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Abstract: There is increasing research towards the substitution of petrochemicals by sustainable
components. Biopolymers such as proteins, polysaccharides, and lipids derive from a variety of crop
sources and most promisingly from waste streams generated during their processing by the agro
food industry. Among those, proteins of different types such as whey, casein, gelatin, wheat gluten,
soy protein or zein present a potential beyond the food and feed industry for the application in
packaging. The general protein hydrophilicity promotes a good compatibility to polar surfaces, such
as paper, and a good barrier to apolar gases, such as oxygen and carbon dioxide. The present review
deals with the development of protein-based coatings and films. It includes relevant discussion
for application in paper or board products, as well as an outlook on its future industrial potential.
Proteins with suitable functionalities as food packaging materials are described as well as the different
technologies for processing the coatings and the current state of the art about the coating formulations
for selectively modulating barrier, mechanical, surface and end of life properties. Some insights onto
regulations about packaging use, end of life and perspectives of such natural coating for decreasing
the environmental impact of packages are given.
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1. Introduction

Paper and board are the oldest and most versatile packaging materials available on the market
today [1]. They consist of microfibrils of long-chain cellulose molecules in a crystalline state with
regularly disrupting amorphous regions [2]. Paper is the material of choice in many food and non-food
packaging applications due to its low weight, printability, affordability, stiffness, use of natural
resources, recyclability and biodegradability leading to its general green image [3,4].
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However, paper is hydrophilic, hygroscopic, porous and has poor barrier properties. Therefore
waxes or conventional synthetic polymer-based films are coated or laminated in order to provide paper
with specific properties [1], such as barrier to gases, vapors, aroma, grease and water or to modify
thermo-mechanical properties like sealability. In current commercial applications, synthetic coatings
of different origin are used for that purpose such as ethylene vinyl alcohol (EVOH), polyvinylidene
chloride (PVDC), polyethylene (PE), acrylic, latex, or fluorocarbon [3,5]. Inorganic layers are also
sometimes laminated such as aluminum foil or deposited by metallization. Also combinations of
several of the previous approaches are often employed [6]. However, such coated and laminated paper
solutions are often not recyclable anymore.

Therefore, some efforts have been made to develop paper coated with bioplastics to substitute
non-biodegradable polymers [7–13] to benefit from specific properties of the coating and to maintain
at the same time the biodegradability of cellulosic materials. Although the use of polylactic acid (PLA),
thermoplastic starch and regenerated cellulose to coat paper has been tried in industrial applications,
the penetration in the market is limited to now. Legislations on end of life packaging and consumer
awareness drive the need to replace the use of depleting fossil resources by renewable ones and to
reduce the environmental impacts of packaging [14–17].

Bio-based polymers have a very diverse chemistry and architecture of the side chains that provides
unique possibilities to tailor the properties of the derived materials [18]. They can be derived from
a range of resources (from proteins, lipids, polysaccharides to some biogenic polyesters such as
PHA naturally accumulated in microbial cultures) including by-products and industrial waste. Their
production generally requires less energy than petrochemical counterparts.

Among those, due to excellent functional properties, there is a huge amount of academic work
on protein-based coatings which could fill the need for high-performance renewable materials in
the packaging industry. Proteins have a unique structure which confers a wide range of functional
properties, especially a high intermolecular binding potential often allowing protein-based films to
exceed mechanical properties of polysaccharide and fat-based films [19]. They have been studied in
combination with different substrates (plastic, paper, leather, etc.) or as edible coating for food.

A great number of agro-resources are rich in proteins (e.g., soybeans (38%–44%), peas (22%–28%),
cereal grain (8%–15%), sunflower seeds (28%–42%), liquid whey (1%) and some of those can also be
recovered from under-used industrial by-products [20]). The protein ingredient market is principally
focused on food supplementation and dominated by wheat gluten, milk and soy protein as well as
gelatin. In addition, several proteins with limited commercial availability and promising properties as
paper coating are discussed here.

Two main families of converting processes, whose applicability to protein coatings will be
subsequently described in this paper, can be used to make materials based on proteins: a wet process
based on dispersion or solubilisation of proteins, followed by drying, and a dry process based on
the thermoplastic properties of proteins when they are extruded [21]. Additional procedures such as
chemical modification and cross-linking of proteins or their blending with other polymers are also
often used for properties optimization [6,22–25]. Also specific protein fractions from raw materials
obtained through the protein extraction process and the different amino acidic sequences may be more
or less prone to a given post-process.

The intrinsic hydrophilicity of protein films results in good adhesion to polar surfaces such as
paper and a good barrier to apolar gases such as oxygen and carbon dioxide, but scarce to water
vapor [26]. Due to their good oxygen barriers at low relative humidity, various types of protein have
been tested and used as edible coatings/films such as those from gelatin, casein, whey, corn zein,
wheat gluten, soy, mung bean and peanut [27]. In addition, some high molecular weight proteins
are insoluble or only weakly soluble in water and may be used to obtain water resistant films [28,29].
Applied as coatings on substrates used in the packaging sector, proteins are aimed to improve a wide
range of properties such as gas and water vapor barrier [30] and sealability [31]. Whey protein coatings
have been shown as good barriers when applied on paper [32] by increasing oil resistance and reducing
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water vapor permeability [8,33], on LDPE [34] and on PP [35]. In addition they exhibited excellent
visual and good mechanical properties on their substrates. Gelatin-based coatings on PE, PET, and PP
improved barrier properties of substrate against oxygen and UV radiation [36]. Zein coated paper [37]
had oxygen barrier highly over performing those of PE (barrier improvement factor up to 73) that
may be usable on paper boxes as an alternative to paraffin. Plasticized corn-zein coating (thickness
of 3–4 µm) on PP showed three orders of reduction in oxygen permeability [38]. When combined
with a protein-based coating, biodegradable substrate materials maintain their ability to be organically
recycled. They even catalyze the biodegradation of the substrate [39].

Besides, the main object of the present review dealing with coating and film, the use of proteins
as adhesive can also be relevant for the paper industry. Various proteins have been used for adhesive
production during both ancient and modern ages, including blood protein [40], casein [41], and
soybean protein [42,43]. More recently also whey protein, coming from cheese industry waste, blended
with sucrose, was used for formulating adhesives to be employed in the paper industries [44]. Using
more polar and well aqueous suspendable proteins is fundamental to improve recycling of paper
products. In fact protein-based adhesives can be washed away from the fibers during the recycling
process and successive pulping. Traditional glues mostly stick onto the fibers making them less suitable
for being employed in new paper based products.

This review paper will first of all review the relevant processing, properties and functionality of
proteins as well as the characteristic of several options that have been used as coating or extruded
films with potential for the packaging sector. Then the application technologies that can be used to
combine these protein coatings with paper and the properties of derived materials are described. The
present work provides a summary of the relevant properties of protein coatings for the paper-based
packaging application which encompasses specific data with this substrate as opposed to previous
reviews which were also less comprehensive in terms of protein coating and films in general. This
will help to a certain extent comparing the different solutions although the individual literature use
variable conditions, processes and tests. The paper finally focuses briefly on some other constrains
generally lacking in previous related papers for their use in the packaging sector such as food safety
and environmental regulations applied to end of life materials. The described protein coated papers
have industrial potential to replace synthetic coated paper and even, in some applications, plastic films.

2. Proteins with Suitable Functionalities as Food Packaging Materials

Proteins have in nature a wide range of structures and functions such as the promoting of
biochemical reactions and the building of tissues. Further they appear in storage formations that serve
as nutrient and building block for seedlings and offspring. The different proteins chemical structures
correspond to much specific chemical and physical-chemical behaviors. In the packaging sector, the
application of proteins in barrier layers demands film-forming properties. Proteins derived from
animal or microorganism tissues show a filament structure, whereas storage proteins form globules.
An overview of proteins with film-forming properties that were tested for food packages, stand-alone
films and edible coatings in the past is illustrated in Table 1 [16,21,45–49].

From the analysis of the Table 1 and the related literature survey, it is possible to conclude that,
even though gelatin—coming from highly available collagen waste—is widely employed for obtaining
edible or non-edible films, usually globular protein were most investigated and used for applications
in the field of film production. This probably depends on the usually good suspendability in water
thanks to their amphiphilic behavior or good interaction with polar plasticizers. These properties
are necessary for obtaining a water based coating or a protein material processable as cast or melt
extruded films respectively.
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Table 1. Overview of proteins with film-forming properties tested for food packages, stand-alone films
or edible coatings.

Origin Plant Protein Animal Protein Fungi

Globular proteins Wheat gluten Whey protein Hydrophobins
Rice (bran) protein Egg albumin

Corn zein
Soy protein
Pea protein
Phaseolin

Peanut protein
Winged beans protein

Pistachios protein
Lupin protein

Sunflower protein
Cottonseed protein
Amaranth protein
Sorghum kafirin
Potato protein

Fibrillar proteins Casein
Gelatin/collagen

Keratin
Fish myofibrillar protein

3. Protein Processing and Purification

Most of the globular proteins are soluble in water or can be solved in aqueous solutions. The
solubility of these ampholytic molecules largely depends on the pH-value and salt concentration.
Purification processes can exploit this property. By shifting the pH-value or the ionic strength of the
aqueous solution proteins can remain soluble or precipitate. In the former case, it is possible to separate
insoluble components such as fiber and starch, whereas in the latter case, it is possible to separate
soluble components such as sugars and lipids from the proteins [50,51]. Further mild purification
processes can use size exclusion methods such as micro- and ultrafiltration. It allows separating
smaller and larger molecules than the target protein fraction. Chromatographic and adsorption
processes are used for purification of single protein fractions that require a high pureness of specific
proteins as in nutraceutical and pharmaceutical applications. Furthermore the addition of organic
solvents or multivalent ions into aqueous protein solutions provokes the precipitation of proteins to
separate soluble compounds. Proteins that are insoluble in water such as corn zein or wheat gluten
are processed otherwise. Zein solubilization requires alcoholic solvents such as ethanol or propanol.
In the case of wheat gluten, that forms a water insoluble network already when sheared at room
temperature, a washing out procedure is applied to remove non-gluten components. Further heat
induced denaturation and subsequent flocculation of proteins allow separating proteins cost-efficiently
from low concentrated aqueous streams such as in waste water treatments. However, in such like
processes, proteins often lose their film-forming properties due to thermal denaturation.

Fibrous proteins in contrast show rather inhomogeneous properties due to their nature. Several
of these proteins such as keratin and gelatin require a long extraction procedure and strong acidic or
alkaline conditions in order to cleave the strong network of crosslinks between proteins, minerals and
other components within cellular, skin and cartilage tissues. The relevant characteristic of the fibrous
proteins is the dense association in parallel structures stabilized by hydrogen bonding in order to form
fibers. These dense structures are insoluble in water. However, several proteins can be dissolved, when
high temperature, neutral to alkaline pH or high ionic strength contribute to swelling and breaking up
of bonding within such agglomerates. As can be observed in Table 1, the source of fibrous proteins are
typically found in by-products or waste of animal origin.
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4. Protein Characterization and Functional Properties

Proteins can be characterized and grouped according to their amino acid composition, geometrical
conformation, solubility in various solvents, molecular weight, sedimentation behavior, their surface
polarity and distribution or whether they maintain their native molecular configuration. Their
application potential depends on bio- and techno-functional properties. Bio-functional properties
refer to nutritious or pharmaceutical properties whereas techno-functional properties relate to the
ability to build up physical structures in foods or technical applications. With respect to the application
in packaging, most relevant are the techno-functional properties such as solubility, viscosity and
network formation.

Protein solubility—at least partial—and protein swelling is a prerequisite for a stable protein
dispersion to be applied as coating layer and for inducing viscosity and network-formation.
It contributes to loosen the molecular structure of the protein thus allowing interactions with both the
solvent and further protein molecules. Functional groups of the protein molecule need to be accessible
to build up highly viscous solutions or dispersions and to form networks.

Most proteins are soluble in water or other polar solvents, whereas few proteins become soluble
in moderate polar solvents like alcohols. Protein solubility is highly dependent on pH of the solution
and the ionic strength. At pH levels close to their respective isoelectric point (pI), the protein molecules
have a maximum of total anionic and cationic charges, whereas the net charge is zero. In consequence
electrostatic repulsion is minimized at the pI-value and the proteins aggregates densely to each
other. Thus typically proteins show an unwanted strong aggregation at the pI that leads to protein
precipitation and to rough surfaces of the coating. Further protein solubility and swelling is influenced
by salts. Low salt concentrations typically increase protein solubility and swelling by reducing
electrostatic protein-protein interactions.

5. Protein Film-Formation

Proteins unfold and dissociate in subunits when treated with heat, acid, base and various
solvents [52]. In consequence the proteins irreversibly loose their native geometric conformation
and display initially covered free reactive groups. This is the initial step to form new intermolecular
bonding between protein molecules and thus networks or films. Once unfolded, protein chains interact
through hydrogen, ionic, hydrophobic and covalent bonding [53]. Bonding formation is affected by
the degree of denaturation and the nature and concentration in amino acid able to form those bonds.
Increased interactions and cross-linking result in stiffer films that are also less permeable to gases,
vapors and liquids [25,54]. High molecular weight and fibrous proteins are in general more prone
to form film with good cohesion than globular proteins, although they are difficult to solubilize or
suspend in water, as already explained.

Proteins layer can be combined with paper in various ways as will be further defined in the
Section 11 dealing with processes. On the one hand, lacquering processes allow preheating the
protein solutions to provoke a high degree of protein unfolding. Thus the proteins are able to form a
dense and stable protein film when applied on the substrate. However, due to viscosity increase, dry
matter concentration of the coating formulation is rather limited. In consequence, the drying costs are
high. Schmid et al. [55,56] showed it is possible for whey protein to use high concentrated aqueous
protein solutions. In this case the proteins are still in their native state prior to the lacquering stage.
Subsequently, partial denaturation and film-formation occurs during the drying stage following a
patented process [57]. On the other hand, formulations with very low levels of solvent can be used
in hot melt systems. Thereby, proteins are plasticized during extrusion at high temperature and are
directly applied on the substrate. Plasticization temperature for the protein melt is significantly higher
than denaturation temperature for protein solutions and requires typically the addition of plasticizers
to improve processability and film properties. Standalone extruded protein-based layers can then be
laminated with paper using adhesives.
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While incorporation of plasticizers increases in general the flexibility of protein films by loosening
the protein network, it generally increases the permeation of gases. The higher the plasticizer level,
the higher the water vapor permeability (WVP), since plasticizers reduce internal hydrogen bonding
and increase intermolecular spacing [58,59]. Incorporation of lipids, waxes or long chain saturated fatty
acids in protein films, either in an emulsion [60] or as a coating [61,62] reduces the WVP. The barrier
efficiency of such composite films strongly depends on the polarity of the components and the uniform
or dispersed distribution of hydrophobic substances [63–65]. When the lipid forms a layer on the
hydrophilic film, the barrier against water vapor transfer was higher than when a stable emulsion film
was formed [63].

6. Protein Modification to Control and Optimize Film-Formation

Chemical, physical and enzymatic modifications of proteins as well as the combination with
hydrophobic material or other polymers can improve the mechanical strength of protein films and their
poor water vapor resistance. Protein agglomeration is one of the most critical threats for a successful
coating process. By setting pH-value and selecting kind and level of dissociated salts, electrostatic and
ionic conformation of the proteins can be controlled. Further modification can be used to adapt the
original protein properties to a desired functionality and therefore also preventing the agglomeration
and obtain a suitable film building behavior. Mechanical treatments such as dynamic high pressure,
ultrasonic treatment [66] or ionizing radiation [67] are relatively mild processes leading to dissociation
of protein aggregates and partial unfolding of the molecules. Partial enzymatic hydrolysis is used if a
reduction of molecular weight represents an advantage or if a higher solubility is required. Specific
modifications of the properties can be carried out by introducing chemical groups into the protein
molecules by using for example anhydrides (acylation) [68]. Both steric and electrostatic repulsion
lead to a partial unfolding and improves forming of a homogeneous network.

Acetylation with acetic anhydride inserts covalently bound neutral acetyl groups to the protein
amino group. The result is a partial unfolding of the protein backbone because of reduced electrostatic
attraction between oppositely charged amino acid side chains. Practical effects of acetylation are
slight increase of aqueous solubility, reduced isoelectric point, and decreased tendency to gel upon
heating [69]. Reaction with succinic anhydride introduces anionic succinate groups covalently linked to
the amino groups of lysine. Succinylation generally has greater effects upon protein conformation and
functional behavior than acetylation. The electrostatic repulsive forces, resulting from the enhanced
negative charge, lead to more extensive unfolding of the polypeptide chain. Alterations of functionality
commonly associated with succinylation include increase in water solubility, enhanced hydration, and
modified surfactant properties. Consequently the preparation of highly homogenous films is possible.

Strength of protein networks can be increased by an actively improved cross-linking of
proteins. The presence of reactive functional groups in the amino acid side chain of proteins allows
cross-linking via chemical reactions with, e.g., acid, alkali or formaldehyde, glutaraldehyde, glyoxal
or diisocyanate [70–72]. In addition some enzymes like transglutaminase can crosslink protein by
catalyzing acyl-transfer reactions between α-carboxyamide groups of glutaminase residues (acyl donor)
and ε-amino groups of lysine residues (acyl acceptor), resulting in the formation of ε-(α-glutaminyl)
lysine intra and intermolecular bonds [73]. Porta et al. [74,75] deeply studied this process to reticulate
protein component of edible films and bioplastic.

Other physical approaches such as irradiation have also been reported to modify protein
conformation. Gamma-irradiation of the protein solution caused the disruption of the ordered structure
of protein macromolecules as well as degradation, cross-linking and aggregation of polypeptide
chains [76]. Similar results were also obtained by UV or X-rays irradiation [77]. However these
reactions are difficult to control and not industrially employed for improving protein film formation.
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7. Different Technologies for Processing the Coating

As mentioned regarding film forming behavior of proteins, the protein layer can be obtained
via different processes whose two main types with potential for later industrial use of the protein
coating in the paper-based industry are here classified in two families: wet and dry (mainly extrusion)
processes. Depending on the target structure, mono- or multilayer, a technique may be favored vs.
the other.

7.1. Wet Coating

The wet process consists of the formation of a thin layer solution which can be a stand-alone film
(casting) or a coating on a different substrate. Casting is the most common method used in academic
research for initial evaluation of protein solutions. In terms of coating, different techniques can be
applied such as deposition of polymer films from solution (spray, dip-, roll-, spin-coatings), physical
vapor deposition, etc. Wet coatings from polymer solutions or suspensions are mostly performed
through lacquering or spraying techniques, while the application depends mainly on rheological
properties of the coating formulation [78]. Especially for research, solvent casting displays the main
role in protein polymer films since equipment varies from simple casting plates to batch or continuous
lab coaters, making it a cost-efficient method [79]. For the drying process, different methods are
applicable. The most common technique is drying under ambient conditions, while relative humidity
highly influences the film properties. Other techniques are convectional drying with hot air, infrared
energy or microwave energy. Each method influences film properties, e.g., morphology, appearance,
barrier and mechanical properties [79,80].

