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Abstract

Regular use of petroleum-based plastic packaging films has led to environmental
impact due to their total non-biodegradability. Substantially, the food industry
generates waste and agricultural-based raw materials have recently been applied
to produce biodegradable, renewable and safe to eat packaging materials as a
viable alternative to aforesaid dire consequences. Agro packaging concept has
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tracted from animal or plant sources to produce biofilms. Proteins are generally
superior to the qualities of other biological compounds available in agricultural
by-products. Their ability to form films with better mechanical and barrier prop-
erties has been studied and researches are in the process of exploring novel tech-
nologies in developing sustainable food packaging materials that are edible and
active. This review explores possible applications of animal and plant protein
sources from the agricultural by-products in bio-based film production and the

Email: gimhani@sci.sjp.ac.Ik inherited properties of these films. Moreover, selected animal by-product proteins

such as collagen, gelatin, casein, myofibrillar proteins, keratin as well as plant
by-product proteins including soy protein, wheat gluten, corn-zein, canola protein
are discussed in details with special reference to available redundant protein
types, technologies applied to obtain films, mechanical properties, functions of
films and their applications.
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1. Introduction

Significance of the food packaging materials has increased over time due to the gradual increment of the global pop-
ulation and industrialization of food production. The concerns of packaging are to protect food from mechanical dam-
age, water vapor, oxygen and other contaminants while improving the shelf life, merchandise, market and assure safety
of the food until it delivered to consumer [1, 2, 3]. At the initial stages of food packaging, glass, metal, wood, paper and
paperboard etc. were used for wrapping the food basically to prevent damages and contaminations. With the time those
traditional materials were replaced by polymerized materials, majorly plastics due the additional benefits such as cost
effectiveness, easiness and low cost. The eventual objective of food packaging is to cover the food items in a profitable
approach that captures both needs of the producer as well as the consumer. It also accounts management of food safety
and lowering environmental impact by the use of packaging over time. As a result of that, development of packaging
materials lead to producing bio-films and coatings from biological materials [4] over recent decades.

Agricultural based raw materials have been utilized to develop bio degradable, edible and sustainable packaging ma-
terials [5]. Based on their raw materials, a substantial amount of waste ranging from 5% to 90% is generated in the food
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processing industry [6]. The agro packaging concept has emerged over 50 years ago and it is basically related with de-
velopment of renewable products and controlling its disposal [5, 7]. Majority of protein-based materials are extracted
from animal or plant sources which concerned as biodegradable. They are highly preferable than polysaccharide quali-
ties in respect to capabilities in film forming with high mechanical properties such as tensile strength, elongation ability,
thickness and thermal properties etc. [7]. Further, protein films have good barrier properties and high in nutritional val-
ue. Among agricultural products, proteins are practically used for packaging such as collagen for sausage casings and
wheat gluten for encapsulation etc. rather than other bio polymers. Accordingly, both protein-based films as well as
coatings are attractive alternatives for conventional petroleum-based materials. To achieve optimum quality of packag-
ing material, barrier properties, water solubility and mechanical properties needed to be improved. Physical, chemical,
and biochemical techniques are used to obtain these materials where wet and dry processes [7, 8] are applied as tech-
nological methods to form packaging materials.

Moreover, agricultural by product proteins can be utilized for control discharge of additives and bioactive compounds.
There are several research studies have been implemented to develop films and coatings from numerous protein sources
since 1950 [9, 10]. Even though, studies have been done to produce packaging films using by-product proteins such as
cereals, legumes, milk, fish and meat [11, 12, 13, 14], the effectiveness of these films is not yet satisfied.

This review reveals possible implementations of animal and plant protein sources from the agricultural and food in-
dustrial by-products in bio-based film production and the inherited properties of these films. Moreover, selected
by-product proteins are explored in details with special reference to available redundant protein types, technologies ap-
plied to obtain films, mechanical properties, functions of films and their applications.

