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This review article provides a thorough overview of barrier coating materials that have been used in food
packaging with a focus on biodegradable (bio-based or petroleum-based) materials, such as lipids, proteins,
polysaccharides, agriculture waste and polyesters. The goal is to provide an opportunity to acknowledge
progress made in this field, focusing on modifications made to coatings. These modifications aim
to address the shortcomings of biodegradable substrates (either plastic or paper) and improve their
performance, enabling them to compete with traditional petroleum-based food packaging materials. This
includes their barrier against water vapor and oxygen, mechanical and surface characteristics (sealability and
adhesion), as well as antimicrobial properties. The barrier of most biodegradable polymers underperforms in
comparison with petroleum-based non-biodegradable polymers, which possess either high water vapor
barrier or high oxygen barrier. Coating technology is a promising solution particularly in barrier improvement of
biodegradable polymers. Currently, there are only metallized, or inorganic nanosheet coatings available for bio-
degradable films that meet food packaging requirements. There are some challenges in this field, for example,
being able to retain the coating’s biodegradability despite applied modifications to improve it's performance, the
large-scale fabrication of biodegradable coatings, the coating's delamination and heat-sealability during service
time, and the migration of the coating into the packaged food. Moreover, green chemistry and its sustainability
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needs in biodegradable polymeric coatings are also discussed regarding new ideas and possible directions for
widespread application of coatings in food packaging. This is the first review that specifically summarizes bio-
degradable coatings on plastic and paper substrates with a focus on coating modifications to improve the per-

rsc.li/greenchem formance of the base substrate to meet the required properties for food packaging applications.

the supply chain (~17%),’ (IV) preparation and cooking and
(V) end-of-life.> Food packaging is used worldwide to protect

1. Introduction

(cc)

1.1 From food waste to food packaging

“We have woken up to plastic waste. Is food waste next?” (Liz
Goodwin)." It is time to take the pledge to choose the health of
our planet over plastic. Nowadays, it is evident to all that
plastic waste has dreadful consequences for our planet.
Additionally, we are facing another equally urgent waste issue,
which is food. According to the world counts website, one-
third of the world’s food is not only never consumed, but is
wasted in each step of the food life cycle.> This includes (I)
agricultural production such as crops, that can be damaged in
farms by pests, diseases and factors linked to the weather, soil,
climate, water availability, and natural disasters resulting in
1.2 billion tonnes of food waste per year ~15%,> (II) processing
and manufacturing (food waste of ~5%),” (III) storage and dis-
tribution that is food waste from retail to consumer stages of

“School of Engineering, Thornbrough Building, University of Guelph, Guelph,
Ontario, N1G 2 W1, Canada. E-mail: mmisra@uoguelph.ca

bBioproducts Discovery and Development Centre, Department of Plant Agriculture,
Crop Science Building, University of Guelph, Guelph, Ontario, N1G 2 W1, Canada

4934 | Green Chem., 2024, 26, 4934-4974

food against environmental contamination from outside
sources such as odors, gases, aromas, humidity, light, physical
damage, and microorganisms.*® Also, food packaging is the
main contributor to ensuring the safety and quality of food, as
well as prolonging its shelf life, thereby lessening food wastage
and losses.®”

Overall, plastic polymers, which are not biodegradable,
have the largest amount of usage in the food packaging
industry.®® Petroleum-based plastics (e.g., polyvinyl chloride
(PVC), polypropylene (PP), polyvinylidene chloride (PvdC),
polyethylene (PE), high- and low-density polyethylene (HDPE
and LDPE), polystyrene (PS) and polyethylene terephthalate
(PET)) are still commonly used in food packaging, while most
never see a second life and are associated with environmental
concerns."® To be more precise, the biodegradation rate of pet-
roleum-based plastics ranges from tens to thousands of
years."" In addition, these plastics can enter the ocean and bio-
degrade into microplastics, which end up in the stomach of
marine organisms and eventually enter the human food
chain."* This is what triggers the urgent need for bio-
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degradable materials. The planet and its inhabitants would
benefit significantly from the prompt discovery of environmen-
tally friendly and sustainable alternatives to traditional plastic
food packaging materials.