Aqueous protein solutions can be used for solvent casting to obtain stand-alone films as well as
for coatings. Here, the proteins are usually denatured by heat to induce an intermolecular cross-linking
of disulphide bonds. Heat treatment can be applied either before or after casting or coating of the films,
according to the method used. A formation of native protein films is also possible [81].

Each protein requires different processing conditions for film formation, also depending on their
degree of purification. When formed out of water-borne solutions, the resulting films become brittle
when dry, due to the cross-linked network. To achieve desirable properties, the use of plasticizers
is indispensable [82]. Therefore film formulations comprise a polymer with high molecular weight,
in this case a protein, a plasticizer and a solvent. Compatibility of all components directly influences
film properties [83,84].

For film formation via solvent casting the solution is spread out evenly on surfaces before its
later release to form a stand alone sample. Coatings are mostly applied via spraying or lacquering.
When food products are coated, enrobing or panning the food with edible coating formulations is
also possible. Film formation in both cases requires a removal of the solvent from the formulation by
drying after its application [49].

Drying may limit the thickness of the coating obtained via this route. Film formation is based on
removal of proteins from the solvent by precipitation or phase separation due to solvent drying in
general, but changes in solvent polarity or in pH were typical of this process; other thermal treatments
can also be considered. The solvents used to prepare protein film-forming solutions are generally
based on water, alcohol or mixture of water and alcohol or a mixture of other solvents. Most commonly,
the solvent removal is generally achieved by hot air or a combination of techniques as it may lead
to a differential protein structuring and therefore variable protein films properties [85]. Indeed, as
previously mentioned, during film formation, covalent bonds leading to a three-dimensional network
forming may occur which have an important effect on resulting properties. As such, the functional
properties of materials obtained by the wet process depend on protein concentration in solution, pH,
additives, solvent polarity, drying rate and temperature [27,86].

Drying conditions are highly dependent on the drying rate and temperature. High drying rates,
caused by high temperatures or air flow rates or low relative humidity can cause inhomogeneous
drying which results in flaws or even film fracture. However, drying rates that are too low can easily
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result in uneconomic processing. Therefore, the evaluation of suitable drying conditions should be
determined in a laboratory scale to indicate parameters for process up-scaling [82].

The effect of solvent polarity is quite important in film formation and properties. For film
homogeneity, high protein solubility is required. Hydrophilic water-ethanol mixtures favor unfolding,
which is important for the subsequent hydrogel formation. Reducing agents such as sulfites also
contribute unfolding by reduction of disulphide bonds. However, protein solubility and unfolding
highly depends on the adjusted pH [82].

Another important parameter to control is pH. Since proteins have a zwitterionic character, their
behavior in solutions for film formation, such as unfolding, aggregation and solution viscosity is related
to pH conditions. Therefore it is important to choose conditions away from the isoelectric points of
the used proteins to achieve desirable viscosity of solutions and homogeneity of final films [82]. With
regard to protein solutions, glycerol and sorbitol are the most common and compatible plasticizers.
However, to obtain desirable barrier properties, the plasticizer content should be adjusted as low as
possible and as high as necessary for film formation [49].

The temperature is also very important. As mentioned before, films can be formed out of native
or heat-denatured formulations. Since heat treatment favors cross-linking of disulphide bonds, the
cohesion in native protein films is mainly attributed to hydrogen bondings, resulting in water soluble,
weaker film properties. Heat-denatured films show stronger networks due to cross-linking and more
hydrophobic interactions caused by unfolding of the protein globular structure and therewith exposure
of hydrophobic groups [81].

7.2. Extrusion

Many different proteins were investigated for manufacturing into plastics and thus processed in
extruder as this is the conventional industrial method for preparing plastic granules [87]. Both plants
and animal proteins were extruded such as soy proteins, corn zein, WPI, sunflower protein isolate [88],
fish, beef and pork gelatin [89–91]. Proteins tend to denature and cross-link with temperature, leading
to a thermoset behavior. In order to extrude the proteins, they need to be modified to display a
thermoplastic behavior as studied in the extensive related work on whey protein [92–95]. However, in
certain cases, a coloring of the films was observed at extrusion temperature that may be an issue in
packaging film applications [96].

Process parameters such as temperature, plasticizer concentration, and residence time influence
properties. Under low-moisture, proteins can exhibit a thermoplastic behavior, through a temperature
increase or plasticizer addition and modification. Such protein-based materials can be shaped by
extrusion, calendaring, molding and thermoforming.

Extrusion is one of the most important polymer processing techniques with key assets vs. other
polymer converting technologies and is therefore an attractive option for biopolymers such as those
derived from proteins. An extruder allows melting the polymer at high-temperature during relatively
short time. With the mechanical action of the screw and temperature, the material is melted, conveyed,
compressed, sheared, mixed, undergoes variation of its amorphous content, optionally reacts, and
is finally shaped through a die of a desired shape. The mixing of polymers, especially filled ones,
is more efficient when using twin-screw extruders often leading to superior films in terms of functional
properties also depending of the main process parameters such as barrel temperature profile, screw
speed, configuration (order and dimensions of the different screw segments such as conveying elements
and kneading blocks along the shaft) and length-to-diameter ratio (L/D); die size/shape. Process
parameters used in proteins extrusion in the literature are described in Table 2.
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Table 2. Typical ranges of extrusion parameters in the processing of some proteins.

Protein L/D Ratio Speed Screw Range (rpm) Temperature Profile (˝C) Reference

Whey protein 30:1 250 20–130 [93,95]
Soy protein – 20–25 120–160 [97]

Gelatin 25:1 100–200 65–105 [90]
Keratin 25:1 25 120 [98]

Sunflower protein 25:1 20–200 85–160 [88]

Product temperature, residence time distribution, and eventual addition of moisture, torque,
specific mechanical energy (SME), pressure at the die, and degree of screw fill are other important
parameters. The SME is the ratio between the product of torque and screws rate and the mass flow rate.
A high SME affects the structure and level of interactions among proteins, promoting cross-linking,
so the suitable process of protein should keep SME low during extrusion working at low screws
speed and high mass flow rate. SME depends on the rheological properties of the melt, the extent of
macromolecular transformations, and interactions among components. For example an investigation
about extrusion of gluten/glycerol blends revealed that temperature and mechanical energy input
strongly affected the structural characteristics of the final product. In particular, extensive gluten
cross-linking was observed when high SME input was used during extrusion [99].

Extrusion and other thermal processing techniques led to structure rearrangements and new
interactions, which can be adjusted with the use of plasticizers and chemical additives. In general,
efficient plasticizers will increase the flexibility of a molded product, imparting greater ductility. On the
other hand, increasing molecular interactions, through the addition of cross-linkers or fillers, will result
in a material with higher tensile strength and stiffness.

Temperature appears to be the critical parameter of protein processing. As for many polymers, the
mobility of polypeptides is increased with the increase of temperature but their movement is restricted
because of branched structure, of hydrophobic interactions becoming stronger and of coagulation
which follows protein denaturation [88]. High Temperature and low moisture can result in protein
degradation during thermoplastic processing. As the protein is fed in the extruder and comes in
contact with plasticizer and moisture at increasing temperatures, their mobility increases to bridge
the glass-to-rubber transition resulting in a different rheological/viscoelastic behavior. The mixture
further undergoes a rubbery to free-flow transition increasing the temperature or moisture content.

Plasticizers consist of low molecular weight, low volatility substances that interact with the
polymer chains producing swelling. Without water addition, the temperature region of thermal
degradation would be easily reached before films could be formed [100]. However, an excessive
amount of water during protein extrusion would decrease melt viscosity, which, in turn, would lead to
low motor torque and specific mechanical energy input, resulting in low product temperature that
could reduce the degree of protein transformation and interactions.

Water is the most effective plasticizer in biopolymer materials facilitating deformation, and
processability of the biopolymer matrix. Some other types of external plasticizers used in protein-based
films are monosaccharides, oligosaccharides, polyols, lipids, fatty acids and derivatives [101,102].
Glycerol, sorbitol, sucrose are examples of common plasticizers used in edible films.

Protein plastics manufactured through extrusion allowed the preparation of materials with
reasonable mechanical properties. Further research into extrusion of proteins is required to produce
bioplastics with less water sensitivity, high tensile strength and good ductility. Thermal processing
and additives will reduce protein/protein interactions, therefore reducing the decomposition
temperature [87]. In general, protein modifiers that reduce intermolecular interactions, such as
plasticizers or reducing reagents, usually slightly reduce the thermal decomposition temperature
of bioplastics whereas cross-linking agents and additives that increase intermolecular interactions,
usually slightly increase the thermal decomposition temperature. However these effects are generally
counterbalanced by the different rheological properties, as in the former case the plasticization results
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in a decrease in melt viscosity allowing to reduce local temperature, whereas in the latter case,
in the presence of cross-linking, the increase in viscosity boosts the local increase of temperature.
The study of a proper balance in melt viscosity and profile temperature is particularly important in
protein processing.

Proteins, especially keratins, are defined by the large amount of the amino acid cysteine compared
with other proteins. Cysteine (C) is a sulfur-containing amino acid and can form sulfur–sulfur (S–S)
cystine bonds with other intra- or intermolecular cysteine molecules. Proper agents are often used
to break the cysteine bonds [103]. As unfolding agents urea or guanidine/HCl are frequently used.
For S–S bonds reduction Mercaptoethanol and Dithiothreitol are the most used agents. Sulfite reacts
with a disulfide bond of proteins cleaving them and giving one equivaleny of S-sulfonate and a
sulfhydryl group. Sodium sulfite is approved for food and drug use and is often used in low quantities
as a preservative in food [54].

Some authors have studied other different reducing agents based on thiol and/or disulfide
functionalized additives showing that both additives affected the cross-linking during processing
and demonstrated that the degree of cross-linking is not the only factor that determines the strength
of rigid, glassy gluten materials. The effect of the additives depends on the system used to mix the
additives with gluten. Mechanical properties were improved when additives acted as a reducing agent
during mixing [104].

The process occurring during extrusion is considered an equilibrium reaction between
temperature induced cross-linking and shear induced chain scission/degradation. High temperatures
and high SME input could induce excessive cross-linking and/or degradation of protein chains.
At high temperatures and low moisture or plasticizer content, viscous heat dissipation could increase
the likelihood of protein degradation. Optimal processing temperature is highly dependent on internal
and external factors such as the amino-acid sequence and amount and type of plasticizer used.

The blending of proteins with thermoplastic polymers was widely reported as an interesting
strategy to overcome the processing issues associated with almost uncontrollable reactivity of proteins
in the melt extrusion. The possibility of better controlling the processing properties of whey protein by
blending it with poly(ethylene-co-vinyl acetate) (EVA) was evidenced by Schmid et al. [105]. In fact
they succeeded in preparing flexible flat die continuously extruded films from plasticized whey
protein blended with EVA. The processing of the plasticized protein could not feed the same process,
hence the blending with EVA was found essential for producing films. However, in the case where
biodegradability of the blend can be essential, some biodegradable polyesters with a low processing
temperature, compatible with protein low thermal decomposition temperature can fulfill this aim.
As an example blends of poly(ε-caprolactone) (PCL) and corn gluten meal (CGM) were prepared by
Aithani et al. [106]. CGM, was plasticized using glycerol/ethanol mixture, denatured by the addition of
guanidine hydrochloride (GHCl), and then blended with PCL. Extrusion followed by injection molding
were adopted for producing specimens and items. The processing conditions were observed to affect
the thermo-mechanical performances of the blends. Mariani et al. [107] prepared and characterized
the thermal, mechanical and morphological properties of blends based on PCL and modified corn
starch, with added soy protein isolate (SPI) and sorbitol. The insertion of soy protein isolate in the
formulations was done with the aim of balancing the C/N ratio of the blend, which plays a key role
in the biodegradation process of these materials. Gosh et al. [108] employed whey protein isolate or
WPI (highly aggregated) and its component lactalbumin (less aggregated) melt blended with PCL.
The effects of structural morphologies of the proteins on the mechanical, morphological and in vitro
enzymatic degradation were examined. In general, the tensile strength and modulus of the biomaterials
decreased with increasing protein content, but the processability was improved and it is possible to
obtain easily injection molded objects or films. As often protein wastes are employed, a high content
of protein in these blends should be attained. Interestingly, the processability and properties of these
blends are correlated with the phase morphology developed during extrusion which can be controlled
by acting on processing parameters or on compatibilization techniques.
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8. Coating Formulations Based on Widely Available Proteins

Only few of the proteins presented in Table 1 are widely commercially available as dried and
concentrated or isolated protein fractions with protein content between 65% and 95% by weight [79,96].
The poor commercial availability of protein ingredients from many raw materials, high costs and
unfavorable technical properties of some protein ingredients limited the interest for packaging
applications to only some protein sources. Extensive studies in applications such as coatings on
packaging films and paper or stand-alone films were carried out with the following six proteins: casein
and caseinates, whey, gelatin, wheat gluten, soy and corn zein. These proteins origin, structures and
properties are briefly described in the following.

8.1. Casein and Caseinates

Dairy protein powders are the dominant protein ingredient and are used ubiquitously in food
industry. Thereby casein is the principal protein fraction in cow milk that accounts for 80% of its
total proteins. It appears as self-assembled casein micelles with 50–300 nm diameter in milk [109].
Caseins include the fractions αS1-, αS2-, β-, κ-casein ranging in size from 12 to 25 kDa. In its
micellar state, casein is relatively heat stable, capable to bear pasteurisation temperature of 65–72 ˝C.
The casein structure is amphiphilic and with presence of phosphoseryl groups able to bind calcium
ions [110]. In contrast to whey proteins, caseins are lacking sulfhydryl-groups and do not exhibit
a tertiary molecular structure, thus they do not show the typical denaturation behavior of proteins.
Centrifugation is applied to separate fat globules as well as membrane based processes to separate
lactose and minerals in order to process concentrated or purified caseins that maintain their native
colloidal state. A common practice to purify caseins and to alter their functional properties is based on
acidic or rennet induced precipitation. So-called acid casein is produced by shifting the pH towards the
isoelectric point of casein at pH 4.6 resulting in the formation of a coarse curd fraction high in casein.
However, as sour casein tends to aggregate and to a low rehydration rate once dried, the potential
functionality of the casein has to be released by re-neutralisation. Therefore sodium hydroxide, calcium
hydroxide or other alkali are added. The formed caseinates show high functionality that depends
highly on the used alkali. Sodium caseinates (NaCAS) is soluble in water with the ability to act as
emulsifiers for fat and oil. Based on aqueous solutions NaCAS can easily form films. This property
is based on the random coil nature of this protein and the ability to create extensive intermolecular
bonds through hydrogen, electrostatic and hydrophopic interactions [111–113]. In contrast, adding
calcium hydroxide forms small aggregates because of the ability of calcium, as bivalent ion, to form
cross-links between two casein macromolecules.

8.1.1. Barrier Properties

In general casein-based films have a hydrophilic character. According to this, the films are
sensitive to water and show high water vapor permeability [65,114]. However, in some industrial
applications casein-based coatings enhance for example the water vapor barrier and the mechanical
properties of paper. Khwaldia et al. [2,115] for example reported that NaCAS has a higher oxygen
barrier than nonionic polysaccharide films. A reason for this behavior could be the more polar nature
and more linear structure than noionic polysaccharides, which results in a higher cohesive energy
density and lower free volume [116]. Moreover, Aloui et al. compared sodium alginate, chitosan and
hydroxypropylmethylcellulose (HPMC) and sodium caseinate (NaCAS) as paper coating and showed
that the latter exhibited the lowest WVP values [3].

The effect of plasticizers on barrier properties was investigated by different authors.
Pereda et al. [117] used sodium caseinate blended with tung oil. Although surface tension and water
absorption evidence a decrease in hydrophilicity, the tung oil did not have an impact on the water vapor
barrier. Fabra et al. [118] also used lipids (beeswax and oleic acid) to blend with sodium caseinate and
polysaccharides (k-carrageenan and alginate). In films only containing polysaccharides, water vapor
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barriers were reduced compared to the pure caseinate. After adding lipids the permeation decreased.
Moreover the same authors [119] observed that the addition of beeswax supports the effectiveness of
oleic acid in reducing water vapor permeability. Besides they stated that the substitution of sodium
caseinate by calcium caseinate led to a higher water vapor barrier. However, when calcium casein
substitution and beeswax and oleic acid addition were combined, the effect of calcium caseinate
was hindered. Aliheidari et al. [120] also confirmed that oleic acid reduces water vapor permeability.
Although, when compared to stearic acid and Matricaria recutita essential oil applied in sodium
caseinate composite films, the latter showed the highest impact. Khwaldia et al. [121] compared
the impact of mica, carnauba wax, glycerol and sodium caseinate concentrations on water vapor
permeabilities. They reported that carnauba wax and glycerol concentrations had the highest impact
on water vapor permeability (WVP). While glycerol increased the permeability, carnauba wax and
mica reduced permeability. Thus in general the water vapor barrier increased when increasing the
content of lipids in casein based films. Chick et al. [122] describe higher barrier properties for sorbitol
than for glycerol plasticized casein films. Moreover they proposed that if the cross-linking of rennet
casein was more extensive, this could lead to a lower oxygen permeability.

Different authors evidenced that the coating thickness significantly influenced barrier
properties [2] showing that an increase of the coating weight resulted in a decrease in the water
vapor permeability. This statement resulted from the comparison with different biopolymers of casein
based as paper coatings.

Although no information was found about the effect of irradiation on barrier properties, it was
reported that ultrasound treatment did not show any effect on the water vapor permeability [123].

The effect of cross-linking was studied by many authors, but the results were not all in
agreement. In fact, cross-linking treatments with peroxidase increased the water vapor permeability
of casein films [124]. However, Bruno et al. [125] observed that water vapor barrier increased for not
cross-linked films when transglutaminase was added. Oh et al. enzymatically cross-linked casein
films with zein hydrolysates by transglutaminases but they did not observe an impact on barrier
properties [14]. The correlation between a high cross-linking degree and high barrier properties was
not confirmed by these authors. Water vapor permeability can be influenced by molecular weight
and developed crystallinity. Hence, the different chemical structures formed as a consequence of
cross-linking, as well as the dimensions of cross-linked macromolecules network, can influence barrier
properties significantly.