2. Agricultural by-product protein based packaging applications

2.1 Animal byproduct proteins

2.1.1 Collagen and Gelatin

Collagen is an edible raw material attributed from fresh hides or bone [15]. Researchers have revealed that 11% of
pork carcasses, 15% of beef carcasses and 16% of lamb carcasses are bone [14]. If those carcasses comprised of the
meat clinging to the bone these percentages get increased. Therefore these animal sources can be used to obtain gelatin
and collagen proteins. Gelatin can be obtained from hide through three main steps. The initial step is elimination of oth-
er materials except collagen out of the raw material which is succeeded by controlled hydrolysis of water insoluble col-
lagen to form gelatin [14]. The final step is the final product recovery and dehydration process

The physical and chemical properties of extracted gelatin are highly influenced by the origin of raw materials, age of
the animal, type of collagen available and the extraction technique applied for process [16]. In 2011, the global gelatin
production was 348.9 kilo tons and estimated to reach 450.7 kilo tons in the year 2018. Moreover, in the past seven
years, global gelatin production improved at a CAGR (compound annual growth rate) of 3.73% [15]. Collagen is ap-
plied in the meat industry to produce coatings which are edible over extrusion [17, 18, 19]. Progressively gelatin has
been operated to develop films that are transparent, water-resistant, flexible and impassable to oxygen [19, 20]. Gelatin
based aqueous solution which is subjected to cooling and drying process can form these films. These films are utilized
to fabricate tablets and capsules [15, 21]. The protein; gelatin has been extensively studied due to its rich filming prop-
erties and protecting ability which leads extending shelf life. Gelatin films are applied to assure safeness of frozen meats
products from oxidation [9, 10] with addition of antioxidants to films.

2.1.2 Casein

Casein is found in dairy products which account 80 percent of overall milk protein content. Casein is obtained by
acidifying the milk (isoelectric point 4.6) or addition of rennet to milk. The casein is then [22] being separated, washed,
and dried. This casein protein is composed of three types of proteins named a, B, and « casein. They can develop col-
loidal micelles in milk that are being stabilized by a calcium-phosphate bridge [15]. Attributed to good functional prop-
erties, aqueous casein and caseinate solutions can be convinced into develop edible films. As shown in Table 1, casein
films are produced either casting it in thin layer followed by drying the film-forming solution or collection of skin made
subsequently after heating the protein solution. Also it can be obtained by enzymatic polymerization method by using
rennet [15].

Caseins diffused in liquid can develop transparent, pliable and flavorless films. Transglutaminases or peroxidases can
be used as a catalyzer to build covalent cross-links which improves water resistance or letting immobilization of active
enzymes [22]. Another benefit of safe to eat casein films is the ability to act as a good barrier against nonpolar mole-
cules including Oxygen [19]. This property is due to casein provides a great quantity of polar functional groups, such as
hydroxyl and amino groups toward the film matrix. This makes casein film to become active packaging and further
ability to combine with other packaging materials in order to prevent food from oxidation or moisture absorption.
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2.1.3 Myofibrillar protein

Myofibrillar protein is made from myosin and actin proteins, which account for about 70% of total proteins in fish
muscle. Myofibrillar proteins which are originated from seafood are thermally unstable than the proteins originated
from terrestrial animal sources [23]. Past research studies have revealed that the film developing potential of fish myo-
fibrillar proteins recovered from aqueous solutions. These films are insoluble in water, transparent and owe better gas
barrier properties [19, 24]. Table 1 presents the properties of agricultural by-product proteins, respectable proteins, me-
thods applied to obtain the film. The thermoplastic properties of myofibrillar proteins, emerge industrial edible film
production usually by the conventional techniques (thermo-extrusion, thermos-molding) which applied to synthetic po-
lymers. The solvent process occurred by initially casting a film-forming solution is influenced by acidity and concentra-
tion of protein [7, 19, 25].

2.1.4 Keratin

The keratin is a common protein that originated in the body of mammals, birds and reptiles. Keratin supports strength
to body and it is the structural component of nail, horn, wool and feathers [26]. Extensively keratin is obtained from
body parts of farm animals including goat skins, sheepskins, cattle hides and buffalo hides [27]. Food industry generates
million tons of keratin biomass.