1.2 Development of biodegradable food packaging -
limitations and strategies

As reported by the IUPAC, “a bioplastic is a biobased polymer
derived from the biomass or issued from monomers derived
from the biomass and which, at some stage in its processing
into finished products, can be shaped by flow”. Notably, using
the term bioplastic is discouraged, since it represents that any
polymer produced from biomass is ecofriendly. Hence, the
IUPAC proposes the term “biobased polymers”.'* Utilization of
biobased polymers as food packaging materials has seen
various functional limitations over the past years, such as brit-
tleness, difficult heat sealability, thermal instability, low melt
strength, and poor barrier characteristics (i.e., high permeability
to water vapor and oxygen)'*'° (Fig. 1). These shortcomings
restrain them from being a viable substitute for petroleum-
based plastics in food packaging applications.’”*® To enrich the
functional properties of biobased polymers, particularly barrier
capacities against gasses and water, several strategies have been
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proposed in the available literature, for instance, development
of biobased films and coatings,”"” incorporation of nano-
particles (e.g., reinforcement of biopolymers with nanoclay'”*),
chemical modification®® (e.g., grafting fatty acid to improve the
water vapor barriers®'), physical modification (e.g., heat treat-
ment and irradiation®?), and blending two or more biobased
materials® (Fig. 1). Among the aforementioned strategies, coat-
ings could add several advantages to the substrate such as resis-
tance against permeation of gases (i.e., O,, CO,), water vapor,
aromas, volatile organic compounds (VOCs), oils, and light (i.e.,
UV radiation). Furthermore, coatings can enhance the mechani-
cal (e.g., friction resistance, tensile strength, and scratch resis-
tance), optical (gloss and haze), surface (adhesion and sealabil-
ity) and thermal (e.g., flame barrier) properties of the base sub-
strate. Finally, coatings can provide new functions for the packa-
ging such as antibacterial or antimicrobial properties.” An “anti-
bacterial” material is defined as a substance that interferes with
bacterial growth and survival by selectively destroying bacteria.>*
In contrast, “antimicrobial” is a broader term, encompassing
materials that inhibit the growth of various microorganisms,
including bacteria, fungi, and algae.>® Biobased coatings could
be made from different biopolymers, namely polyesters, poly-
saccharides, lipids and proteins (Fig. 1).
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Fig. 1 Biobased polymers’ limitations and strategies for food packaging applications.
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1.3 Development of green coating alternatives to petroleum-
based coating

Synthetic polymeric barrier coating materials, such as poly-
fluoroalkyl (PFA) substances-coated paper wraps and epoxy-
based resin (bisphenol-A (BPA))**-coated canned goods cannot
be recycled or repulped and can have harmful effects on
human health.>”*® Polyvinyl alcohol (PVA) is a more environ-
mentally friendly option that is widely used as petroleum-
based biodegradable coatings for flexible/rigid paper packa-
ging to protect food against oxygen permeation.>® Bio-based
non-biodegradable polymers such as bio-polyethylene (Bio-PE)
and bio-polyethylene terephthalate (Bio-PET) have rarely been
used as coatings for food packaging applications, and have not
been commercialized. An example of this application is the
development of oxygen scavenger multilayer films using Bio-
PE as the food contact layer incorporating gallic acid as the
oxygen scavenger.”® The greatest number of bio-based bio-
degradable barrier coatings come from proteins, polysacchar-
ides, lipids, and their composites.” Protein coatings such as
the zein-based coating from FloZein Products® have been
applied on cardboard containers for greasy food, on fresh/dried
fruits and vegetables to provide a long-lasting moisture and
microbial barrier as well as on fresh fish/meat to reduce oil
absorption during frying. Gum ghatti is a complex polysacchar-
ide used in the paper industry as a moisture barrier coating.*>
Paper and paperboard coated with Solenis TopScreen biowax
barrier coatings are available in the market. They are repulpab-
able, recyclable, and industrially compostable with EN 13432
certification.>® However, to the best of our knowledge, there are
no other wax coating materials tested as biodegradable. More
research is needed to perform biodegradability tests on natural
wax coating materials to ensure their biodegradability strictly
under ASTM, ISO, European standard methods. Polyesters are
also used as coatings for food packaging applications. For