8.1.2. Mechanical Properties

Fabra et al. [118] observed that the mechanical characteristics were strongly dependent on film
composition. The presence of plasticizers affects mechanical properties to a large extent. Pereda
et al. [117] reported that tung oil content in sodium caseinate films increased tensile strength and Young
Modulus but reduced deformability. Others described similar results with oleic acid, stearic acid and
Matricaria recutita essential oil [120]. Sodium caseinate films containing these plasticizers had a lower
tensile strength and elastic modulus but a higher elongation at break. Likewise, Khwaldia et al. [121]
stated that higher contents of mica, carnauba wax, glycerol and sodium caseinate reduced tensile
strength but increased elongation of coated papers. The effect of glycerol and sorbitol was compared
on rennet and lactic acid casein films [122]. Similar results were later reported [121]. Chick et al. [122]
found that glycerol addition resulted in more extensible films, whereas sorbitol in stronger films.
However, the percentage of elongation increased for a lower plasticizer content for rennet casein films,
whereas it was reduced for lactic acid casein films. In fact while k-carrageenan and alginate improved
tensile properties of caseinate films, the positive effect of alginate was deteriorated when oleic acid
and beeswax were added. Successively they described that elongation at break and tensile strength
increased by replacing sodium caseinate by calcium caseinate [119]. However a dependence on lipid
content was also observed.



Coatings 2016, 6, 1 13 of 59

The effect of cross-linking onto mechanical properties was also investigated. Brault et al. [112]
investigated the effect of γ-Irradiation on mechanical properties of calcium caseinate and sodium
caseinate film. The latter showed less cross-links and less mechanical strength than the former.
Glycerol supported cross-linking and its content largely influenced mechanical properties. Likewise,
Mezgheni et al. [126] used γ-Irradiation to create edible caseinate films. Again the irradiation enhanced
puncture strength with plasticizers (propylene glycol or triethyleneglycol) thanks to cross-linking
and consequent improvement of mechanical resistance. Triethyleneglycol led to films with a higher
extensibility. Elevated irradiation dose induced lower breaking strength of gels, most probably due
to damage in protein structure. Similar results were reported by Ressouany et al. [127]. Apart from
γ-Irradiation, as already evidenced, Banerjee at al. [123] reached higher tensile and puncture strength
after ultrasound treatment of NaCAS films. Nevertheless, no impact on the elongation at break
was observed.

Another treatment investigated to improve the properties of casein films is the enzymatic
cross-linking of proteins with itself or with other proteins (for example zein hydrolysates) by
transglutaminases. Resulting films showed higher mechanical strength and flexibility [14].

8.1.3. Surface Properties

The presence of a plasticizer also influenced the surface properties of casein and caseinate films.
After adding tung oil to sodium caseinate films Pereda et al. [117] observed more opaque and milky
surfaces. Fabra et al. [128] investigated gloss and transparency of sodium caseinate films as a function
of glycerol and oleic acid/beeswax mixture content. As a function of the increasing content of each
component, gloss and transparency decreased and roughness increases, with beeswax having the
strongest effect. Moreover it was found that the substitution of sodium caseinate by calcium caseinate
and the addition of lipids leads to less transparent and glossy films. Conversely, pure calcium caseinate
films are the glossiest.

Gastaldi et al. [1] calculated the penetration of wheat gluten, calcium caseinate and corn gluten
meal coatings into paper. The penetration increased in the following order: calcium caseinate < corn
gluten meal < wheat gluten.

8.1.4. End of Life

The effect of cross-linking onto end life was investigated as the chemical modification due
to cross-linking can affect the biodegradation behavior. Mezgheni et al. [126] tested the effect of
γ-irradiation on biodegradability. They found that irradiation increased the amount of cross-links
and consequently affected biodegradability. It was described that degradation was delayed for 8 days
after irradiation with 64 kGy in comparison to an irradiation dose of 4 kGy. Successively, the same
authors [129] made a different observation for the same irradiation doses: for 64 kGy degradation
raised significantly after 3 days. During the next 60 days, degradation went on continuously.

8.2. Whey Proteins

Whey is the soluble constituent of milk and represents about 20% of the proteins in cow milk.
Being the by-product of cheese and casein manufacturing, it is highly available and still underused due
to its high water content and respective high transportation and processing costs [114,130]. Only from
the mid-eighties, the interest in whey has increased due to its content of nutritious and highly functional
proteins. The main part of whey protein is β-lactoglobulin followed by α-lactalbumin. Depending
on the manufacturing process for whey proteins, other proteins such as immunoglobulin, bovin
serum albumin and specific polypeptides are included in various proportions [13,83,131]. Purified
whey protein isolate powders (WPI) are processed by membrane and ion exchange chromatography
techniques followed by spray drying. WPI contains above 90% protein based on dry matter and
comprises α-lactalbumin and β-lactoglobulin in a ratio of 1:4 when manufactured in the membrane
process and 1:7 when the chromatography process is applied [132,133].
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β-lactoglobulin has a molecular weight of 18.4 kDa and contains two disulphide bonds and one
free thiol group, which can interact and form new disulphide bridges once the molecule is unfolded.
The rate of interaction between the thiol groups increases significantly above a pH-value of 6.8 [134].
At room temperature and at pH-values between 5 and 7 β-lactoglobulin is present as a dimer, consisting
of two identical subunits that dissociate into monomers at temperatures above 40 ˝C.

α-lactalbumin is, with a molecular weight of 14.2 kDa, smaller than β-lactoglobulin and does, in
its native form, not contain free reactive groups. It is the most heat resistant molecule among whey
proteins [135,136].

Native whey proteins are globular proteins with most of the hydrophobic and sulfhydryl groups in
the interior of the molecule. The formation of whey protein films usually consists of heat denaturation
of whey proteins in aqueous solutions. In fact heating modifies the 3-dimensional structure of
the protein, by exposing internal thiol and hydrophobic groups [137]. This allows the molecules,
in particular β-lactoglobulin, to interact and to form networks. Depending on factors such as pH-values
and ionic strength fine-stranded or particulate gels are formed [138]. Smooth fine stranded networks
are formed at neutral to alkaline as well as strong acidic pH values, when the repulsion in the system
is high.

Beside the casein fraction, whey proteins make about 20% of the total protein in milk [139]. For film
formation, protein denaturation followed by intermolecular interactions is required. Denaturation of
globular proteins leads to unfolding of the molecule, thereby exposing reactive functional groups that
are able to form new chemical bondings such as disulfide bridges or physical linkages including van
der Waals interactions, hydrogen bonding, electrostatic and hydrophobic interactions [140]. During
extrusion processing, the denaturation is caused by heat treatment as well as shear stress. Whey
proteins are able to form transparent, flexible, water-insoluble films and coatings out of aqueous
solutions with across-linked structure [81,113]. Films were generally formed from whey protein isolate,
whey protein concentrate or β-lactoglobulin in aqueous solution with different plasticizers, among
which glycerol is the most common. Film properties of the formulations can be influenced or modified
by the addition of lipids, salts and different plasticizers but also by chemical, biochemical or physical
modifications. Whey proteins for film productions are kept into account in several recent research
activities due to their good industrial potential especially as plastic lacquer and paper extruded
coating [39,55,56,85,141–146]. Rossi et al., prepared and investigated transglutaminase-crosslinked
whey protein/pectin films [147].

8.2.1. Barrier Properties

Due to cross-linking and the high content of intermolecular hydrogen bonds, whey protein films
provide aroma, oil and excellent oxygen barrier properties [13,116]. At low humidity conditions,
oxygen permeability is that the range of EVOH polymer’s and can therefore be used for coatings
to improve oxygen barrier property of food packaging [2]. Due to their hydrophilic character,
whey protein films show only poor water vapor barrier also implying a humidity dependent
barrier performance for oxygen [81]. However, water vapor barrier properties can be enhanced by
incorporation of lipids [113,148,149]. Used for paper coatings, whey proteins improved the packaging
material properties by increasing oil resistance, reducing water vapor permeability as well as oxygen
permeability compared to uncoated paper [8,33].

The type of plasticizer used for film formation highly influences the resulting barrier properties of
whey protein films and coatings. Whey protein isolate coated paperboard showed a good grease barrier
using glycerol as a plasticizer. However, the high migration potential of glycerol caused cracking
of the coating resulting in minor grease resistance [150]. Coatings consisting of sucrose-plasticized
whey protein concentrate paperboard coatings showed similar grease resistance to glycerol-plasticized
films. Even after ambient storage, grease resistance remained excellent due to minor migration into
paperboard when compared to low molecular weight plasticizers [151]. Therefore it was hypothesized
that large plasticizer molecules may prevent plasticizer migration into paperboard during storage [150].
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Sothornvit et al. [101] investigated the effect of a plasticizer on oxygen permeability of β-lactoglobulin
films. Best oxygen permeability values were obtained using sucrose (<0.05 cm3¨µm/m2¨ d¨ kPa),
followed by sorbitol and glycerol. Polyethylene glycol (molecular weight 200 and 400) plasticized films
had the poorest oxygen barrier properties. Comparing glycerol, sorbitol and xylitol as plasticizers
for whey protein isolate films, Shaw et al. [152] evidenced that glycerol showed the highest water
vapor permeability at each protein-plasticizer ratio. Increasing sorbitol and glycerol contents led to
increased WVP values, while the WVP values for xylitol did not change significantly when increasing
the xylitol content. WPI/xylitol (2:1) formulations showed the lowest water vapor permeability
(0.97 ˆ 10´6 g¨ m/m2¨ sPa).

The effect of cross-linking on barrier properties was also investigated. Ustunol et al. [153]
used different cross-linking agents for glycerol plasticized whey protein isolate films causing an
increase of water vapor permeability values and a decrease of oxygen permeability. Highest WVP was
determined with glutaraldehyde followed by carbonyldiimidazole and formaldehyde. Cross-linking
with dialdehyde starch showed both lowest oxygen permeability as well as water vapor permeability.
In contrast to WVP, incorporation of cross-linking agents to whey protein film forming solutions can
reduce oxygen permeability of whey protein films.

8.2.2. Mechanical Properties

The use different plasticizers showed negative exponential dependence on their concentration in
β-lactoglobulin films for elastic modulus and tensile strength, and a linear dependence for elongation.
Incorporation of the used plasticizers increased elongation and decreased tensile strength in the
following order: glycerol, polyethylene glycol (200), sucrose and polyethylene glycol (400). The most
efficient plasticizers for desirable mechanical properties were glycerol and PEG 200 [102]. In glycerol
plasticized whey protein films, increasing plasticizer content decreased the mechanical resistance and
Young’s modulus [154]. Using sodium dodecyl sulfate as a co-plasticizer with sorbitol or glycerol as
main plasticizer, [155] produced more extensible films. In xylitol and sorbitol plasticized WPI-films,
tensile strength was significantly lower compared to glycerol-plasticized films [152]. In general,
increasing plasticizer content decreased tensile strength while film elongation was increased [156].

The usage of cross-linkers (glutaraldehyde, carbonyldiimidazole, formaldehyde and dialdehyde
starch) significantly increased tensile strength, while elongation is not affected in glycerol plasticized
WPI films. The results are in agreement with previous ones [154] who showed that the cross-linking
effect of formaldehyde enhanced mechanical properties while calcium chloride in low concentrations
had no impact on functional properties of glycerol plasticized whey protein films.

8.2.3. Surface

Lyn and Krochta used whey protein coatings on peanuts, suggesting a concentration of
surfactant higher than the critical micelle concentration in the coating solution to significantly
increase hydrophilicity and thus coating properties [151]. Surface hydrophobicity of whey protein
concentrate films could also be significantly increased by treatment with microbial transglutaminase,
suggesting that moderate cross-linking can result in exposure of hydrophobic groups within the
protein structure [157].

8.2.4. End of Life

Li and Chen compared the biodegradability of whey protein isolate and whey protein concentrate
films from glycerol plasticized aqueous solutions using Pseudomonas aeruginosa under commercial
composting conditions. Whey protein concentrate films degraded faster than those obtained from
whey protein isolate, which might show dependence to film composition and extent of cross-links.
At commercial compost conditions, whey protein isolate films lost more than 80% of total solids in
7 days [158].
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8.3. Gelatin

Gelatin refers to the purified and modified collagen protein. Collagen is the principal protein
component in animal connective tissues such as skins, cartilages and bones. Within collagen the
protein appears in a fibrous triple helical structure consisting of three protein molecules with a total
weight of around 30 kDa. These so called tropocollagen forms straight alignments with a dense,
elastic and insoluble structure. Whereas the proteins inside the helical structure form almost no
covalent intermolecular crosslinks, they do at the loose ends of the helical structure. Breaking down
the covalent bondings under strong acidic (Type A) or alkaline (Type B) conditions with subsequent
protein separation from other bone and skin materials results in gelatin. Gelatin loses its triple helical
structure in aqueous solution at elevated temperatures. For fish-based gelatin, a temperature above
45 ˝C is required [159], whereas gelatin from pork and bovine demands a temperature above 60–65 ˝C.
Type A and type B gelatin differ in their isoelectric point (IEP) being around pH 8.0–9.0 for type A and
around pH 4.8–5.4 for type B gelatin. Consequently, type A is well suited for application in acid to
neutral conditions, whereas type B is typically applied at strong acid or neutral to alkaline conditions.

Furthermore gelatin has the ability to form cold–set thermo-reversible networks when chilled.
At elevated temperatures the proteins in this network become water soluble again. Network formation
depends further on the cooling rate. At low cooling rate, single molecules form alignments and
helical structures similar to the origin material, whereas for high cooling rates short alignments and
disordered areas alternate. The latter network type has the ability to immobilize high quantities of
water and to form elastic gels.

Gelatin has excellent film forming properties but its films are brittle and plasticization or
toughening is needed for most practical applications. Solutions based on gelatin and polyvinyl
alcohol (PVA) revealed Newtonian behavior at 30 ˝C and were successfully used for preparing films.
PVA and plasticizer concentration did not change the viscosity. Optimal film-forming conditions
were found at a pH of 10.54 while adding 55.18%, w/w corn oil [160]. Also chitosan can be used
for preparing gelatin based films [161]. In both cases (PVA and chitosan), the formation of hydrogen
bonding is fundamental for attaining a good miscibility.

8.3.1. Barrier Properties

Concerning barrier properties, oxygen permeability values of mammalian gelatin films are higher
than for cold-water fish gelatin films thus showing the effect of different aminoacidic sequences on
barrier properties [162].

Arvanotoyannis et al. [163] observed that a higher amount of renaturated gelatin initiated an
improvement in gas and water barrier. Other authors [58] reported that formaldehyde increased
cross-linking but decreased water vapor barrier. Also the addition of polyols (except sorbitol) led to a
lower barrier, as the free volume increased. Sorbitol improved barrier properties.

According to different authors [164,165], UV treatment reduced the swelling of collagen films
during hydration. In transglutaminase cross-linked gelatin films containing glycerol, the cross-linking
led to a decreasing in oxygen barrier at relative humidities >50% [166]. Other authors [167] used
chemical and enzymatic modifications of gelatin and found that each of them led to a decrease in
solubility. The best water vapor barrier occurred for enzymatic treatments. They suggested that,
due to the hydrophobicity of the protein itself, the influence of cross-linking is not significant on
oxygen barrier.

By adding bergamot and lemongrass oil improved barrier properties were observed for gelatin
films [168]. Other authors [169] had similar results by using 25%–30% of palm oil. Moreover both
water vapor permeability and oxygen permeability were shown to be affected by corn oil content
and pH value [160]. Furthermore, other authors [170] found that increasing the content of citric acid
and soy lecithin as emulsifiers in films reduced the barrier towards water vapor because of increased
hydrophilicity of the films.



Coatings 2016, 6, 1 17 of 59

In films obtained by flat die extrusion, extruder speed and temperature did not have a major
effect on barrier properties [89,90]. A higher screws speed determined a higher solubility of the films
in water, while a higher extrusion temperature reduced water vapor permeation.

8.3.2. Mechanical Properties

Mechanical properties of gelatin from different sources were compared. Tensile strength,
elongation percentage at break and puncture deformation declined in the following order: gelatin from
mammals, from warm- and from cold-water fish. It was reported that at 70 ˝C heated squid gelatin
films showed increased tensile strength but reduced elongation [171]. Temperatures above 70 ˝C lead
to an opposite behavior.

Hanani et al. [89] tested the effects of speed and temperature in a twin screw extruder. Whereas
higher temperatures increased the elongation at break and decreased the tensile strength, higher screw
speeds increased both tensile strength and puncture strength. The results were in agreement with
those of Rubin et al. [164] about collagen films. It was reported that these films reached a higher burst
strength after a UV treatment carried out on wet films.

In order to create a biodegradable film with improved barrier properties, films made of
gelatin and polyvinyl alcohol cross-linked with glutaraldehyde were produced [172]. No major
improvements in mechanical properties were observed. Gelatin cross-linked with transglutaminase
showed greater elongation but lower tensile strength with water and glycerol as plasticizers
than non-cross-linked ones. Various authors [166,173] tried different edible casein–gelatin blends
cross-linked with transglutaminase. Blends showed better elongation properties than pure casein or
gelatin, but no effect was observed in terms of tensile strength.

Other authors [170] discovered that higher contents of acetyltributyl citrate and tributyl citrate
decreased tensile strength. It did not show an effect on the elongation. Moreover different glycerol
concentrations in PVA gelatin films were used [174]. Films containing PVA Celvol 418 (DH = 91.8%)
showed very good tensile resistance (tensile strength = 38 MPa), but after adding glycerol, the quality
drastically decreased. Other authors [175] added catechin-lysozyme to fish gelatin. An addition of
catechin-lysozyme of 0.5% showed the highest increase in elongation at break and water vapor barrier.

In order to replace glycerol, bergamot and lemongrass oil into gelatin films were used but lower
tensile strength and elongation at break were obtained. The addition of palm oil [169] resulted in
increased elongation at break but lower tensile strength. On the other hand, corn oil content linearly
enhanced tensile strength and puncture strength, whereas pH had a stronger effect on elongation
values [160].

For modulating mechanical properties, the applicability of different plasticizers for gelatin
films (sucrose, oleic acid, citric acid, tartaric acid, malic acid) was studied [176]. Only malic acid
enhanced the ductility. The comparison of polyethylene glycols of different molecular weights
illustrated that higher molecular weights led to minor plasticization. Other authors [177] used glycerol,
propylene glycol, di-ethylene glycol and ethylene glycol in different concentrations. Di-ethylene glycol
showed improvements in puncture deformation whereas glycerol showed the best plasticizing effect.
No influence on water vapor barrier was detected.

Arvanitoyannis et al., described that higher amounts of plasticizers (water, glycerol, sorbitol) led
to lower elastic modulus and tensile strength in their gelatin/starch edible films but they did not
observe an increase in elongation at break [163]. Interestingly the addition of KNO3 and microbial
transglutaminase (for enzymatic cross-linking) in gelatin films obtained from water solutions was
found to improve elongation at break of films thanks to the combined effect of cross-linking and KNO3

crystallization [178].