Keratin obtained from less expensive chicken feather can be plasticized into films which perform better mechanical
properties [28]. Researchers have developed water proof films by casting and drying alkaline dispersion of keratins [29].
The large amount of cysteine in keratin aids to build disulfide bonds which could secure the structure of proteins [11,
30]. Due to their undesirable flavor, keratin based edible coatings have limited implementations [31]. Therefore, diverse
polymer combinations have recently emerged combine with keratin [26] such as keratin-chitosan [32], kera-
tin-polypropylene [33] which are having higher film forming capabilities.

2.2 Plant byproduct proteins

2.2.1 Soy protein

Soy proteins have been applied to produce edible films through aggregating the lipoprotein film developed after
boiling soya milk (e.g., yuba/tofu skin) [34, 35, 36]. Most soy proteins are globulins that solubilize in salt solutions [37,
38].

Even though protein is the major ingredient of soy protein based films, a convincing amount of polysaccharides (su-
crose, raffinose, and stachyose) and lipids (globules included in the proteic network) are available which causes better
mechanical properties. Also there are films that have been developed from soy protein isolates prepared in aqueous al-
coholic solutions, either by obtaining the lipoproteic skin formed by boiling soya solutions [39, 40] or by casting solu-
tions in thin layers and drying. Soy films have commonly been improved as edible coating materials to preserve foods
[38]. Also biodegradable plastics have made from soy isolate and concentrate by thermos-molding technique [41].

2.2.2 Wheat gluten

Numerous studies [30, 42, 43, 44] refer to the film-forming properties (Table 1 and Table 2) of wheat gluten proteins.
Wheat proteins range from 8%-15% of the dry weight of wheat kernel. From wheat endosperm 70% of the total protein
is composed of gliadin and glutenin.

Wheat gluten-based films are conventionally developed by casting in a thin layer and then drying of aqueous alco-
holic solutions with a disruptive agent (sulfite) [45]. Films made from wheat gluten, have also been expanded by col-
lecting the skin obtained after boiling protein solutions [11]. These films are water insoluble, and their functional
attributes are comparable to those of corn-zein films. These wheat gluten films have applied in additive encapsulation,
quality developments in cereal products, and retention of antimicrobial or antioxidant potential on food surfaces [25].

Nevertheless, gas barrier properties (Table 2) of these films including their gas selectivity are applied to extend the
durability of fresh and minimally processed vegetables [46]. Even though, molded and biodegradable plastics made
from wheat proteins are used in food industry, due to its thermoplastic behavior and chemical modification abilities
(modified hydrophabicity rate and compatibility with synthetic materials) nonfood uses are also available [46, 47].

2.2.3 Corn-Zein protein

Zein is a major protein present in corn which classified under prolamin proteins [48]. They are soluble in 70-80%
ethanol, comparably hydrophobic and thermoplastic. Film-forming properties of corn a-Zein have been broadly re-
searched [47, 48, 49, 50].

The zein films taken from dried water/ethanol mixtures are water-insoluble but comparatively grease-resistant and
better in quality. Zein based films and coatings are applied in perishable food preservation, enrichment of vitamins and
discharging bioactive active compounds. Aqueous dispersions of zein are commercially marketed as films. Corn-zein
coated tomatoes before the maturity stage had shown delaying in ripening [49]. Starch and zein combinations have re-
searched for producing biodegradable plastics [41, 51]. Injection-molded plastics are moisture sensitive, while
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cross-linked materials show less moisture absorption and better mechanical properties.

2.2.4 Canola protein

Canola is a healthiest vegetable oil and a potential source of producing a variety of eco-friendly products including
biodiesel and bioplastics [52]. Canola seeds naturally composed with 40% oil [53]. Canola meal consists of glucosino-
lates, phenoalics, phytates, and significantly high fiber amount which make it problematic for food utilize [52]. Canola
seeds are commonly crushed or ground to assist the separation and defatting process. Defatted meal is dehydrated at
room temperature [44] or dried under vacuum oven at 40°C. Then dried and defatted meal is grounded and passed
through 40-mesh or 60-mesh [52] and screened in order to assure thorough interaction of the meal with chemicals dur-
ing the protein extraction process. Also preparation of defatted canola meals can be achieved by using hexane as a sol-
vent to make a slurry with grounded canola seeds using an orbital mill [44, 52].