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Transition from synthetic non-biodegradable coatings to biobased biodegradable coatings for food packaging applications.

example, poly(lactic acid)-coated paper has been commercia-
lized as stand-up bags for dried fruits, pulp molded trays and
paper glasses for cold liquids.** Polyhydroxyalkanoates and
starch-based aqueous coatings have shown odor/taste protec-
tion, oil/grease resistance, and gluability/heat sealability.
Nevertheless, aqueous coatings cannot provide high water/
water vapor barrier properties.*® Overall, in both academic and
industrial sectors, a significant transition is evident, moving
away from synthetic non-biodegradable coatings towards bio-
based, biodegradable alternatives (Fig. 2). Ongoing endeavors
are focused on improving the performance of environmentally
friendly coatings for applications in food packaging.

In summary, the development of biodegradable packaging
materials has attracted interest worldwide, as it is known to
lessen the environmental impact associated with traditional
petroleum-based plastic packaging. Nevertheless, getting
sufficient properties from biobased biodegradable polymers
that are required for food packaging applications is challen-
ging. Various technologies are being developed to compensate
for the biobased biodegradable deficiencies and enrich their
functional properties to be able to compete with traditional
plastic packaging. Coatings serve as an emerging technology to
improve the functional properties of the biodegradable sub-
strate, particularly regarding barrier properties against oxygen
and water vapor, thereby improving food shelf life. The manu-
facture of paper, paperboard, cellulose thin films, plastic coat-
ings, fibrous fabric sheets, metallic foils, etc. are some of the
main applications for coating technology. Using this techno-
logy, two or more layers with specific and complementary pro-
perties can be combined (i.e., multilayer) to obtain a single-
layer structure, resulting in enhancing the performance of the

This journal is © The Royal Society of Chemistry 2024

substrate. Various materials are used as a coating such as bio-
based biodegradable biopolymers (i.e., lipids, proteins, poly-
saccharides, biomass, and agriculture waste), bacterial poly-
mers (ie, polyhydroxyalkanoates), and synthetic bio-
degradable polymers (polybutylene adipate-co-terephthalate
(PBAT), polycaprolactone (PCL), polybutylene succinate (PBS)),
which are reviewed in this paper. Through reviewing the pre-
strategies used to develop biodegradable coating
materials, the pros/cons and efficiency of different coating
methods and the challenges of their commercialization are
summarized to guide the future design of coatings’ modifi-
cations, widening their commercialized applications.

vious

2. Principle and stratagem to
developing green coatings

One of the main strategies for improving the barrier properties
of biodegradable food packaging is surface coating. In prin-
ciple, applying an additional thin layer on one or both sides of
bio-based films or other packaging materials (ie., paper,
paperboard) is defined as a coating process.'” There are
various coating techniques including chemical/physical
vacuum deposition, solution coating (e.g., layer-by-layer assem-
bly, slot-die coating, brush/bar coating, spray coating, spin
coating and dipping), electrohydrodynamic processing (e.g.,
electrospraying, electrospinning) and other techniques such as
melt extrusion coating and hot pressing (Fig. 3). Coating tech-
niques are more versatile than lamination or coextrusion in
terms of manipulating or developing multilayer structures
with different thicknesses from nano to millimeters.**