8.3.3. Surface Properties

Some studies were reported about functionalisation of polymeric surfaces [179] or paper [180] with
gelatin, especially for improving biocompatibility in biomedical applications and tissue engineering.
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Gelatin is often used as additive in several water based formulations for imparting anti-microbial or
adhesive properties to paper. As an example in the field of packaging some authors [31] evaluated
sealing properties of gelatin based coatings on oriented polypropylene (OPP) surfaces. Up to 1 wt % of
a hydrophobic component improved sealing properties. Glycerol as a plasticizer gave the best results.
A pH value beyond the isoelectric point also improved sealing properties.

8.3.4. End of Life

Gelatin, as a protein, is subject to a fast biodegradation when the contamination and the
environmental conditions are adequate. Bacterial contamination can be present at different stages
of the gelatin production process and quality control of gelatin producing factories pointed out
that thermotrophic, aerobic, proteolytic endospore forming bacteria might be present during the
production process. The presence of peculiar bacteria such as Bacillus B. amyloliquefaciens and B. subtilis
can accelerate the biodegradation rate of gelatin based films used in the photographic sector [181].

8.4. Wheat Gluten

Wheat gluten is known to form a unique visco-elastic network that gives integrity to wheat dough
and is used for a wide range of bakery and other food products for centuries. In recent years, it became
the most available plant based protein ingredient, manufactured as co-product of starch and ethanol
production from wheat.

Wheat gluten is a general term for more than 50 different salt water-insoluble wheat flour proteins
of different classes and represents about 85% of total proteins. It contains the glutelin and prolamine
fractions of wheat flour proteins, typically referred to as glutenin and gliadin, respectively. Gliadin
is soluble in 70% ethanol, but glutenin is not [182–184]. Although insoluble in natural water, wheat
gluten dissolves in aqueous solutions of high or low pH at low ionic strength. Gliadins consist mainly
of monomeric chains with molecular weights in the range from 28 to 55 kDa. Having only very few
disulphide and sulfhydryl groups, gliadins associate while forming non-covalent bonds and thus
contribute to increase both in viscosity and extensibility of the gluten network [185]. In contrast,
glutenin refers to a polymeric, high molecular weight protein fraction with a molecular weight
that range from 500 to 10,000 kDa. However, after reduction of disulphide bonds, the resulting
glutenin subunits with molecular weight of 32–88 kDa show a solubility in aqueous alcohols similar
to gliadins [186]. The ability of glutenin to form intermolecular covalent disulphide bonds and, to a
minor degree, covalent bonds at the tyrosine side chain account for the elastic properties of the gluten
network. Léon et al. [187] measured thermally induced denaturation by DSC of wheat glutenins at
60 ˝C for dry (12.7% moisture) and 41 ˝C for moist (52.1% moisture) protein preparations.

The unique property to form an insoluble protein network while shearing a wheat flour with
water enables separation and purification of aggregated wheat gluten in industrial scale by washing
out starch, fibers and further components with water [188]. Gentle drying at to a low moisture level
and short temperature exposure allows the production of the so-called vital wheat gluten powder
that maintains the typical properties of purified wheat gluten. This powder forms again a rubber like,
cohesive and turbid network when rehydrated.

Wheat Gluten films are typically prepared from aqueous alcoholic protein solutions. Since
solvent casting is the method widely used for gluten film formation, homogeneous film solutions
are required, aided by mechanical mixing, heating as well as the adjustment to alkaline or acidic
conditions [97]. During heating, dissociation of native disulphide bonds takes place, resulting in free
thiol groups that can form new bonds during drying. Other influences on film formation are hydrogen
and hydrophobic interactions [182]. When pH is high, the cleavage of disulphide bonds is favored,
allowing a higher stretchability and resulting in weaker films compared to films prepared from acidic
conditions [189]. To achieve flexible wheat gluten films, the addition of plasticizers like glycerol or
sorbitol is indispensable [15] and also for molding wheat gluten based materials [190]. Wheat gluten
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is also used as a binder for paper coating dispersions, showing good film-forming properties. These
paper coatings possess good adhesion to various substrates [191].

8.4.1. Barrier Properties

Generally wheat gluten films show selective oxygen and carbon dioxide barriers, while, due to
their hydrophilic nature, water vapor barrier properties are low [192]. Films prepared from glutenin
fraction showed higher water vapor permeability values than those obtained from gliadin, which can
be attributed to the extended random coil conformation of glutenin [97]. Carbon dioxide sorption
and diffusion was found to increase by increasing relative humidity, leading to higher carbon dioxide
permeation values [193].

The presence of plasticizers strongly influences the poor water vapor barrier of wheat gluten
films [192]. When the plasticizer content is increased, water vapor permeability also increases, resulting
in a reduced water vapor barrier [189].

Concerning the effect of cross-linking, it was observed that differences in heat treatment and
formaldehyde treatment, both influencing the cross-linked state of wheat gluten films, did not affect
water vapor permeability [192], while calcium cations used for the promoting of cross-links in the
protein network structure decreased water vapor permeability [27].

8.4.2. Mechanical Properties

The effect of plasticizers on mechanical properties was widely investigated. Mechanical properties
of wheat gluten films are generally dependent on the water content, having even larger influence than
the processing conditions. Therefore, storage conditions and water contents in film formulations must
be considered and controlled [194].

Pommet et al. [195] stated that a low melting point and a moderate hydrophobicity were the
critical characteristics to consider when choosing a wheat gluten plasticizer. They compared water,
glycerol, 1,4-butanediol, lactic and octanoic acids on their plasticizing properties. Lactic acid as well
as water resulted in improved elongation at break while tensile strength properties were found to be
closely related to the plasticizer content in general [195]. In an alkaline film casting process of gliadin
films, different plasticizer concentrations also led to a wide range of elongation values. Tetra-ethylene
glycol was found more convenient than glycerol when comparing different polyols of the polyethylene
glycol series [196]. In fact less volatile plasticizer allow a better durability in mechanical properties.

Concerning the effect of cross-linking on mechanical properties, Micard et al. [192] obtained
cross-linking of gluten films by thermal treatment in the presence of formaldehyde. Both treatments
improved mechanical resistance of films, leading to an increase in tensile strength and Young’s modulus
but a decrease in elongation at break. The addition of sodium sulfite used as a reducing agent for
intermolecular disulphide bonds resulted in a slight increase in tensile strength (14%). A similar result
was achieved by using calcium cations as cross-linking agents [197].

8.4.3. Surface Properties

Sanchez and others studied the effect of different plasticizers (five polyols of the ethylene glycol
series and glycerol) on the surface properties of wheat gliadin films, showing high hydrophobicity but
no influence of the plasticizers used [157,196] significantly increased (p < 0.01) the contact angle values
and therewith surface hydrophilicity of wheat gluten films by microbial transglutaminase treatment.

Using a wheat gluten solution for paper coating, coated paper showed a smooth surface the
porous structure of paper was covered [1].

8.4.4. End of Life

In a simulated farm and soil mix (topsoil, sand, sunshine compost, vermiculite; 59:6:25:10 wt %)
the biodegradable behavior of films containing wheat gluten and soy protein (S:G 4:1; prepared at
pH 7) was evaluated. The films showed rapid biodegradation with a weight loss of 50% in 10 days and
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up to 95% in 30 days and a significant decrease of tensile strength in only 3 days. After 20 days the
films were disintegrated [10].

8.5. Soy Protein

Proteins in grain legumes such as soy, pea, bean and peanut, consist of two principal fractions.
About 10%–20% of the proteins are water soluble and small (10–20 kDa) albumins, whereas the main
protein fraction exists as large, globular storage proteins. These globulins are described as vicilin-
and legumin-like proteins, according to respective proteins fractions in pea. In soy, these globular
components are named β-conglycinin (7S) and glycinin (11S). Both of them have a quaternary (subunit)
structure which can be disrupted by high ionic strength, acidic and base pH-values and heat treatment.
β-conglycinin, a trimer, consists of three subunits, each with a molecular mass of 52–72 kDa. Two
out of three known subunit structures possess one cysteine residue (–SH), whereas no cystine residue
(–SS–) exist in any of the subgroups [198,199]. In contrast, glycinin is a hexamer with six subgroups,
each consists of an acidic (~35 kDa) and a basic (~20 kDa) polypeptide which are linked together by
a disulphide bond [200]. A total of ten different subunits are described for glycinin. Each subunit
contains two to three cysteine and cystine residues. Those depending on the subunit composition
of β-conglycinin and glycinin is genetically determined, so soy protein can possess various gelling
properties. Overall, gels from β-conglycinin proteins are described as transparent, soft and rather
elastic, whereas gels high in glycinin appear more turbid and hard. These gelling properties are
further depending on ionic strength and pH-value that control aggregation and dissociation of the
proteins and their subunits. In particular, solubility of both globulin fractions depends highly from
these conditions, with minimal value in the pH-range of 4.0–4.5 and high solubility at neutral to alkali
pH-value. Consequently, aqueous extractions procedures with alternating increases and decreases
in pH-values are used to produce soy protein isolates (SPI). SPIs are commercialized as spray dried,
stable powders of creamy color [201].

Soy protein isolate (SPI) is usually a by-product of the soybean oil industry. Like other globular
proteins, SPI shows good film-forming properties and is therefore suitable for edible films and
coatings [202]. By modification of SPI formulations, mechanical properties as well as water resistance
can be improved [203]. Soy proteins are widely used for cast film production out of aqueous solutions.
To avoid brittleness, a plasticizer must be added for film formation [24]. For soy protein based
films, glycerol is the plasticizer most often used [97]. Film qualities can be improved by alkali
treatment, different types of plasticizers like glycerol or sorbitol, via chemical modification or addition
of hydrophobic substances such as waxes or lipids [202,204]. By the use of plasticizers and chemical
modification (e.g., by sodium sulfite), dry processes like extrusion processing of soy protein films are
also possible [87].

Especially in wet processes, protein concentration and pH of solutions are decisive factors.
Common protein concentrations are 4%–5% in wet processes and about 80% in dry processes [205].
Films can be formed in both acidic and alkaline conditions [97]. The cross-linking of pectin-soy by
enzymatic treatment with transglutaminase was also investigated for preparing edible films. The
presence of pectin facilitated the formation of high molecular weight species due to electrostatic
interactions occurring between soy proteins and pectins, resulting in a suitable conformation for acting
as transgluminase support [206,207].

8.5.1. Barrier Properties

Concerning the effect of plasticizers on barrier properties, Wan and others compared soy protein
films plasticized with glycerol and propylene glycol, sorbitol or sucrose at a ratio 25:75, 50:50, 75:25, and
0:100. Plasticizer type and ratio both affected water vapor permeability. The substitution of glycerol
by only 25% of the less hydrophobic plasticizers in the mixture resulted in a significant reduction of
water vapor permeability [208]. Kim and others compared sorbitol and glycerin plasticized films as
well as sorghum wax composites films based on SPI. With increasing sorbitol and glycerol content,
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WVP increased. However, sorbitol addition gave lower WVP compared to glycerol plasticized films,
while the addition of sorghum wax lowered WVP in all samples [209].

Concerning the effect of cross-linking on barrier properties, it was observed that thermal
induced cross-linking by heat-treatment decreased water vapor permeability in soy protein films,
while enzymatic treatment (horseradish peroxidase) provided no further improvement of barrier
properties [210]. Ghorpade et al. [211] chemically modified glycerol-plasticized soy protein films
with the addition of acetic anhydride, succinic anhydride, calcium cations, and formaldehyde.
While formaldehyde treated films showed higher oxygen permeabilities, water vapor permeability
was reduced. All other used cross-linkers did not affect film barrier properties. Using microbial
transglutaminase as cross-linking agent, [212] also found no significantly differences (p > 0.05) in water
vapor transmission rates by enzymatic treatment.

Although it was suggested that UV irradiation induces cross-linking in glycerol plasticized soy
protein cast films, irradiation (13.0, 25.9, 38.9, 51.8, 77.8 or 103.7 J/m2) had no influence on water vapor
permeation [165].

Rhim et al. [20] determined the barrier properties of SPI coatings on paperboard with and without
cross-linking treatment via formaldehyde. The barrier properties for water vapor were increased by
both coatings.

Concerning the effect of pH on barrier properties, films obtained from different pH conditions of
the soy protein isolate solutions show different barrier properties. Acidic films showed higher WVP
than alkaline films (pH 8 and pH 11). Furthermore, films formed at pH above the isoelectric point of
the proteins showed lower WVP than those prepared in acidic conditions (pH 1–3). This effect might
be attributed to different intermolecular cross-linking behavior as well as the hydrophilic character
which is correlated to the water binding of films which allow faster permeation [213].

8.5.2. Mechanical Properties

Concerning the effect of plasticizers on mechanical properties, Wan et al. [208] compared films
plasticized with mixtures of glycerol and one of the plasticizers propylene glycol, polyethylene glycol,
sorbitol or sucrose. To increase tensile strength significantly, at least 50% glycerol had to be present
in the mixture. Films with a plasticizer mixture of glycerol and sorbitol (50:50) showed relatively
high flexibility and strength. Pure glycerol plasticized films presented a tensile strength of 7.8 MPa
and elongation values of 155%, while using polyethylene glycol 400 for plasticization lowered tensile
strength to 5.8 MPa [208]. Kim and others compared the mechanical properties of soy protein films
with addition of sorghum wax, sorbitol, glycerol. All independent components significantly (p < 0.05)
had an effect on tensile strength and elongation at break of films. With increasing sorbitol content,
tensile strength values also increased [209].

Within the study about the effect of cross-linking on mechanical properties, Gennadios et al. [165]
compared the mechanical properties of glycerol plasticized soy protein cast films irradiated with
different UV radiation values (13.0, 25.9, 38.9, 51.8, 77.8 or 103.7 J/m2). They detected a linear increase
of tensile strength and a linear decrease of elongation with increasing UV dosage due to suggested
induced cross-linking in films [165].

Heat induced cross-linking of SPI edible films (heat treatment with 85 ˝C) increased elongation
at break and tensile strength. Further enzymatic cross-linking treatment (horseradish peroxidase)
increased Young’s modulus while elongation at break and also tensile strength decreased.

Cross-linking of glycerin-plasticized soy protein cast films (alkaline protein solution at pH 8.5)
induced via acetic anhydride, succinic anhydride, calcium cations, and formaldehyde also affected
the mechanical properties. Tensile strength was slightly increased with calcium cations treatment and
more than two-fold increased by formaldehyde treatment [211].

Tang and others used microbial transglutaminase as an enzymatic cross-linking agent for glycerol
and sorbitol (0.6 g plasticizer per g SPI) plasticized SPI cast films, but a slightly increased tensile
strength and a highly reduced elongation at break were observed [212].
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Using SPI with further cross-linking treatment as a coating for paperboard, the material’s tensile
strength was reduced by 12.5%–37.5% compared to the uncoated paperboards [214].

Gonzalez et al. [215] used different amount of naturally occurring genipin as cross-linking agent
for SPI cast films from heated and alkaline aqueous solutions plasticized with glycerol. Mechanical
properties were improved with only small amounts of genipin due to linearly increasing cross-linking.
Tensile strength and elongation were both increased although addition of larger amounts of genipin
were followed by a decrease of elongation values.

Concerning the effect of pH on mechanical properties, Mauri and others studied SPI cast films
at different pH. Showing a higher amount of disulphide bonds, films obtained from solutions at pH
2 and 11 presented a higher tensile strength and Young’s modulus of about 1.05 MPa and 0.15 MPa,
respectively, compared to films obtained at other pH. Alkaline films (pH 8 and 11) showed a 70%
higher deformation than films at the acidic pH of 2 due to native protein fractions that are able to
unfold under mechanical load and therewith enabling greater deformation. This is consistent with
a study by Brandenburg et al. [24], showing that alkali treated films also showed higher elongation.
By comparing film properties at pH 6, 8, 10 and 12, a lower tensile strength and elongation at break
was detected at pH 6 while at higher pH an increase in tensile strength was observed.

8.5.3. Surface Properties

Enzymatic cross-linking via 4 units microbial transglutaminase per g SPI in glycerol and/or
sorbitol plasticized films increased surface hydrophobicity by 17%–56% depending on the plasticizer
used. The films displayed a rougher surface and a more compact cross section than untreated
formulations, suggesting a modification of microstructure by enzymatic treatment [212].

8.5.4. End of Life

Biodegradation studies on glycerol plasticized SPI films showed a biodegradation time of at least
14 to 33 days, depending on the film composition [215]. Park et al. [10] used a simulated farmland
soil mix (topsoil/sand/sunshine compost/vermiculite, 59:6:25:10, wt %) for biodegradation of soy
protein-wheat gluten films. After 20 days, films were disintegrated into the soil mix environment.

8.6. Corn Zein

In corn all four Osborne fractions (albumins, globulins, prolamin and glutelin) are present. As in
wheat, the prolamin fraction named corn zein or corn gluten, is the principal protein fraction in corn
endosperm, where it represents about 50% of the protein followed by glutelin. However, protein
composition varies widely depending on corn variety and includes also proteins that cannot be
classified into the four Osborne fractions. Malumba et al. [216] found reduced protein solubility once
corn kernels were dried at a temperature of 80 ˝C. Since kernel moisture content is rather low, protein
denaturation temperature under moist conditions may even be lower.

Native zein consists of a polypeptide with a molecular weight of about 85 kDa or larger. Under
reducing conditions that break up disulphide bonds, four major substructures with molecular weights
ranging from 9 to 50 kDa can be defined [217]. Zein dissolves in 70%–80% aqueous ethanol or pure
propanol and is insoluble in water at room temperature [218]. Sessa et al. [219] reported that zein
aggregates in water/glycol solution and becomes more viscous when exposed to heat and shear that
allows film formation in extrusion processes. Lawton found, that zein can form dough like structures
with water and starch when processed above glass transition temperature at 60 ˝C [220]. Commercially
available zein products extracted with aqueous-alcoholic solutions contain a zein ratio greater than
90% [48]. Compared to other plants, zein protein isolates processing is more sophisticated and thus
zein is relatively costly [221].

Sessa et al. [219] investigated the torque of zein. Zein aggregates and becomes more viscous when
exposed to heat and shear, what may considerably affect manufacturing processes like e.g., extrusion.
In fact, Selling et al. [222] had examined the effect of water and triethylene glycol on zein. The torque
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increased at temperatures of 90 ˝C and contents higher than 10% of water. Moreover the torque linearly
increased with time. Only at 120 ˝C a quick torque rise was observed. The same authors [219] added
different amounts of triethylene glycol, sodium dodecyl sulfate and water. It is reported that the
addition of sodium dodecyl sulfate and triethylene glycol delayed the viscosity rise and the effect was
more pronounced by increasing the amount of sodium dodecyl sulfate.