The common procedure used in the preparation of canola protein is alkaline extraction (sodium hydroxide solution)
along with precipitation with dilute acid [54]. This procedure may differ according to variations in pH of extraction,
NaOH concentration, settings in centrifugation and filtration and pH of the protein precipitation. Commonly, the alka-
line solution is initially added to the defatted canola meal and stirred for a selected time duration to dissolve protein [54].
Then, this mixture is centrifuged and the pH of supernatant is adjusted by dilute acid to precipitate the proteins. Finally,
the precipitated protein is obtained through centrifugation and further, it can be preserved by freeze-drying.

Table 1. Source, types, film forming methods and properties of selected agricultural and food industrial by-product proteins

Source of by

Properties/

product Protein Method to obtain films Potential bioactivity References
Castln?_lm ﬂf"n Ia_yer anld (_1ry|ng of a Transparent, Flexible,
. . aS1, 0S2,B, %, g m ' mI;_orfmlng ;0 :ttlog. ili Tasteless,
Milk casein Casein Collect skin ormed after botling Water-resistant, [22, 19, 54]
protein solution. L
- S Antioxidant
Enzymatic polymerization.
- . S . Thermoplastic, Gas
Myoflbr_lllar pro- Myo§|n Castlng_ in thin Ial_yer and qlrylng ofa barrier abilities, Wa- [19, 56]
teins Actin film-forming solution. -
ter-insoluble
Seafood shrimp . i pol N .
shell Cryotin Enzymatic polymerization. Anti-cancer [56, 57, 19]
Casting in thin layer and drying of a
B-Conglycinin film-forming solution.
Soy protein glyc Collecting lipoproteic skin formed Antioxidant [58, 60]
Glycinin ) .
after boiling soya milk
Enzymatic polymerization
Wheat Gluten Gliadin Glutenin Castlng_ln thin Ia_yer and d_rylng ofa An_tlo_X|daqt [19, 46]
film-forming solution Antimicrobial
S . Antioxidant
Corn Zein a-Zein, Prolamin Cast_mg n th|_n layer ar_1d drylng ofa Thermoplastic, water [56, 19]
film-forming solution, Resin .
resistant
. . Alkaline extraction Antioxidant
Canola oil Canola protein And dry method Antimicrobial [56, 19, 58]
Water-resistant,
Meat hides and . Casting in thin layer and drying ofa  Transparent, Flexible,
Gelatin . : ' [56, 7]
bones film-forming solution Impermeable to oxy-
gen
Meat Collagen Thermoplastic extrusion Antioxidant [17,19]
Poultry Keratin Casting and drying alkaline dis- Water insoluble films, [30]

persion

unpleasant taste
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3. Properties and production process of protein based agro-packaging materials

The comprehensive properties of protein-based agro-packaging materials and its three-dimensional networks are
highly influenced by the interactions between polymers. The solubility of these films in aqueous solution differs based
on qualities and quantities of intermolecular interactions apparent in the protein network [59]. Protein-based films are
comprised of insignificant moisture levels and differently ordered macromolecular continuous networks. The ability of
intermolecular bond formation relies on the shape (chain length/diameter ratio) of the protein and fabrication conditions
[60]. The proteins with heavy molecular weight proteins such as glutenin and fibrous proteins like collagen have better
potential of generating films with preferable mechanical properties [7, 19, 61, 62]. Nonetheless, globular or pseu-
do-globular proteins like gliadin, glycinin, and casein primarily required to be unfolded before network formation. Bas-
ically the macromolecular protein network formation occurs in three steps. The first step is the cleavage of poor energy
owing intermolecular bonds that stabilize polymers in the natural state. Second step is the adjustment and orientation
(shaping) of polymer chains. The final step is the initiation of three-dimensional network which stabilized by original
interactions and the second step. Also, two technological processes that are implemented to produce protein-based ma-
terials termed as wet process and dry process [19].