Green Chem., 2024, 26, 4934-4974 | 4937
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Fig. 3 Different coating techniques for the preparation of single-layer

or multilayer coatings. Schematic figures are adapted from the following

references. (A) Electrohydrodynamic processing including electrospinning, electrospraying; reproduced from ref. 46 with kind permission from John
Wiley and Sons, copyright 2020, open access. (B) Chemical vacuum deposition (CVD) is redrawn by the authors from ref. 47 with kind permission
from RSC, copyright 2016. Other techniques include (C) extrusion coating and (D) hot pressing®® and solution coatings including (E) layer-by-layer
assembly, (F) casting; (figure C—F are reproduced from ref. 48 with kind permission from Taylor & Francis, copyright 2021). (G) Slot-die coating,
reproduced from ref. 49 with kind permission from John Wiley and Sons, copyright 2020, open access. (H) Spin-coating, (I) spray-coating and (J)
dip-coating (figure H-J are reproduced from ref. 50 with kind permission from Springer Nature, copyright 2021, (license number 5581701004745)).

Coating materials include inorganic nanoparticles, small
organic molecules, and different macromolecules. Different
coating materials and coating techniques along with their
advantages/disadvantages have been reviewed and summar-
ized in previous literature.>**® Here we have reviewed the coat-
ings derived from specifically biodegradable polymers for
paper/plastic substrate and their corresponding modifications
to improve the performance of the substrate.

In the biodegradable polymer field, coating technology
can be divided into two categories: (1) coating a high
barrier layer onto the biodegradable polymer film/sheet, and
(2) coating the high barrier biodegradable polymer (e.g.,
polyhydroxybutyrate-co-hydroxyvalerate (PHBV), bionanocom-
posites or waxes) on the paper/paper board. The interfacial
interactions between the substrate and the coating material
can significantly affect the barrier of the whole structure,
because the separation of coating and the matrix results in
poor oxygen/water vapor barrier of the whole structure.
Interactions of molecular assembly deriving forces such as
electrostatic®® and hydrogen bonding,*>*' corona treat-
ment,*” and silane hydrolysis®® have been studied so far to
improve the interface adhesion between the coating material
and the substrate.

4938 | Green Chem., 2024, 26, 4934-4974

It is noteworthy that, although coatings and films are some-
times used as equally the same, their method of application is
thoroughly different. A material that is obtained as a stand-
alone solid laminate followed by applying it to foodstuff (or a
substrate e.g., paper/paperboard and biobased polymers) is
known as a film. However, a coating is applied to food stuff (or
paper/paper board and biobased polymers) via a method that
may or may not contain a liquid and is not a stand-alone
structure.**® In the literature, this differentiation in defi-
nition has only been highlighted for edible films and coatings
on food as the substrate. In the above description, we general-
ized it to other substrates as well.

3. Different types of biodegradable
coatings and their modifications
3.1 Coatings from nature

3.1.1 Lipid-based coatings. A summary of all biopolymers
from nature that can be used as coating materials is shown in
Fig. 4, which will be discussed throughout section 3.1.

Lipid-based materials have great potential in biopackaging
applications, due to their hydrophobic nature, which results in

This journal is © The Royal Society of Chemistry 2024
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impressive barrier properties against moisture transfer.”>>
Lipid compounds are extracted directly from biomass originat-
ing from animals, insects, and plants, which are considered
natural sources.**

Lipids contain diverse functional groups such as mono-, di-
and triglycerides, fatty acids, fatty alcohols, phospholipids, ter-
penes and cerebrosides.**** Fig. 4 shows the most common
lipids that have been used in coating formulations for food
packaging applications. Lipids, which are composed of fatty
acids, originate from vegetable oils, essential oils, and natural
waxes (e.g., candelilla or carnauba wax, and beeswax).*!
Soybean oil,> corn oil,>* and sunflower oil>> are some of the
most common vegetable oils that are used as coatings for food
packaging applications. Among other lipid compounds, the
high hydrophobicity of waxes makes them the most efficient
barriers against water vapor permeation.”>>*®