Other authors [223] already carried out experiments extruding zein through a twin screw-extruder.
They reported that zein proteins flowed easily through the extruder barrel and melted homogeneously.
Moreover films produced by extrusion with were compared with films produced by casting [224].
Only the latter one showed phase separation during heating and brittleness. Film processing was thus
shown to have a strong influence on film properties. Moreover, Wang et al. [225] stated that the film
forming process is easier when using oleic acid.

8.6.1. Barrier Properties

Within the studies about the effect of plasticizers on barrier properties, some authors [226]
investigated oxygen permeability of zein films containing a mixture of sorbitol/glycerol/mannitol.
Glycerol and sorbitol decreased oxygen permeation (sorbitol more significantly). In contrast, mannitol
increased oxygen permeability.

Instead of blending zein with oils, other authors [227] coated the zein film surface with tung oil,
linseed oil and a mixture of tung and soybean oil. Reduced water vapor permeability was observed. In
the successive step Rakotonirainy et al. [228], validated the usability of coated zein films for modified
atmosphere packaging (MAP). Similarly, the same authors [229] coated zein films with flax oil and
tung oil respectively. Likewise, water vapor permeability and liquid water transmission was reduced,
most probably thanks to hydrophobicity and peculiar microstructure, as the microstructure of flax
oil samples showed a good surface distribution. Moreover a high resistance of zein films containing
oleic acid towards water could be observed. However, films absorbed water after a longer time and
were therefore not suggested to be used for wet products. Similarly, Santosa et al. used oleic acid and
linoleic acid as plasticizers [230]. Moreover, additional heating in fatty acid of oleic acid zein samples
led to a replastification. The result was the achievement of a lower water absorption of zein sheets.

Padgett et al. [231] described the influence of lauric acid on zein films. For microbiological
protection, the films contained a few milligrams of nisin per gram of film. Moreover thanks to the
addition of lauric acid water permeability was considerably decreased.

Other authors [37] added glycerol to zein paper coating and report increased water vapor
permeation values. Parris et al. [232] reported good water vapor properties for unplasticized zein
films cross-linked with 20% polymeric dialdehyde starch. Similar to Trezza et al. [37] the addition
of a mixture of glycerol:poly(propylene glycol) having a ratio of 1:3 nearly increased water vapor
permeation by a factor 2.

As also water acts as a plasticizer for zein films, increasing relative humidity leads to more
flexible films. As the water content increases, oxygen permeability coefficients increases accordingly.
Ghanbarzadeh et al. [233] used fructose, galactose and glucose as plasticizers and observed reduced
water vapor permeability, especially by using galactose.

The effect of coating weight was investigated by Trezza et al. [234] as they coated paper with zein
coating at 7.9, 15.8 and 23.7 g/m2 respectively. Although grease resistance was lowest for the lowest
coating weight, there was no significant difference in grease resistance between 7.9 and 15.8 g/m2.
Other authors [235] observed, that grease permeation through zein isolate levels above a specific value
is independent on coating weight. However, water vapor permeation correlated with coating thickness.
Likewise, Trezza et al. [37] stated that although the water vapor permeation is reduced for higher
coating weights, no change appears between 16 and 24 g/m2. Also oxygen permeation was reduced
by higher coating weights.

Concerning the effect of cross-linking on barrier properties, Soliman et al. [236] irradiated zein
film-forming solution and found that this treatment could increase water barrier properties. Other
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authors [229] found that zein films covered with flax oil/tung oil and treated with UV/γ-irradiation
showed better water vapor barrier depending on the combination of treatments and testing conditions.

Concerning the effect of processing onto mechanical properties, according to Parris et al., grease
resistance of kraft paper mainly increased when coated with a composition of 80%–85% protein,
15%–20% lipid and <0.25% starch. They showed that spraying the coating led to better results than
brushing it: the grease stained area was about 13.8% ˘ 10.8% for brushed coating whereas it was 3.0%
˘ 2.8% for spray coatings. Ha et al. reported that also extrusion temperatures affected water resistance
of zein sheets [224].

8.6.2. Mechanical Properties

Some authors studied the effect of plasticizers onto mechanical properties of corn based films.
As an example zein was plasticized with different contents of sorbitol, glycerol and mannitol [237].
At low plasticizer concentration, the strain at break is similar for sorbitol and glycerol. At higher
plasticizer concentration, sorbitol had higher strain at break values than glycerol and mannitol. At low
plasticizer concentration, sorbitol led to a higher ultimate tensile strength than glycerol and mannitol.
Gillgren et al. [238] added polyethylene glycol, glycerol and lactic acid in different concentrations to
kafirin, zein and avenin. In particular, zein was more stretchable at higher plasticizer contents [232]
compared to zein films prepared in aqueous ethanol or acetone containing no plasticizer, glycerol or
glycerol/poly(propylene glycol) (1:3 ratio). Films made with acetone were stronger but films with
ethanol were more flexible. The addition of glycerol and especially of glycerol:poly(propylene glycol)
1:3 enhanced tensile properties. Ghanbarzadeh et al. compared glycerol and olive oil as plasticizer
in single and laminated films of whey and zein protein [239]. The elongation at break was 260% for
whey–zein–glycerol laminate and 200% for the whey–zein–olive oil laminate.

Some authors [227] applied coatings of tung oil, linseed oil, or a mixture of tung and soybean
oils on zein films containing oleic acid. Higher tensile strength, elongation and film strength were
observed. Other authors [229] found that also the coverage of zein films by flax oil or tung oil increased
elongation values. The reason for that might be the filling of pinholes and cracks in the films [237].

The effect of cross-linking was investigated by Soliman et al. [236] who observed the effects of
irradiation on mechanical properties. Nevertheless, the results did not lead to a definite conclusion.

Lai et al. [224] related film processing (conventional casting from ethanol solutions vs. stretching
of plasticized resins) to material properties. Cast films were stiff and brittle, whereas films obtained by
material blended in a discontinuous mixer showed more flexibility and toughness. Ha et al. extruded
zein films and changed extrusion temperatures, which lead to altered mechanical properties [223].
Wang et al. [225] compared solution casting, stretching of moldable resins and blown film extrusion of
zein. Based on the X-ray analysis, it was possible to deduct that supramolecular arrangements vary
with processing methods, whereas the macromolecular structure withstands processing.

8.6.3. Surface Properties

In terms of surface properties the effect of a plasticizer was investigated by Ghanbarzadeh
et al. [226] who compared surface morphology and roughness and found that glycerol favors the
achievement of smoother surfaces with lower roughness than sorbitol and mannitol. Wang et al. [229]
found, that flax oil coatings lead to a homogeneous coverage and finish. In comparison to that, tung
oil coatings with UV light treatment showed darkened regions. Ghanbarzadeh, et al. report that
not plasticized zein films have holes and cracks, whilst fructose addition produced smoother, loose
structures with a lot of cavities and voids [233]. The films plasticized by fructose had smoother surfaces.
Santosa et al. [230] reached sheets of high clarity after re-plastification through reheating.

Trezza et al. [234] compared different coating levels of 2.2 kg, 4.4 kg and 6.6 kg per ream and
found surface discontinuities only in the lowest coating level.

Within processing influence on surface properties, Lai et al. [224] discovered that conventional
casting of zein films from ethanol solutions led to more stiff and brittle films than the film obtained by
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the solution precipitated in water, dried and processed in a discontinuous mixer. The stretching of
the latter led to more flexible and tough films. Moreover a more distinct structure development and
orientation is visible in stretched films than in cast films.

8.6.4. End of Life

According to Trezza et al. [234], corn zein coatings do not hinder paper recycling and separation
of protein and paper layers is not necessary. On the other hand Khwaldia [7] reports that more
investigation about biodegradability, compostability and recyclability are necessary.

Parris et al. [235] evaluated the hydrolysis of zein by R-chymotrypsin, pancreatin 8ˆ and
pancreatin 1ˆ. After 10 and 30 min, no additional growth in the hydrolysate peak arose for
R-chymotrypsin and pancreatin 8ˆ. Nevertheless, 1 h after hydrolysis by pancreatin 1ˆ, zein and lipid
could still be detected.

In a previous work, Parris et al. [240] tried to hydrolyse zein-wax-coated paper enzymatically. It is
reported that 97% of the zein-wax coating was successfully separated from the substrate after adding
Tris buffer pH 8.5, containing 0.1% SDS and R-chymotrypsin with and enzyme-to-substrate ratio 1:100
for 0.5 h.

9. Proteins with Low Availability or Not yet Developed

Many proteins were investigated as sources of materials for making films or coatings. For some of
them the investigations are still in a phase of evaluation of availability and possibility to extract them
through a sustainable industrial process. The investigated proteins can be classified in those coming
from the animal, plant or fungi Kingdom.

9.1. Emerging Proteins from Animal Kingdom

Most investigated proteins form animal Kingdom are those coming from the food industry that
produces high amount of waste not easy to manage. Hence the use of waste for producing structural
and/or functional materials can have a strong relevance.

Keratin protein, for instance, can be abundantly obtained from poultry feathers. Barone et al. [98]
extruded it at 120 ˝C using a combination of glycerol, water, and sodium sulfite as processing aids.
Rheological properties were assessed as a function of additives content as well as processing parameters
such as extruder die temperature. The blends showing the lowest viscosity at a constant feather keratin
concentration of 60 wt % were found at glycerol concentrations that were higher than the water
concentration and the optimum sodium sulfite concentrations was of 3–4 wt % of the feather keratin
fraction. Out of this latter range, an increased viscosity was observed. In the solid state, it was
observed that processing induced macromolecular orientation that increased the tensile properties
of the extrudates. However, keratins contain large amount of the amino acid cysteine with respect
to other proteins, hence the control of their processing can be in general more difficult and for this
reason a high content of sulfite is necessary for processing. In fact up to now films were prepared
mainly by solvent casting [241] using cross-linker such as dialdehyde starch (DAS). The addition of
DAS increased the transparency value and moisture content and decreased the solubility, indicating
the cross-linking between the keratin and DAS. The films with 2% DAS showed increased tensile
elongation and water vapor permeability compared to the control films, whereas the tensile strength
of the film decreased, most probably because the cross-linking effect was counterbalanced by the
plasticization of DAS. Thanks to the addition of DAS, an increase in the water resistance of the feather
keratin films was obtained, thus allowing the possible application in food packaging.

However, currently, the attention of researchers is mainly devoted to proteins from sea species.
Shiku et al. [242] investigated the preparation and properties of edible transparent and flexible films
made of fish myofibrillar proteins. They improved the previous work [19] by studying more in
detail the effect of pH of film-forming solutions on film formation, on mechanical, barrier and optical
properties. Myofibrillar protein-based films were prepared within pH 2–3 and 7–12. They were not
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prepared between pH 4 and 6 because of the poor protein dispersion around the isoelectric point. The
tensile strength of the films was higher when prepared in acidic (pH 2, 3) and alkaline (pH 11, 12)
conditions than in neutral, whereas the elongation at break was almost independent of pH. Overall, the
pH of film-forming solutions had no effect on water vapor permation, light transmission, film solubility
and enzymatic hydrolysis. Water vapor permeation of myofibrillar protein films [242] were slightly
lower than those of other protein-based edible films, such as whey, gluten and zein (Table 6) and higher
by one to three orders of magnitude than those of synthetic films. The films prepared at lower or
higher pH possessed superior transparency, similar to synthetic films. Successively Sobral et al. [243]
extended the work to the muscle proteins of the Thai Tilapia fish, finding the correct conditions for
obtaining a film similar to general myofibrillar protein films but with different optical properties with
marked color and less transparency.

Hake fish proteins were also employed for preparing edible films by Pires et al. [244] that studied
their mechanical, antioxidant and antimicrobial properties, also when citronella, coriander, tarragon
and thyme oils were added as plasticizers Dried hake proteins were solubilized at pH 11.0 and
glycerol and 0.25 mL of each essential oil per gram of protein was added. The obtained films were
homogeneous and transparent with a yellowish color. The addition of the different essential oils
increased the solubility of films in water and reduced the water vapor permeability. Among all
essential oils plasticized films, the thyme oil films exhibited the lowest mechanical properties but the
highest inhibition against Shewanella putrefaciens. The antioxidant activity films based on hake protein
generally increased with the incorporation of essential oils.

A strong interest was devoted in the last decade to mussel proteins because of the high adhesive
strength that they can develop on the rock, which was attributed to the proteins containing the unusual
amino acid 3,4-dihydroxy-L-phenylalanine (DOPA) [245]. Although the adhesion mechanism is not
completely known, glue proteins secreted by marine mussels bind strongly to all inorganic and organic
surfaces in aqueous environments. Hence several papers were published in order to explain the
peculiar properties of this kind of proteins and develop biomimetic adhesives or coatings by modifying
synthetic polymers using moieties similar to DOPA, suitable for making films [246]. However, in this
approach, natural proteins were not used up to now due to lack of protein availability, and for this
reason recombinant approaches are currently under study.

In the field of the proteins not coming from sea animals, it is worth noting the work developed
onto egg albumin protein by Gennadios et al. [247] that prepared films from heated alkaline solutions
of egg white at pH 11.25. They added also polyethylene glycol (molecular weight 400 g/mol), yolk
solids and dialdehyde starch (DAS) in different concentrations. It was demonstrated that the addition
of DAS increased the film tensile strength but also yellowness. It reduced the solubility of protein
in buffered water but, by increasing the amount of DAS, some aggregates were observed, probably
because of the extensive cross-linking derived from this additive.

9.2. Emerging Proteins from Plant Kingdom

Potato protein contains approximately 71% patatin/tuberin, 7.6% glutein, 6.6% albumin,
3% globulin, 1.7% prolamin, and 8.8% other proteins and is highly available from potato starch industry.
The use of potato protein for biopolymer manufacturing was recently studied by Du et al. [248] who
investigated the thermal processing of two potato protein isolates (PPIs) with glycerol as a plasticizer.
The PPIs were pretreated by alkali or alkali under reducing conditions. The films produced by
compression molding showed highest tensile strengths in the range 20–25 MPa and it was observed
that the material can be brittle or ductile depending on the plasticizer content. The molecular weight
and protein structure of the PPIs markedly affected the resultant static and dynamic mechanical
properties of the films.

Rice protein concentrate can be obtained on an industrial scale by the alkaline extraction of rice
flour or of the broken rice kernels that are by-products in the rice mills. Rice protein concentrate
is underutilized as compared with other plant protein products, so Shih [249] investigated the
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possibility of preparing edible films by combining this protein with a polysaccharide, pullulan.
The protein-pullulan mixture with up to 50% protein concentrate could be cast on a glass plate
into films with tensile strength of about 18 MPa. Film strength and water vapor resistance were
improved by the addition of small amounts of propylene glycol alginate, which interacts with both
protein and carbohydrates, under alkaline condition. Oils were added into the film and an improved
water vapor resistance was achieved.

Amaranth (Amaranthus hypochondriacus) is a crop whose seeds have a protein content of about
14%. This content is higher than that of other cereals. Moreover amaranth has a well-balanced
composition in essential amino-acids and an important content of sulfur-containing amino-acids.
The main protein fractions present in the amaranth grain are albumins, 11S-globulin, P-globulin, and
glutelins [250]. To date, no work on the use of these amaranth proteins for edible films preparation has
been published. Denavi et al. [251] have produced amaranth flour films with interesting mechanical
and water vapor barrier features. These features were later assigned to the interactions between
polymers (starch and proteins) and lipids, to the natural concentrations of each component in the
film and to the distribution of these interactions within the film matrix. Avanza et al. [252] have
studied the gel-forming properties of amaranth proteins in different protein concentrations and
thermal conditions. They reported that minimum conditions for gelation were a temperature of 70 ˝C
and 7% w/v of protein isolates. They evidenced that a rapid denaturation of globulins followed
by sulfhydryl/disulphide interchange reactions between protein molecules led to a phenomenon of
gelation enhanced by protein aggregation. Gels prepared under these critical conditions presented a
strong gel-like behavior. Although these gels presented low adhesiveness, they were elastic in nature
and they had high hardness, fracturability and cohesiveness. The values of tensile strength, elongation
at break and elastic modulus of the films resulted quite modest, probably due to the fact that the
protein molecules present in the film mainly maintained their native structure The results were similar
to those reported by Denavi et al. [251] for films prepared with native soy protein films, but resulted
much lower than the values of elastic modulus and tensile strength reported by other authors working
with films prepared with soy and sunflower proteins partially or totally denatured following the same
process as the one employed herein [253]. The greater surface hydrophobicity of amaranth protein
films gave them better potential to overcome the general limitation of hygroscopic features of proteins.

Many studies concerned the legume proteins (peas, chickpeas, faba beans, lupines).
Peas are generally composed of carbohydrates (35%), proteins (27%), fibers (27%) and a very

small amount of lipids. While the fiber and starch fraction of peas are highly utilized by bakery
and meat industry, the protein fraction has been underutilized. Pea protein consists primarily of
globulins (80% of total proteins) mainly and a small fraction of albumins. The globulins consist of
legumin, the most abundant, vicilin and convicilin. Albumins, which compose 13%–14% of the total
proteins, are cytoplasmic proteins consisting of many kinds of subunits and contain more sulfur amino
acid residues than the globulins. Edible films produced from denatured pea protein concentrate
solution were prepared by Choi et al. [254]. Increasing the concentration of the plasticizer (glycerol) in
the film decreased tensile strength and elastic modulus, and increased elongation and water vapor
permeability (WVP). Very strong and stretchable films were obtained from 70/30 and 60/40 of pea
protein concentrate/glycerol composition, respectively. The physical and mechanical properties of the
PPC films were demonstrated to be comparable with those of soy protein and whey protein films.

Another interesting protein is phaseolin [255–259], a globular protein from Phaseulus Vulgaris L.
and proteins purified from Vicia Ervilia. Many papers have been published recently using as
crosslinking agent the enzyme transglutaminase, and as plasticizers glycerol or trehalose with or
without different polysaccharides to obtain composite films. Barrier, mechanical, surface and also
biodegradability properties have been demonstrated to be influenced by the composition. In particular
edible films made of pectin and phaseolin and cross-linked with transgluminase were demonstrated to
have lower CO2 and oxigen permeability than LDPE and MATER-BI.
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Chickpea is considered a good source of carbohydrates and proteins. Like other legumes, chickpea
globulins and albumins represent the two major fractions found in beans. Chickpea protein concentrate
displayed good water and oil absorption capacities and protein solubility. These properties are highly
dependent on the pH values. The lowest protein solubility and emulsifying capacity was observed at
pH 4.5 which is the isoelectric pH of chickpea albumins and globulins. Chickpea proteins do not have
good foaming properties, but can lead to highly stable foams [260].