The wet process has broadly studied over the past years. By implementing the wet process, protein-based materials
are formed out of a protein solution or dispersion. This process requires to make a thin layer of protein solution which
carried out under controlled laboratory conditions. Therefore, it is generally termed as a casting or continuous spreading
method (Figure 1).

“WET PROCESS” “DRY PROCESS”

Structure Proteins Structure

Melt and glass
transition
temperature

Dispersion
Conditions

Film-forming solution Powder, Pellets
Spreading
Conditions ~ Conditions
Films or coatings Films or biopackagings

» FTUNCTIONAL PROPERTIES OF
BIOPACKAGINGS

Figure 1. Schematic diagram of technologies applied to form protein-based agro-packaging materials [19].

The dry process is applied to the protein extracts with lower moisture content. Especially, it is implemented after
analyzing potential thermoplastic quality which is similar to the thermoplastic property of starch-based materials [25, 19,
62]. Thermoplastic properties of proteins are explained with the glass transition theory, which defines textural changes
within the thermoplastic polymer processing. The right side of Figure 1 depicts the dry process which leads to obtaining
powder or pellets at a particular temperature based on the thermoplastic properties of the protein. Moreover, films could
be obtained by applying proper shaping conditions.
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Table 2. Summary table of the strength, elongation, permeability and other properties of agricultural and food industrial
by-product protein films

Tensile
Film strength  Elongation%; Thickness Temp. Water vapor permeability (10-12 Permeability of gases References
(MPa); Temp. (mm) ‘o) mol-m-m2-sec-Pa?) ;Temp.’C)  (10™®mol-m-m=.sec™-Pa™)
Temp.
Oxygen Carbon dioxide
Soy protein 19 35.6 0.088 25 - 2 - [30, 19]
Wheat gluten 0.9 26.0 0.088 25 3.91-5.08 at 30°C 1,290 36,700 [30, 46]
Corn zein 0.4 - 0.081 26 6.45 at 21°C 35 216 [30]
Whey protein 13.9 30.8 - 23 - - - [30]
Fish myofi-
brillar pro- 17.1 22.7 0.034 25 391 873 11,100 [30]
teins

4. Future research directions and conclusions

Expand use of petroleum based plastic packaging films has developed environmental impact owing to their total
non-biodegradability. Regular consumption of plastics in multiple forms has to be diminished and may even be conti-
nuously eliminated to conserve ecology. Accordingly, shifting towards eco-friendly packaging films and processes,
ensures compatibility with the nature. Aforesaid advancement also drives to conserve natural resource with reinforcing
on a pollution-free environment.

The concept of agro packaging has emerged since 1950. Thus, by-product proteins from agricultural and food indus-
trial applications are extracted from different animal or plant sources to produce biofilms. They are generally superior to
the qualities of other biological compounds available in agricultural by-products. Whereas it is impossible to replace
overall synthetic plastics and maybe even worthless, our attention and efforts are required in the future to utilize
eco-friendly protein-based packaging materials in the food industry. Collagen, gelatin, casein, myofibrillar proteins and
keratin are currently obtained from animal sources as valuable by product proteins and plant by-product protein include
wheat gluten, corn-zein, soy protein, canola protein are leading economical applications of agricultural and food indus-
trial by product management.

The convenience of utilizing proteins as agro-polymers for packaging, coating and film fabrication recommends
many food industrial applications. Exceedingly, functional attributes of these agro polymers such as mechanical proper-
ties, barrier properties and optical property etc. could be utilized for packaging applications. Packaging materials could
be developed from these proteins using conventional shaping techniques, such as thermoplastic processing technologies
(extrusion, thermos molding) and solvent processes. Even though these processes are expensive, bio packaging meets
the future gap in eco-friendly food packaging, especially for value-added products in a sustainable manner. Besides,
these packaging sources also create an attractive path to waste management.
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