimicrobial potential — A critical literature survey. Microb. Biotechnol. 2009, 2, 186-201.
Garg, U.; Chauhan, S.; Nagaich, U.; Jain, N. Current advances in chitosan nanoparticles based drug delivery and targeting. Adv.
Pharm. Bull. 2019, 9, 195-204.

Butler, B.L.; Vergano, P.J.; Testin, R.F.; Bunn, ].M.; Wiles, J.L. Mechanical and barrier properties of edible chitosan films as
affected by composition and storage. J. Food Sci. 1996, 61, 953-956.

Nadarajah, K.; Prinyawiwatkul, W.; No, H.K,; Sathivel, S.; Xu, Z. Sorption behavior of crawfish chitosan films as affected by
chitosan extraction processes and solvent types. |. Food Sci. 2006, 71, E33-E39.

Tyliszczak, B.; Drabczyk, A.; Kudtacik-Kramarczyk, S.; Sobczak-Kupiec, A. Sustainable production of chitosan. In Sustainable
Production: Novel Trends in Energy, Environment and Material Systems; Springer: Cham, Switzerland, 2020; pp. 45-60.

Zakaria, S.; Chia, C.H.; Ahmad, W.H.W; Kaco, H.; Chook, S.W.; Chan, C.H. Mechanical and antibacterial properties of paper
coated with chitosan. Sains Malays 2015, 44, 905-911.

Luzi, F,; Torre, L.; Kenny, ].M.; Puglia, D. Bio-and fossil-based polymeric blends and nanocomposites for packaging: Structure-
property relationship. Materials 2019, 12, 471.

Armentano, I; Puglia, D.; Luzi, F.; Arciola, C.R.; Morena, F.; Martino, S.; Torre, L. Nanocomposites Based on Biodegradable
Polymers. Materials 2018, 11, 795.

Esposito Corcione, C.; Striani, R.; Ferrari, F.; Visconti, P.; Rizzo, D.; Greco, A. An Innovative Method for the Recycling of Waste
Carbohydrate-Based Flours. Polymers 2020, 12, 1414.

Stasi, E.; Giuri, A.; Ferrari, F.; Armenise, V.; Colella, S; Listorti, A.; Rizzo, A.; Ferraris, E.; Corcione, C.E. Biodegradable Carbon-
based Ashes/Maize Starch Composite Films for Agricultural Applications. Polymers 2020, 12, 524.

Woranuch, S.; Yoksan, R. Eugenol-loaded chitosan nanoparticles: II. Application in bio-based plastics for active packaging.
Carbohydr. Polym. 2013, 96, 586-592.

Alix, S.; Mahieu, A.; Terrie, C.; Soulestin, J.; Gerault, E.; Feuilloley, M.G.].; Gattin, R.; Edon, V.; Ait-Younes, T.; Leblanc, N. Active
pseudo-multilayered films from polycaprolactone and starch based matrix for food-packaging applications. Eur. Polym. J. 2013,
49, 1234-1242.

Xiao, W.; Xu, J.; Liu, X,; Hu, Q.; Huang, J. Antibacterial hybrid materials fabricated by nanocoating of microfibril bundles of
cellulose substance with titania/chitosan/silver-nanoparticle composite films. J. Mater. Chem. B 2013, 1, 3477-3485.

Youssef, A.M.; El-Sayed, S.M.; El-Sayed, H.S.; Salama, H.H.; Dufresne, A. Enhancement of Egyptian soft white cheese shelf life
using a novel chitosan/carboxymethyl cellulose/zinc oxide bionanocomposite film. Carbohydr. Polym. 2016, 151, 9-19.
Noshirvani, N.; Ghanbarzadeh, B.; Mokarram, R.R.; Hashemi, M. Novel active packaging based on carboxymethyl cellulose-
chitosan-ZnO NPs nanocomposite for increasing the shelf life of bread. Food Packag. Shelf Life 2017, 11, 106-114.

Wang, H.; Qian, J.; Ding, F. Emerging chitosan-based films for food packaging applications. ]. Agric. Food Chem. 2018, 66, 395—
413.

Khwaldia, K.; Basta, A.H.; Aloui, H.; El-Saied, H. Chitosan—caseinate bilayer coatings for paper packaging materials. Carbohydr.
Polym. 2014, 99, 508-516.

Yuceer, M.; Caner, C. Antimicrobial lysozyme—chitosan coatings affect functional properties and shelf life of chicken eggs dur-
ing storage. J. Sci. Food Agric. 2014, 94, 153-162.

Garavand, F.; Cacciotti, I.; Vahedikia, N; Salara, A.R.; Tarhan, O.; Akbari-Alavijeh, S.; Shaddel, R.; Rashidinejad, A.; Nejatian,
M.; Jafarzadeh, S. A comprehensive review on the nanocomposites loaded with chitosan nanoparticles for food packaging. Crit.
Rev. Food Sci. Nutr. 2020, 1-34.

Kim, H.-S,; Lee, S.-H.; Eun, C.-].; Yoo, J.; Seo, Y.-S. Dispersion of chitosan nanoparticles stable over a wide pH range by adsorp-
tion of polyglycerol monostearate. Nanomater. Nanotechnol. 2020, 10, 1847980420917260.

Chiarathanakrit, C.; Riyajan, S.-A.; Kaewtatip, K. Transforming fish scale waste into an efficient filler for starch foam. Carbohydr.
Polym. 2018, 188, 48-53.

Nourbakhsh, A.; Ashori, A.; Tabrizi, A.K. Characterization and biodegradability of polypropylene composites using agricul-
tural residues and waste fish. Compos. Part B Eng. 2014, 56, 279-283.

Erik de Laurens. Available online: https://www.erikdelaurens.com (accessed on 9 November 2020).

MarinaTex. Available online: https://www.marinatex.co.uk/ (accessed on 7 February 2021).