Faba bean (Vicia faba L.) is a rich source of food quality protein and, depending on ist cultivar,
may contain up to 35% protein (weight percent of dry beans). Saremnezhad et al. [22] investigated
the potential of faba bean protein isolate (FPI) as a new protein source for preparation of an edible
film. They determined the effects of solution pH and plasticizer (glycerol) concentration on the film
properties. The plasticizer content did not affect WVP over the studied range. Results showed that
increasing the pH improved tensile strength, elongation at break and solubility of the films, but caused
the water vapor permeability (WVP) and trasparency of the films to decrease. Moreover, elongation
and solubility increased and the tensile strength decreased by increasing plasticizer content of the film
forming solutions. The lowest WVP and the highest tensile strength were observed at pH 12 and 40%
by weight (with respect to FPI) of glycerol concentration.

Lupin seeds contain up to 42% of protein, whereas lupin protein concentrate, prepared by alkali
solubilization method, contains up to 73% of protein [46]. Lupin protein isolate was prepared by
extraction and spray drying [261]. Chango et al. [262] investigated the optimum pH value for lupin
protein film formation at slighly alkaline conditions (pH 8.5). In particular, lupin seeds soluble extract
(adjusted to pH 8.5) was heated at 85 ˝C for 1 h to obtain the solution for preparing edible films.
Moreover lupin seeds, for instance, after soaking in water for 5 h to remove the lupin alkaloids, were
homogenized in water to produce a lupin milk suitable for human consumption [263]. The “milk” had
5%–6% solid and produced a film on the surface containing about 60% protein and 9% lipid when
heated to 80–85 ˝C at pH 7–8.

Plants usually cultivated for producing oils were also explored.
Pistachio oil cake, which is waste of oil production, is rich in protein and minerals and is commonly

used as an animal feed. Pistachio protein consists of four different fractions: globulin (66%), albumin
(25%), glutelin (7.3%), and prolamin (2%). The globulin is soluble in 0.5 M¨ NaCl. Its extraction is
economically favorable. The use of pistachio isolate protein to produce edible films was investigated
and researchers investigated the effects of adding pistachio protein isolate to a cellulose-based edible
film [264]. However the resulting composite edible film had an increased water vapor permeability
(WVP) due to the hydrophilic nature of protein, which contains many hydrophilic amino acids such
as aspartic acid, glutamic acid, and arginine. Zahedi et al. [265] prepared edible films from pistachio
globulin protein, saturated fatty acids, and glycerol. The WVP of the emulsified films was reduced
by approximately 37%–43% thanks to fatty acid addition. The mechanical properties of films were
influenced by fatty acid addition: the ultimate tensile strength decreased, and elongation at break
increased considerably (35%–70%) as a function of fatty acids content. Furthermore, the incorporation
of fatty acid decreased the transparency of the films.

Peanut protein were classified in albumins, arachin and nonarachin proteins. The two latter
proteins consist of large molecular weight globulins. Peanut protein concentrate can be prepared by
alkaline extraction and acid precipitation from defatted peanut flour. Jangchud et al. [266] determined
the effect of type and content of plasticizer on film properties and their sorption isotherms. Peanut
protein films were formed by using four types of plasticizers (glycerol, sorbitol, polyethylene glycol
and propylene glycol) at three concentration (0.67, 1.17, 1.67 g per g of protein). Glycerol showed the
best plasticizing performance compared to the others and its concentration did not affect the water
permeability and oxygen permeability. On the other hand, tensile strength decreased (from 5.14 to
4.10 MPa), with an increase in glycerol content from 1.17 to 1.67 g per g of protein and elongation
percentage increased (from 105% to 164%) correspondingly. Peanut proteins are very hydrophilic.
The moisture content of film at equilibrium increased sharply at pH 7.5 and 9.0 with an increase in
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relative humidity (RH) from 75% to 93% RH. Film thickness increased when increasing the relative
humidity, and film at pH 6.0 showed the greatest increase in film thickness.

Sunflower proteins can be extracted from the residual pellet of oil industry through the use of low
cost simple procedures. The resulting protein concentrate and isolate products retain a residual content
of phenolic compounds, consisting mainly in chlorogenic and caffeic acids that are naturally present
in sunflower seeds and cannot be completely eliminated because of their interaction with proteins.
The preparation of sunflower protein films containing clove essential oil and the application of the
resulting materials on the preservation of fish were studied by Salgado et al. [253]. The addition of clove
essential oil to formulations based on sunflower protein concentrates allowed to prepare biodegradable
and edible films with increased antioxidant properties and important in vitro antimicrobial properties.
The presence of clove essential oil modified protein inter-macromolecular interactions reducing water
solubility and glass transition temperature of the films, but it did not markedly modify their moisture
content, color, thickness, water vapor permeability, opacity and mechanical properties. When applied
to the preservation of fish these films allowed to retard lipid auto-oxidation and to slightly delay the
growth of total mesophiles.

In cotton seeds, proteins represent 30%–40% w/w of the cottonseed kernels and are composed of
globulin (60%), albumin (30%), prolin (0.5%), and glutelin (8.5%). Cottonseed protein isolate can be
obtained from glandless delipidated flour after oil extraction by hexane. Cottonseed proteins have good
film-forming properties. The preparation of biodegradable materials from cottonseed by casting has
been demonstrated on a laboratory scale [267]. Successively, Grevellec et al. [268], in order to obtain
homogeneous isolate/glycerol mixtures, mixed the isolate with water to obtain a paste. Glycerol was
then added and mixed with this protein paste in a mixer. The paste was subsequently lyophilized
to remove water, crushed in a mortar and sieved to obtain a thin dry powder. Films 1 mm thick and
30 mm in diameter were then prepared by compression molding. The results indicated that cottonseed
proteins were thermoplastics with a glass transition temperature ranging from 80 to 200 ˝C when
the glycerol content varied from 40% to 0% (w/w, dry basis). The proteins thermal denaturation
temperature increased from 141 (without glycerol) to 195 ˝C in the presence of 40% (w/w) glycerol.
Protein degradation occurred at 230 ˝C irrespective of glycerol content.

Sorghum proteins were divided into albumins (water-soluble), globulins (salt-soluble), kafirins
(prolamins, aqueous alcohol-soluble), cross-linked kafirins (aqueous alcohol + reducing agent-soluble),
and glutelins (detergent + reducing agent + alkaline pH-soluble). Kafirins represent storage proteins.
Sorghum was compared to maize in that it contained a higher cross-linked kafirins to kafirins ratio. This
suggested a higher propensity towards intermolecular disulfide cross-linking, despite a similar high
degree of sequence homology between the storage proteins of the two cereals [269]. Buffo et al. [270]
evidenced that films from laboratory-extracted sorghum kafirin containing glycerol and polyethylenene
glycol 400 and prepared by solution casting showed tensile and water vapor barrier properties similar
to films from commercial corn zein. Kafirin films appeared more intensely colored than zein films. The
authors suggested that yields of extracted kafirin could be increased by use of sulfites to break down
protein disulfide linkages and by exhaustive removal of oil. This study indicated that sorghum kafirin
has potential to be used as a biopolymer for edible or nonedible film and coating applications.

9.3. Emerging Proteins from Fungi Kingdom

Hydrophobins are nano-metric surface active proteins having low molecular weight (7–9 kDa)
produced by filamentous fungi having a role in fungal growth as structural components and in the
interaction of fungi with their environment.

There is little amino acid sequence similarity between different hydrophobins, except for a
characteristic pattern of eight cysteine residues that form four intramolecular disulfide bonds. Their
structures are not yet completely known [271]. These proteins function by self-assembling into
amphipathic polymeric films at the interface between hydrophobic and hydrophilic surfaces.
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The amphipathic properties of hydrophobins facilitate the formation of aerial structures such
as hyphae, spores and fruiting bodies, necessary for the reproduction of fungi. Two classes of
hydrophobins have been identified. For class I hydrophobins, the polymer film comprises cylindrical
rodlets with dimensions of 10–250 nm and their outward-facing hydrophobic surface has extremely
low wettability.

These films are very robust; they are resistant to boiling in detergents or strong alkalis.
Class II hydrophobin films are significantly less robust and lack the rodlet morphology of class I
hydrophobins [272,273]. The biophysical properties of the isolated proteins are remarkable, such as
strong adhesion, high surface activity and the formation of various self-assembled structures. The
strong and stable assembly of class I hydrophobins make them attractive candidate molecules for
surface coating of biomaterials, for biomedical application and also for nano-coating applications [274].
Their production also from bacteria or form plant was attempted [275]. Although hydrophobins
need to be better explored in the future, interestingly some patents were filled about the use of
hydrophobin in cellulose products. In fact by treatment with hydrophobins, cellulosic materials such
as paper, cardboard, cotton or, especially, wood-based materials, such as solid wood, glued wood
products or particle board, can be effectively protected against absorption and attack by water and/or
moisture [276]. Cellulose materials are treated by bringing the surface of the material into contact
with a hydrophobin solution. Different techniques can be adopted such as spraying, coating or roller
application, or alternatively by immersing the entire article in the formulation.

In Table 3, the proteins listed in the literature survey about proteins with low availability or not
yet developed are reported with the main reference about film-forming and the potential applications
described in the reference.

Table 3. Scarcely or recently investigated proteins, references and applications.

Origin Proteins References and Applications Preparation/Applications

Animal

feathers Dou, Huang, Zhang, He,
Yin and Cui, 2015 [241]

Films by solution casting
(cross-linker)

egg albumin Gennadios, Handa, Froning,
Weller and Hanna, 1998 [247]

Films by solution casting alkaline
solutions (plasticizer)

fish
myofibrills

Cuq, Aymard, Cuq and Guilbert,
1995 [19]; Shiku, Hamaguchi, and
Tanaka, 2003 [242]; Sobral, Santos

and Garcia, 2005 [243];

Edible and transparent films by
solution casting from acidic or
alkaline solutions (plasticizer)

hake Pires, Ramos, Teixeira, Batista,
Nunes and Marques, 2013 [244]

Edible but yellowish films by
solution casting from alkaline

solutions (plasticizer)

mussel Lee, Scherer and Messersmith, 2006;
Meredith and Wilker, 2015 [245]

Under study the industrial production
of protein by recombinant approaches

Plant

potato Du, Chen, Zhang, Rempel,
Thomson and Liu, 2015 [248] Compression molded films

rice Shih, 1996 [249] Edible films containing pullulan

amaranth Denavi, Tapia-Placido, Anon, Sobral,
Mauri and Menegalli, 2005 [251] Films by solution casting (plasticizer)

pea Choi and Han, 2001 [254]
Films by solution casting

(plasticizer), properties similar
to soy and whey films

phaseolin
Giosafatto, Di Pierro, Gunning,
Mackie, Porta and Mariniello,

2014 [257]

Edible films by solution casting
(plasticizer) containing

also polysaccharides

chickpea Ionescu, Aprodu, Daraba, Gurau,
Baciu and Nichita, 2009 [260]

Edible films by solution
casting (plasticizer)

faba bean Saremnezhad, Azizi, Barzegar, Abbasi
and Ahmadi, 2011 [22]

Edible films by solution casting of
alkaline solutions (plasticizer)
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Table 3. Cont.

Origin Proteins References and Applications Preparation/Applications

Plant

lupine Chango, Villaume, Bau,
Nicolas and Mejean, 1995 [262]

Edible films by solution casting of
alkaline solutions

pistachio Zahedi, Ghanbarzadeh
and Sedaghat, 2010 [265]

Edible films by solution casting of
solutions (in cellulose based

edible films)

peanut Jangchud and Chinnan, 1999 [266] Edible films and coating by
solution casting

sunflower
Salgado, Lopez-Caballero,

Gomez-Guillen, Mauri
and Montero, 2013 [253]

Edible films by solution casting with
antioxidant properties and

antimicrobial properties

cotton seed Grevellec, Marquié, Ferry,
Crespy and Vialettes, 2001 [268]

Films for packaging by solution
casting or compression
molding (plasticizer)

sorghum Buffo, Weller and Gennadios,
1997 [270]

Films by solution casting with
properties similar to corn zein films

but more colored

Fungi hydrophobin Gabor, Buthe, Eck, Kaufmann,
Koch and Meurer, 2007 [276]

Nano or molecular films by solution
casting on cellulose products

10. Combinations of Properties of Protein Coatings and Films

The knowledge of the combination of properties of the different proteins based films can promote
their use in paper or board based multilayer systems or also in other flexible packaging applications to
obtain packages properly designed for specific foods/beverages or products.

For this reason a comparative study of proteins films or coating is reported in Table 4. The different
scores (–, 0, 1, 2, 3) were assigned on the basis of literature results reported in References section and
described in the text in section 8 and considering the maximum performance obtainable from a protein,
plasticizing it or modifying it. From the analysis of this table it is possible to deduct that among
the proteins having high availability and yet consolidated in production, the soy, whey and casein
proteins show significant structural, barrier and adhesive properties that make them most promising
for application in the cellulose products field.

However the latter proteins are the most studied and investigated up to now, which means that
many investigations were carried out to optimize their properties. Hence the results of this speculation
can change in the future also for the other proteins as a result of further investigations and deeper
knowledge. In particular the blending with biodegradable polymers, the preparation of composites
using natural fillers or the use of nano-fillers can significantly affect the results.

In Table 4, the barrier and tensile properties of low density polyethylene (LDPE) are considered for
comparison, and the barrier to oxygen properties of several proteins resulted significantly improved
with respect to it. However it is necessary to consider that poly(ethylene terephthalate) (PET) shows
better oxygen barrier properties than LDPE and is actually the main market competitor of proteins
as paper coating, but has mechanical properties completely different from them. Also a chlorinated
polymer such as poly(vinylidene chloride) (PVDC) shows very good oxygen barrier properties.
However the latter is banned in many countries because it can release chloride acid in the operations
occurring at its end life (recycling or thermal treatments). Poly(Ethylene-co-vinyl alcohol) (EVOH) is
considered up to now the best oxygen barrier polymer.

In all cases, the barrier to humidity of proteins is low and can be improved by using hydrophobic
additives or designing a multilayer system in which a biodegradable polymer is employed. As
biodegradable polyesters show significant barrier properties, only slightly lower than those of PET,
the production of multilayer packaging containing both proteins and biodegradable polyester has
attracted the attention of some researchers.
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Among the proteins available only on a research scale, the most interesting seem those from
legumes and cereals for their high availability and properties not very different from the properties of
the most investigated proteins. In particular, it should be noticed that amaranth based films show very
promising barrier and mechanical properties, although the tensile strength should be improved. Also
sorghum and faba bean results are promising, although more research work is needed to complete
the knowledge of these proteins and improve the properties of films. Interestingly, the latter proteins
represent the crops of three different world continents (South America for amaranth, Africa for sorghum
and Middle East-Mediterranean countries for faba bean) and can represent sources for driving the
economies of these countries.

Table 4. Comparative table for protein films properties.

Protein
Barrier Properties Mechanical Properties

AdhesionOxygen Water Vapor Tensile Strength Elongation at Break

Casein/caseinates 3 1 1 2 3
Whey 3 1 1 2 –

Gelatin 1 1 2 1 3
Wheat 2 2 1 1 2

Soy 3 1 1 2 2
Corn zein 3 1 1 1 2
Feathers – 2 2 1 –

Egg albumin – – 2 2 –
Fish myofibrills – 2 2 1 –

Hake – 2 1 2 –
Mussel – – – – 3
Potato – – 2 1 2
Rice – 1 2 0 –

Amaranth 3 2 0 2 –
Pea – 1 1 1 –

Phaseolin 3 1 1 1 –
Chickpea – – – – –
Faba bean – 1 1 2 –

Lupine – – – – –
Pistachio – 0 2 1 –
Peanut 0 0 1 2 –

Sunflower – 1 0 1 –
Cotton seed – – – – –

Sorghum – 1 1 2 –
Hydrophobins – – – - –

0, very low; 1, moderate; 2, high (comparable with petrochemical option -LDPE-); 3, very high (better than
petrochemical option -LDPE-).

The proteins from feathers seem very promising, but the high content of sulfur in the primary
structure make difficult their processing. In the case of such kind of proteins solution casting techniques
are probably more convenient. In fact the addition of sulfite during high temperature processing to
avoid cross-linking, causing the emission of SO2, can be an issue.

Fish based proteins (myofibrillar and hake) films show in general interesting mechanical/barrier
properties, although more research is needed (no data about oxygen barrier are available) to have a
better comparison with other proteins films properties.

The research onto mussel proteins and hydrophobins is still in a chemical-structural/
biotechnology characterization phase, however these proteins must be cited in this review for their
promising adhesive and hydrophobic properties respectively.

Moreover for each kind of protein it is demonstrated that the condition of processing, the kind
and amount of additives can allow properties modulation in a wide range. Hence a promising protein
for application in paper or board coating can be selected also on the basis of its availability in the paper
plant region, thus optimizing costs and environmental impacts.
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The study of new additives for modulating structure and properties of proteins based films is
an important topic. The preparation of specific composites can be very promising for properties
modulation. In particular the addition of natural micro-fillers such as dried potato pulp to whey
blends [145] or nano-particles to whey protein isolate films [277] allowed improving mechanical
properties thanks to the interactions between the functional –OH group on the fillers and the functional
groups of proteins. Hence the dispersed filler domains act as cross-linking points. In the case of
nano-particles the very high surface area of the fillers allow obtaining significant changes in properties
also by using a few percent of nano-fillers.

The properties of adhesion to cellulose fibers of the different proteins are not completely known
and more work should be made to assess the possibility of developing new adhesives and glues based
on proteins, especially if they are recovered as by-products of industrial processes.

11. Application to Cellulose Based Products

Protein coatings are used until now mainly for the direct protection of food as edible coating.
In research reports mainly self-standing films were investigated, because the results can be adapted to
different substrates. When applied as coatings, more results deal with plastic coatings than with paper
and board coatings. In consequence to this, the application on paper has been studied only for a few
proteins such as whey proteins [8,9,32,33], isolated soy proteins [214,278–282], caseinates [1,7,115,121],
wheat gluten [32,280,283–285] and corn zein [1,37,234,235]. As could be observed so far, the literature is
countless and it is of course also expected that some of the results on standalone films and on coatings
on different substrates can be transferred to paper at least as trends.

Although some authors already made this exercise at least on a partial basis independently on the
film type or as plastic coatings to measure the mechanical performance and in general coated on plastic
to measure oxygen barrier properties [285–288], in the following sections, if possible, the properties
of paper coatings made of different proteins are discussed and summarized. One of the difficulties
to derive conclusions and reliable comparisons between the developed protein-based materials lie in
the variability of substrates, of coating thickness, of the conditions for applying them, of properties
characterized and of test methods.

11.1. Barrier Properties

The permeation process relates to the selective mass transfer rate of given substances through
a film. Paper and board are very permeable materials limiting their application for packaging or
justifying the use of coatings. The application of a protein based layer onto a cellulose product can
effectively improve its barrier properties towards many compounds, especially polar, as evidenced
by Andersson [13]. Cellulose based products are generally highly porous and synthetic polymers are
currently used to improve their barrier properties. Petrochemical coating or films are applied, mainly
by extrusion coating or lamination, on cellulose based products or multilayer sheets, containing paper
or board based layers and polymeric layer are industrially produced. The multilayer products often
contain also a layer of aluminum, granting a total barrier effect for easily perishable foods or beverages.

Coatings’ efficiency depends on the coating composition, thickness, and different layers used.
Generally, as shown in number of academic studies reported so far, standalone protein derived
biopolymers have shown to be excellent gas barriers in dry conditions but limited humidity barrier,
as already mentioned, in view of general intrinsic protein hydrophilicity. The coating permeability
depend on several factors such as film integrity, crystallinity, hydrophilic-hydrophobic ratio, chain
mobility, interface between the coating and films and the presence of a plasticizer or other additives.
For example, plasticizer addition leads to an increase in water vapor transmission rate (WVTR) while
incorporation of fat acts inversely. In all subsequent references, thickness may vary and as such values
are to be considered as indicative.

Number of publications give data of oxygen barrier properties of protein coatings, but usually
they deal with films obtained using a wet coating technique rather than extrusion. Also it should be
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noted that the conditions of the measurements in terms of analysis technique used, unit reported, etc.,
prevents the direct comparison between sources. The relative humidity (RH) used for the measurement
also has a very large impact on the OTR value and not all results were obtained at the same humidity.
Similarly with certain synthetic materials, a large RH dependence of the results can be noticed.

The available data about barrier properties of paper coated with proteins films are not
many (Table 5) and the results are often not in agreement. The reported data are mainly in the
range 0.25–100 ˆ 10´11 g¨ m/m2¨ sPa for the Water vapor transmission (WVTR) and in the range
2–70 ˆ 10´15 g¨ m/m2¨ s¨ Pa for the Oxygen transmission rate (OTR). The high variability of data is
also due to the fact that the thickness of the paper or board sheets can also affect the results.

Table 5. Reported barrier performances for coatings applied on paper based on the commonly used
proteins (best value reported when several samples were tested).

Protein Used Process (Wet/Extrusion) WVTR OTR Reference

whey wet 134 ˆ 10´11 g¨ m/m2¨ s¨ Pa – [8]
soy wet 6.6 ˆ 10´14 kg¨ m/m2¨ s¨ Pa 2.4 ˆ 10´18 m3¨ m/m2¨ s¨ Pa [214]

caseinates
wet 5.4 g¨mm/m2¨ d¨ kPa 3.2 cm3¨µm/m2¨ d¨ kPa [115]
wet 938 g¨ m/m2¨ d¨ kPa – [121]
wet 0.25 g¨ mm/m2¨ d¨ kPa – [2]

wheat gluten wet or compr. molded – 0.38 mL/mm¨ day¨ m2¨ atm [32]
wet 3.27 ˆ 10´11 mol¨ m´1¨ s´1¨ Pa´1 49,689 ˆ 10´18 mol¨ m´1¨ s´1¨ Pa´1 [283]

corn zein
wet 881 g/m2¨ d – [235]
wet 70 g/100 in2¨ d 16.000 cm3/100 in2¨ day [37]

Zein was reported as a coating on waxed paper boxes as an alternative to paraffin [289].
The oxygen barrier properties of zein coated on paper have been reported in the range of 15.94 cm3/100
in 2 day with 15 lb/ream [37] which mean an important improvement when compared to those of PE
(450–1150 cm3/100 in 2 day). No values where found for gelatin coated paper.

Not many data are available about the barrier properties of paper or board treated with
proteins, but many data are available about the properties of protein based films. In these papers
comparisons between films made of proteins, polysaccharides or traditional petrochemical polymers
are reported [115,286]. As the results are not easily comparable only the data in the paper of
Lin et al. [288] are reported (Table 6). In this paper zein, gluten, whey and soy protein based films were
reported to have good oxygen barrier properties, especially zein and soy. The comparative results are
in good agreement with other data sets.

Calcium caseinate, not present in Table 6, was also reported to have low OTR [285,290].

Table 6. Comparison of permeability (at 25 ˘ 2 ˝C, 50% to 70% relative humidity (RH)) of some
synthetic polymers with edible films/coatings [288].

Material O2(g¨ m/m2¨ s¨ Pa) H2O Vapor (g¨ m/m2¨ s¨ Pa)

Synthetic polymer
Polyester 0.38 ˆ 10´15 3.6 ˆ 10´13

Polypropylene (PP) 0.38 ˆ 10´19 6.5 ˆ 10´13

Polyvinyl chloride (PVC) 0.36 ˆ 10´21 2.16 ˆ 10´11

Polyethylene terephthalate (PET) 0.15 ˆ 10´21 –
Low-density polyethylene (LDPE) 0.16 ˆ 10´19 8.1 ˆ 10´13

High-density polyethylene (HDPE) 0.35 ˆ 10´20 2.52 ˆ 10´13

Edible coating material

Methylcellulose (MC) 0.27 ˆ 10´8 9.35 ˆ 10´11

Hydroxypropyl cellulose (HPC) 0.22 ˆ 10´8 5.55 ˆ 10´70

Sucrose polyester 0.15 ˆ 10´20 4.2 ˆ 10´13

Zein 0.5 ˆ 10´21 1.17 ˆ 10´10

Chitosan 0.98 ˆ 10´24 4.9 ˆ 10´10

Wheat gluten 0.21 ˆ 10´19 9.18 ˆ 10´11

Whey protein isolate (WPI) 0.79 ˆ 10´21 1.1 ˆ 10´9

Soy protein 0.22 ˆ 10´21 3.49 ˆ 10´10
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It is evident that the oxygen barrier properties of gelatin based films are poor [291]. The
reported value for tuna gelatin films was 5.3 cm3/m2¨ day, while that of porcine gelatin films was
7.4 cm3/m2¨ day. No values where found for gelatin coated paper but the effects are expected to
be moderated in view of results on other substrates or as films [89,162,292]. Gelatin tends to swell
or dissolve in contact with moisture content, due to its hygroscopic nature [293]. As explained
before bi-layer or composite systems are already used to overcome this drawback. Some studies
have reported improvements on the water vapor barrier when combining chitosan and gelatin [294].
Overall, it is reported that films and coatings that were heterogeneous in nature, consisting of a blend
of polysaccharides, protein, and/or lipids gave good results. In most other publications, gelatin seems
to be used together with other proteins such as soy or whey or even with polysaccharides such as
starch [295] or chitosan [296].

Furthermore, in a similar manner to polysaccharide films, protein films exhibit relatively high
water vapor permeability values, i.e., approximately two to four orders of magnitude greater than those
of conventional polymeric packaging materials such as poly(ethylene), poly(propylene), polyester, and
poly(vinylidene chloride) as it can be appreciated from Table 6.

As previously stated, in spite of great OTR values, due to their hydrophilic nature, biopolymers
and especially those based on proteins, often exhibit a low water vapor barrier. Paper coated with
zein-lipid mixture exhibit good grease proofing and water vapor properties [289]. Some studies report
corn-zein nanocomposites coated poly(propylene) films as an effective water vapor and oxygen barrier,
capable to lower the permeability of oxygen up to 25% and the one of water vapor up to 30% [297].
On the other hand, the addition of plasticizers to zein can negatively affect to water vapor barrier
properties because of the increase in the free volume between polymer chains [38].

Interestingly Martelli et al. [298] showed that the WVP properties of plasticized films of keratin
from feathers obtained by solution casting was lower than that of fish water-soluble proteins, peanut
proteins and meat myofibrillar proteins. The reported values (from 0.1 to 1 g/m¨ s¨ Pa) are lower than
those observed for soy and wheat gluten [288].

Similarly to what was pointed out for the oxygen barrier properties, water vapor barrier of
cold-water fish is reported as lower than the one for both mammalian and warm-water fish, because
of the higher amounts of hydrophobic amino acids and lower levels of hydroxiproline from the first
source [293].

To enhance water vapor barrier, several fat types (natural waxes, fatty acids) can be
used in combination with biopolymers, e.g., beeswax was reported to reach WVTR values of
6 ˆ 10´13 g/m¨ s¨ Pa and candelilla wax 2 ˆ 10´13 g/m¨ s¨ Pa and can thus compete with PE [79].
Nevertheless, although lipids indeed provide very good WVTR, when used as standalone films, they
have a very poor integrity and thermomechanical properties, as well as poorer oxygen barrier than
protein based films. Therefore a composite or bi-layer approach is often considered.

Even if most research deals with barrier gases and especially oxygen as previously described,
the aroma barrier, which is the barrier to volatile organic compounds, is also of importance for
the packaging application of such coatings. In that respect, it was for instance reported that the
permeability of D-limonene (one of the main compounds of citrus flavor) in whey protein-based films
is lower than that of EVOH or PVC, proving thereby an interesting aroma barrier [49].

Guazzotti et al. [299] applied bio-based coatings as potential barriers to chemical contaminants
from recycled paper and board for food packaging. They investigated water-based, renewable
biopolymers, such as modified starches (cationic starch and cationic waxy starch), plant and animal
proteins (gluten and gelatin), poured onto paper with an automatic applicator. All the bio-polymers
used in this study were previously studied for food contact applications because of their food-grade
nature and their ability to increase gas barrier properties. Partition and diffusion results demonstrated
the better performances of starch-based coatings than proteins both for a polar and a non polar
compound (diisobutyl phthalate and benzophenone), often present in recycled paper packaging.
In particular, proteins based coatings were not effective in limiting the migration of diisobutyl phthalate,
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the non-polar compound. Hence also this study reveals the necessity of adopting not only protein
based but also carbohydrates based coatings to modulate functional barrier performances of natural
and renewable coatings.

The use of two dimensional nano-fillers, such as phillosilicates, was recently investigated for
improving the barrier properties of polymer films [300,301]. Sothornvit et al. [302] prepared whey
protein isolate (WPI)-based composite films using a solution-casting method with three different
types of nanoclays (Cloisite Na+, Cloisite 20A and Cloisite 30B). The WPI/nanoclay composite films
showed a decrease in water vapor permeability, although only significant in the WPI/Cloisite Na+

composite, that is the most polar clay based product. Probably in this case, a better dispersion of the
clay in the protein matrix is achieved. However, no significant improvement in mechanical properties
was observed. Interestingly, the incorporation of Cloisite 30B into WPI films showed significant
bacteriostatic effect against L. monocytogenes, suggesting application for enhancing safety of food
packaged with such film composites.

Kumar et al. [303] prepared a bio-nanocomposite powder of SPI and montmorillonite (MMT) via
melt extrusion method, and then made SPI/MMT nanocomposite films via solution-casting method.
Their results showed significant improvements by using montmorillonite in tensile strength, elongation
at break and processing conditions (temperature profile and screws rate) were selected to minimize
the water vapor permeability of the obtained films. Thus the value of water vapor permeability was
reduced by at least 25% with respect to soy based films.

11.2. Mechanical Properties

Tensile strength and Elongation at break of several protein based films applied to paper compared
to traditional polymers are reported in Table 7.

Table 7. Reported mechanical performances for coatings applied on paper based on the commonly
used proteins (best value reported when number of samples were tested).

Protein
Used

Process
(Wet/Extrusion)

Young Modulus
(MPa)

Tensile Strength
(MPa)

Elongation at
Break (%) Reference

whey wet 140 – 7 [8]
wet 4200 0.08 4.2 [32]

soy wet – 17 * 177 * [214]
wet – 40 Nm/g – [304]

caseinates
wet – 16 ** 30 ** [115]
wet – 5 kN/m 4 [2]

wheat
gluten

compression
molded 121 106 6 [32]

* multilayer with PLA; ** coating properties.

The data about Modulus and Tensile Strength are not easily comparable, because the grammage
of the cellulosic sheets employed was quite different in the different papers. The elongation at break is
in the range 4%–7%. The value of the elongation is typical of the paper and board based products. The
higher value obtained for a whey coating (177%) is related to a multilayer containing poly(lactic acid)
(PLA) layers.

Data about protein coatings or film mechanical properties are reported in Table 8 [285].
First of all, the primary structure (and also secondary if the denaturation is not complete)

influences the mechanical properties of protein based films. For instance whey protein films show
a higher tensile strength and lower elongation at break with respect to many casein or caseinates
based films, but among casein based films α-casein and β-casein result in quite different mechanical
properties. This fact is very important, but natural proteins are often a mixture of different
poly(aminoacidic) macromolecules, in some cases the structures are not completely known, hence
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more investigations are necessary to correlate amino-acidic sequences and assembly properties to
the final mechanical properties. Moreover the identification of a reliable and constant source is quite
important for the industrial exploitation of processes based on proteins processing that require the
achievement of constant properties, especially if the protein based product is a film having structural
functions in the final cellulose based products.

Table 8. Mechanical properties of various plasticized proteins films.

Film Tensile Strength (MPa) Elongation (%)

UF-TMP a:Gly b (4:1) 10.1 5.2
β-casein:Gly (2:1) 6–9 250
αs1-casein:Gly (49:1) 4.1 38

αs1-casein:Gly (49:1), Tgase c 10.6 77
β-Lg d:Gly (2.6:1), Tgase 141.2 –

NaCas e:Gly (4:1) 17.4–26.7 10.5
NaCas:Gly (2:1) 2.98 29.9

NaCas:PEG f (4:1) 10.9–16.35 5.3
NaCas:PEG f (4:1) 10.9–16.35 5.3
NaCas g:Gly (2:1) 4.25 1.4
KCas h:Gly (2:1) 2.97 42.8
WPI i:Gly (2:1) 5.76 22.7
WPI:Gly (2.3:1) 13.9 30.8
WPI:Gly (5.7:1) 29.1 4.1
WPI:Sor j (1:1) 14.7 8.7
WPI:Sor (2.3:1) 14.0 1.6

WPC k:Gly (2:1) 3.49 20.8
NaCas:AM l:Gly (2:2:1) 1.32 27.4
CaCas:AM:Gly (2:2:1) 2.14 13.4
KCas:AM:Gly (2:2:1) 1.66 17.7
WPI:AM:Gly (2:2:1) 3.14 10.8
WPC:AM:Gly (2:2:1) 1.08 13.6

LDPE m 13 500
LDPE n 26 300

a Milk protein obtained by ultrafiltration; b Glycerol; c Ttransglutaminase; d β-lactoglobulin; e Sodium caseinate;
f Pholyethylene glycol; g Calcium caseinate; h Potassium caseinate; i Whey protein isolate; j Sorbitol; k Whey
protein concentrate; l Acetylated monogliceride ; m Low density polyrthylene; n High density Pollyethylene.

The highest elongation at break values were reported for wheat gluten, casein and soy protein
isolate based formulations but the corresponding tensile strength are in all the cases lower than
8 MPa [285].

It is however evident that the mechanical properties of protein based films much vary on the
basis of the presence of plasticizers (Table 8), their chemical structure and molecular weight, their
concentration, as evidenced in Sections 9 and 10 for many proteins formulations. In general a
higher concentration of plasticizer is related to a lower tensile strength and elastic modulus and
a correspondent increase in elongation at break. The best proteins films are those with a tensile
strength of at least 10 MPa and an elongation at break higher than 100%. In this case, we can consider
that the properties of LDPE (tensile strength of about 8–13 MPa and elongation at break > 300),
the traditional petrochemical polymer employed for flexible films, are almost achieved, although,
especially in elongation at break, the values for protein based films are lower.

The cross-linking of proteins usually determines an increase in tensile strength and elastic
modulus, but correspondingly it usually results in a decrease in elongation at break. However
this trend is strongly dependent on the extent of chemical modification: for low and controlled
cross-linker concentration usually all the properties can be improved [153], including gas barrier
properties. If the cross-linking is very extensive, some heterogeneities can be formed due to the
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presence of non processable aggregates. These aggregates represent defects in the film structure and
worsen the tensile and barrier properties of films.

In cast films obtained from water based solutions, also the pH plays an important role,
as evidenced in Section 7.1. Generally acid or alkali conditions allow the formation of neat positive or
negative electric charges onto the proteins chains and determine the achievement of a more extended
structure. In condition close to isoelectric point the lower solubility of proteins usually determines
difficulties in film forming and consequent worsening of film tensile properties.

In film obtained from flat die extrusion and calendaring, the effect of pH is present to a lower extent
as the content of water in the system is reduced. However it has an effect onto denaturation occurring
during the extrusion, hence it must be controlled. In the case of flat die extrusion, as evidenced in
Section 7.2, the content and reactivity of agents limiting or favoring cross-linking and the processing
viscosity influence significantly mechanical properties. The example about keratin processing [98] is
the most representative of this issue.

The process by which the protein based treatment is applied on a cellulose based products is also
of importance. If applied on paper sheets by roll, the water protein solution (industrial version of
solution casting) can penetrate in the cellulose porous structure and the paper and the proteins can
consist in a unique interpenetrated system, obviously depending on the thickness of the cellulose based
sheet. If the thickness is high we can assume that the protein treatment affect mainly the superficial
properties on one side of the cellulose based product.

On the contrary if a protein based film is applied through lamination, it is important that the
adhesion of the protein based film (obtained industrially by extrusion) with the cellulose based layer
is sufficient for granting good mechanical properties avoiding delamination. Usually in the plastic
sector, the heating at high temperature of plastic film results in a good adhesive properties of them.
However, if they are not enough thermal resistant or the adhesion properties are not sufficient, glues
can be applied between cellulose based layer and protein based film in order to obtain enough resistant
multilayer packages. Hence, for applications in the paper sector adhesion properties of the protein
coating are quite important.

11.3. Binding and Adhesion Properties

The cellulose material has abundant amount of polar hydroxyl groups which can develop
hydrogen bonds with oxygen and nitrogen atoms of protein adhesives. The interaction between
cellulose and proteins can occur through penetration of protein adhesive molecules into the fiber
cells through crevices via capillary paths followed by anchoring due to in-place curing of adhesive.
The curing of the adhesive often implies the occurrence of cross-linking reactions and cross-linking
additives, chemical or enzymatic, are often used in protein based adhesives.

In the attempt of developing renewable binders for cellulose based products, Flory et al. [305]
compared the adhesive properties of several carbohydrates, proteins and lignins in order to find cheap
and highly available binders. Interestingly soy protein, hydroxyproline-rich glycoprotein (HRGP),
obtained from corn silk, gelatins from different sources and zein were also compared. The results
showed that the proteins exhibit the best binding properties. In particular it was found that gelatin
at 9% concentration combined with horseradish peroxidase enzyme, improving the tendency to
cross-linking of the protein, provided significantly higher tear strength than the current commercial
binder. Also other formulations based on gelatin, soy or zein based binder showed good properties,
equivalent to the properties of current commercial binders as well as whey based glue [199]. Potato
pulp, the by-product of potato starch manufacturing, was also employed as adhesive for fiberboard by
Mayer [306].

More recently [304] the potential of soy protein isolate (SPI) and its hydrolysates to provide
interfiber bonding enhancements in lignocellulosic furnishes was investigated. Soy protein is currently
the most used protein based adhesives in cellulosic products, such as wood. However these authors
set up a new process. Soy protein isolate was extracted from soy flour and hydrolyzed to provide
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a series of hydrolysates. The soy protein isolate and its hydrolysis products were later cross-linked
with ethylendiaminetetraacetic acid (EDTA) in the presence of sodium hypophosphite (SPH). Then
they were complexed to chitosan to improve their incorporation into old corrugated container (OCC)
matrix and thus increase inter-fiber bonding. Approximately 2% SPI-EDTA-chitosan and hydrolysed
SPI-EDTA-chitosan additives by mass (OCC-based slurry) were thoroughly mixed in order to prepare
a sheet for physical testing. The tensile indices of the SPI-EDTA-chitosan additive-treated OCC pulp
sheet increased 46.3%, while the inter fiber bonding of SPI-EDTA-chitosan additive-treated OCC pulp
sheet increased by 74.86% compared to the control. The treatment significantly increased gloss (100%),
but decreased roughness (70%) and tear strength.

Pervaiz [307] investigated the possibility of recovering proteins from the secondary paper sludge
of paper-making mills. Secondary sludge typically consists of polysaccharides, nucleic acids, enzymes
and proteins. Alkali treatment allowed the release the intracellular proteins into the aqueous phase.
Thus the recovered sludge protein (RSP) containing 30% crude protein or soy protein Isolate (SPI)
were modified with 1.0 M urea solution. The RSP was used as a wood adhesive and its adhesion
performance was compared with soy protein isolate (SPI) and phenol formaldehyde (PF) resins, both
employed traditionally in wood adhesives. The testing of plywood lap joints has shown up to 41%
shear strength level of RSP adhesive compared to PF. This work demonstrated the technical feasibility
and potential of secondary sludge as a biomass resource to develop eco-friendly adhesives for wood
composite applications.

The adhesion properties were not investigated for many proteins, especially those not yet
developed at industrial scale, however the possibility of using proteins of different sources for this
application is quite promising and can support also the production of multilayer packaging containing
biodegradable layers by lamination.

12. Food Safety Aspects, Migration, Legal and Regulatory Aspects

When it comes to the regulation of protein films and coatings, either applied directly or applied
over a substrate, they can be classified as food contact materials, food additives, ingredients or even
food products [12]. There is no specific legislation on biopolymer coatings yet, so conventional
regulations must be applied in each case. In scientific literature, none or the revised papers for this
review deals with safety legislation issues as these works are more focused on the characterization
and the study of their effects on food products than in legislation compliance. As a result, test related
with regulation compliance, such as migration tests, are not usually carried out within the scope of
these works.

When applied directly as edible coatings, protein coating formulations contain food grade
components usually regulated as additives; in that case the added amount should comply with
legislation (Regulation (EC) No. 1333/2008). It is worth mentioning another important regulatory
requirement in case a known allergen (as is the case of some proteins) has been employed within the
coating formulation; it must be clearly labeled [308].

In the case of the protein coatings applied on paper- or board-based materials, food contact
materials within the European Union, need to comply with Framework Regulation 1935/2004 (EC),
among other relevant regulations. According to this regulation, food contact materials need to be
manufactured in compliance with good manufacturing practice so that, under normal and foreseeable
conditions of use, they shall not transfer their components into the food in quantities that could
endanger human health or bring about an unacceptable change in the composition of the food or a
deterioration in its organoleptic properties.

All things considered, safety regulatory requirements of protein coatings and films remain an
issue that must still be addressed in order to scale-up their use to industry despite the promising
results reported in this review, especially in view of their absence from the main list of materials and
additives approved for food contact (EC 10_2011 in case of plastics) in spite of their food nature and
inherent safety.
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13. Biodegradation, Environmental Degradation and Other Environmental Aspects

13.1. Biodegradation and Composting of Protein Based Films

Biodegradation is a chemical process during which micro-organisms that are available in the
environment convert materials into natural substances such as water, carbon dioxide, and compost
(artificial additives are not needed) [309]. The biodegradability of a material is related to the specific
environment and is frequently very different in compost, soil, anaerobic conditions, and particularly
in water. This is related to the different microorganism present in the different substrates and also to
differences in temperature, pHs, etc. Thus, specific standards have been made for the evaluation of the
biodegradability in different environments.

In the literature survey often not comparable results are proposed about biodegradability of
protein based films or coating but however the main conclusions that can arise from the analysis
carried out in Section 8, are the following:

The presence of nitrogen in proteins make the material more suitable than polysaccharides or
polyester based materials, containing only C and O atoms, for composting. Hence, usually the presence
of proteins in natural based formulates, such as products with cellulose, has a positive effect on the
whole biodegradation process.

The degradation of a protein usually starts by hydrolysis at one or more of its peptide bonds
producing acid and amine groups. Protein can degrade by covalent modification with chemical,
no enzymatic reaction, or reaction with protease enzymes.

The biodegradation rate may decrease in biopolymers containing covalent bondings [310]. Thus
covalent cross-linking, i.e., the formation of chemical bonds between individual macromolecules,
improves physicochemical properties of multi-component films from polysaccharide and protein since
it leads to an increase in molecular size and, at higher conversions, to certain kinds of superstructure
(spatial networks) with characteristic physical properties but, when the degree of cross-linking is
high, it slows degradation [311] (Schnabel, 1981). For example a higher number of bi-tyrosine
cross-links induced by γ- irradiation slows bacterial degradation of calcium caseinate films [127,129].
On the other hand disulfide cross-linked soy protein–wheat gluten films still presented excellent
biodegradability under simulated composting conditions [10]. Tests in whey protein isolate and whey
protein concentrate based films evidenced bio-degradation in compost for raw materials and also for
films based on protein cross-linked through disulfide bonds [158].

Protein coatings [234] do not hinder paper recycling and separation of protein and paper layers
is not necessary. On the other hand Khwaldia et al. [7] reported that more investigation about
biodegradablily, compostability and recyclability are necessary. The thickness and the composition of
the coating in fact much influence the effect onto paper fibers recycling by pulping.

The use of proteolytic enzymes (R-chymotrypsin, pancreatin) can affect the rate of protein
degradation [235].

Very important is the use of protein based coatings or films in the packaging sector. The Packaging
Directive 94/62/EC, and most recent amendments, set minimum recovery and recycling targets
for each type of packaging product. This Directive concerns the amounts of biodegradable waste
land-filled or incinerated. The following European standards provide a framework within the different
requirements must be integrated:

‚ EN 13431:2000 Packaging. Requirements for Packaging Recoverable in the Form of Energy
Recovery Including Specification of Minimum Inferior Calorific Value.

‚ EN 13432:2000 Packaging. Requirements for Packaging Recoverable Through Composting and
Biodegradation. Test Scheme and Evaluation Criteria for the Final Acceptance of Packaging.

‚ CR 13695-1 Packaging. Requirements for Measuring and Verifying the Four Heavy Metals (Cr, Rd,
Hg, Pb) and Their Release into the Environment, and Other Dangerous Substances Present
in Packaging.
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‚ EN 13427:2000 Packaging. Requirements for the Use of European Standards in the Field of
Packaging Waste (“Umbrella Norm”).

‚ EN 13428:2000 Packaging. Requirements Specific to Manufacturing and Composition. Prevention
by Source Reduction.

‚ EN 13429:2000 Packaging. Reuse.
‚ EN 13430:2000 Packaging. Requirements for Packaging Recoverable by Material Recycling.

The norm EN 13432 has been endorsed by the European Commission and therefore is a
harmonized EU standard with a high juridical for defining a product as compostable.

A product can be defined as compostable as required by EN 13432 (2000) if it respects
specific characteristics:

‚ The product must contain at least 50% organic matter and may not exceed the heavy metal limits
specified in the standard.

‚ The products should mineralize for at least 90%, adopting the mineralization of a similar sample
of cellulose as 100% positive control, within 6 months under controlled composting conditions,
where mineralization is defined as the conversion of the organic C to CO2 and biomass, this
characteristic is linked to the chemical composition of the sample.

‚ The product, in the form which enters the market, should, within a timeframe of 12 weeks,
fragment in parts smaller than 2 mm under controlled composting conditions. It has to be
outlined that this requirement refers to the physical form of the product instead of to the
chemical composition. Consequently, this characteristic is linked to the thickness and the physical
construction (e.g., laminate, coating, etc.) of the sample, and can result tricky to be met also for
packaging based on biodegradable materials.

‚ The compost obtained at the end of the composting trial, that can also contain some no degraded
residuals from the product, must not have any negative effect to the germination and growth
of plants.

Thus we can say that compostability comprises more than just biodegradability. A packaging
which is compostable is always biodegradable, while a packaging which is biodegradable may not
be compostable (as it can be too thick for disintegration or can contain toxic components). In order
to avoid confusion on terminology several authorities prefer (or even mandate) the use of the term
“compostable” instead of “biodegradable”. In Europe there are several certification logos used by
institutes for industrial compostability.

The goal of using biodegradable plastic materials is to replace slowly degrading synthetic plastics
with rapidly degrading biopolymers to minimize harmful effects on the environment [312]. The
challenge for the successful use of biodegradable polymer products is achieving a controlled lifetime.
Products must remain stable and function during storage and intended use but then biodegrade
efficiently later [16]. Edible films based on natural bio-polymers are assumed to be biodegradable.

Whey proteins are easily degraded not just in compost but also in soil due to easy degradability
of proteins in several environments. When applied as coating on compostable materials such
as poly(lactic acid) the presence of whey protein do not hinder compostability but promotes the
disintegration supporting the achievement of requirements for composting that very often face an
issue in disintegration in the requested time frames for materials having some thickness.

13.2. Integration of Protein Based Technologies in Current Waste Management System

The current method for recycling cellulose based post-consumer packages is the pulping of the
grinded packages in dedicated plants. Cellulose fibers are thus suspended in water and, after filtration,
they can be reused in the production of cellulose packages. The water containing suspended fibers is
filtrated in the plant and residual fraction are thus separated, often consisting in petrochemical plastic,
mainly poly(ethylene), and also aluminum.
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The quality of the fibers is suited for recycling if they are not contaminated from substances that
hinder their orientation during the formation of paper sheet. The contamination can lead to sheet
irregularities and not reliable surficial properties. These impurities are generally indicated as “glues”
as often they consists in the glues present in laminated based products. A good protein based coating
should not act as a glue in the recycling of the cellulose fibers.

Moreover the residual fraction is generally recyclable for obtaining, by mincing and extrusion,
plastic materials containing aluminum platelets derived from aluminum foil. The dimension of this
particles is of some tenths of microns, hence they represent defects in the polymeric matrix composite
resulting in poor impact resistance. The possibility of recovering separated fractions from this residue,
separating plastic from aluminum, could be much convenient.

In this context, the use of protein based coatings or film in cellulose products could facilitate the
current waste management system by two different approaches: (1) favoring the separation of the
different materials for improving recycling; (2) allowing the composting of a significant fraction of
materials employed in packaging or the production of a fully compostable packaging.

For the first approach it is necessary to refer to the investigations related to the European project
WHEYLAYER (European Community’s Seventh Framework Programme (FP7/2007–2013) Grant
agreement No. 218340-2 WHEYLAYER “Whey protein-coated plastic films to replace expensive
polymers and increase recyclability” (http://www.wheylayer.eu/); and WHEYLAYER 2 “Barrier
properties for sustainable packaging” Seventh Framework Programme (FP7/2007-2013) grant
agreement No. 315743) where the presence of coating containing whey protein between a PET
and PE sheets allowed separating the two sheets in an enzymatic water bath. As the two polymers
have a different density the separation by flotation is particularly easy. The process is described by
Bugnicourt et al. [85].

For the second approach, as paper is a biodegradable material and it is usually compostable,
coating treatment or multilayer packages in which petrochemical polymers are used make the package
not compostable. Hence replacing these treatments or films with compostable ones would allow the
composting of the full package, or at least the composting of a high fraction of packages in the case of
multilayer high barrier system.

14. Conclusions and Industrial Perspectives

The present review represents an insight in the different raw materials and processing options
that would allow producing protein-based coatings or film to be applied on cellulose (paper or
board)-based products.

Many possibilities were illustrated on the basis of scientific literature, but more research work is
needed to extend the knowledge of the structure-morphology-properties correlations of the different
proteinaceous raw materials, taking also into account their regional availability. This link is particularly
important as in a specific territory peculiar crops are developed and consequently the related industries
of processing of natural products are present. Hence, the study of this kind of processes promotes a
better knowledge of the specific industrial development of a territory, thus valorizing also its industrial
waste with an industrial ecology approach. Both economic (because usually the management of waste
represent a cost for companies or municipalities), and ecologic (because the saving of resources will
allow reducing the environmental impact) benefits would result from this action.

The application of protein based coatings or film to cellulose based products would allow a better
modulation of barrier and mechanical properties of the full product. Hence these coatings can be
applied to many cellulosic products such as cardboard for boxes, board based containers for food (for
instance pasta) or stationery products.

In food and beverages packaging the multilayer cellulose packages are widely (worldwide)
employed. In Figure 1 the current scenario about multilayer paper or board based products
and the future scenario, on the basis of environmental issues discussed on Section 13 is reported.
In order to facilitate the recycling, efforts are also made to decrease the number of layers and use of
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adhesives whereby, provided sufficient properties for the defined application, protein could display
a multifunctional role by providing tightness to liquid, barrier to gases, adhesiveness of layers to
resulting paper and board packages.

As previously explained, paper or board are present in multilayer system in which also a
polyethylene layer, granting the suitable water barrier properties, is present. For not dried food,
creams or liquids, also an aluminum foil layer is present to grant a total barrier effect for the packaging.
The recycling of cellulose is actually carried out in paper plants, by re-pulping the grinded recovered
packaging material. A residual fraction (about the 30% by weight of the material) consists in aluminum
and polyethylene, which can be employed in the injection molding sector. The recycling process
should be optimized, for example by separating the Al from the PE or replacing the PE with a
compostable polymer.

In the perspective of having a compostable option for future packaging, the possible scenario can
be the one described in Figure 1 (when no aluminum layer is involved). The multilayer paper based
flexible packaging systems need to be modified by replacing the PE layer with compostable ones. In
the case of lamination, the employed glues should be natural, and, on the basis of literature surveys,
they can consist of protein formulations. Overall, the packaging has to grant the same properties in
terms of content protection as the synthetic polymer based options.Coatings 2016, 6, 1    42 of 56 
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under grant agreement No. 315313. Bio-Board research activities were aimed at designing a new
multilayer system exploiting the properties of whey proteins and potato pulp based films to replace
polymer barrier layer currently used (generally PE in beverage cartons and dehydrated food pouches,
this latter also using several other alternatives such as EVOH, PVDC, etc.).

Innovations to current multilayer systems can be proposed following two different routes: by
replacing the two polymers with compostable ones or by replacing the adhesive, always present within
multilayer plastic or paper laminates to grant adhesion, using a protein based material, which can
be removed by allowing the separation of the different layers. While substituting the EVOH barrier
layer, such approach was investigated by Bugnicourt et al. [85] was shown to allow an optimized
recycling approach. Interestingly the presence of the protein based layer in the system would allow
improving the barrier properties of the packages, replacing petrochemical layers with natural ones
and also improving their recycling, by separating the different material in post-consumer packages
and introducing composting for the bio-based fraction.

Besides the promising environmental advantages envisaged from the use of protein based coatings
in packaging, especially based on paper and board, in terms of industry perspectives, and besides
the already reported need for large availability and organized supply chain, work on the scaling up
the processes involved need to be continued. Indeed, as clearly evidenced by this review the film
forming behavior of protein based coatings is significantly different from those of polymer coatings,
so the industry cannot use them as drop in solutions. Besides, the often insufficient water resistance,
inherent color, or even odor, of such coatings can prevent reaching selected packaging applications.
Moreover the solid content is often more limited in terms of wet processes and the difficulties in
thermoplastic processing of proteins limiting converting speeds are to be overcome. Recent advances
towards the industrialization of whey protein-based barrier layer applied as wet coatings, and in
terms of extrudable ones have been made respectively in the two previously quoted Wheylayer and
BioBoard projects.

Paper industry already widely uses proteins, e.g., gelatin binders, casein adhesives, etc.
Nevertheless, while several recent market available options have emerged from the polysaccharide
side in terms of barrier coatings for paper (thermoplastic starch such as Novamont’s among others,
zein with US commercial sources covering several sectors including paper application, paper coating
based on polysaccharide from husk from the Swedish company Xylophane, etc.), no market available
protein based solution with wide availability was returned. In fact, while the bio sourcing is one of the
main market driver for packaging innovation, other materials like sugar-based PE, PLA, regenerated
cellulose and PHA are already commercially used as paper coatings. Nevertheless, as indicated by a
recent market study from Smithers Pira indicate that the market for functional and barrier coatings in
paper and board is rapidly increasing (it was worth $4.2 billion in 2012, and will increase by almost
420,000 tons by 2018) with food and beverage packaging representing 85% of the demand. Hence there
is an increasing need and a possible market space for multifunctional solutions based on proteins.
Prices that industry most time demands to be aligned with current solutions is also often an issue
for the uptake of emerging protein solutions, although their sourcing from agro-wastes, in a holistic
valorization approach, can also help reducing costs.
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Acronyms

CGM corn gluten meal
DAS dialdehyde starch
EDTA ethylendiaminetetraacetic acid
EVA poly(ethylene-co-vinyl acetate)
EVOH poly(ethylene-co-vinyl alcohol)
GHCl guanidine hydrochloride
HPMC hydroxypropylmethylcellulose
LDPE low density poly(ethylene)
MAP modified atmosphere packaging
MMT montmorillonite
NaCAS sodium caseinate
OCC old corrugated containers
OPP oriented poly(propylene)
OTR oxygen transmission rate
PCL poly(e-caprolactone)
PE poly(ethylene)
PLA poly(lactic acid)
PVA poly(vinyl alcohol)
PVC poly(vinyl chloride)
PVDC poly(vinylidene chloride)
RH relative humidity
SME specific mechanical energy
SPH sodium hypophosphite
SPI soy protein isolate
WPI whey protein isolate
WVP water vapor permeability
WVTR water vapor transmission
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