Pure lipid coatings are not commonly used as they are
mechanically weaker and have low structural integrity in
contrast with proteins and polysaccharides.’” In this regard,
composite coatings derived from hydrocolloids (proteins or
polysaccharides) and lipids are more advantageous than the
addition of lipids into proteins and polysaccharides, as the
latter may cause low strength.’® Lipids play the role of a
barrier against moisture transfer and hydrocolloids play the
role of a supporting matrix and provide a barrier against
gases in the composite structure. Lipids and hydrocolloids
are processed by making either bilayers or emulsions®*®’

(Fig. 5).
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Functional properties, including barrier properties, of coat-
ings derived from lipid compounds are influenced by their
chain length, saturation degree, physical state, structure (e.g.,
degree of polarity), crystal dimensions, lipid distribution into
the coating (e.g., homogeneity or heterogeneity), as well as
humidity and temperature.”® The high resistance of wax coat-
ings is due to either their hydrophobic nature (absence or low
number of polar groups) or their molecular organization
(waxes possess a tight orthorhombic crystalline arrangement,
in which their direction is perpendicular to the gas flow and
therefore do not allow the gas transfer)®® (Fig. 5).

Beeswax coating on whey protein isolate-cellulose (WPI-cell-
ulose)-based film decreased the water vapor transmission rate
(WVTR) by 92-95%, and was then coated on commercial cereal
box paper board.®® Although WPI has a good film-forming
property, its high WVTR in the presence of plasticizers limits
its applications. Incorporating a lipid component is a smart
modification for achieving a high barrier against moisture. A
biodegradable starch-based glue was used as an interfacial
adherent between beeswax and the WPI layer.®® Biodegradable
trays of thermoplastic starch/polylactic acid (TPS/PLA) coated
with 1% beeswax in ethyl alcohol and Tween80 emulsion
showed the lowest solubilisation capacity in water, which con-
tributed to water vapor permeation (WVP) being reduced by
97.46%.%" The concentration of beeswax emulsion showed a
significant effect on the water vapor barrier properties of the
trays, in which using 2-3% beeswax emulsion caused an
inferior adherence to the substrate and delamination.®® PLA

Biopolymers
from Biomass

Protein Lipid
1 1
I 1 1 I 1 1 1 I 1 1 1
Gelat.m i Zein Veget.able Wax Esseptlal Cutin Pectin Starch Cellulose ey
Casein Soy oil oil Mannan
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Animal Giaine Maize Sunflower Bee ) i Tomato Citrus Potatoes Pruning Plant cell
collagen (corn) Corn Carnauba C;:n:n:;c peel peel Cassava waste walls
aldehyde
0
10 Gl U ¥ Ho B M, Hy B Ho T T P
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Fig. 4 A categorization of biopolymers obtained from biomass. Biopolymers are categorized in three main groups, namely proteins, lipids and poly-
saccharides. Some examples are shown under each categorization followed by their origin underneath. The typical chemical structure of each group
is drawn in ChemDraw by the authors. Proteins are made of a major building block called alpha amino acid. Triglycerides are the most common type
of lipids. Finally, polysaccharides are long chains of monosaccharides, of which the most common is glucose. Figure is redrawn from ref. 51, with
some added components by the authors with kind permission from MDPI, copyright 2020, (open access).
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Fig. 5 Characteristics of lipid-based coatings including their natural properties, processes of making coatings from lipids, their main functions and
factors affecting their functions. Data of iodin values for different types of oils are from ref. 59.

films coated with a crosslinked chitosan/beeswax layer had an
increased water vapor/oxygen barrier as well as abrasion resis-
tance through a reduction of swelling in PLA films. This
resulted from the crosslinked chitosan, which showed more
profound effects on oxygen transmission rate (OTR) reduction.
A layer of beeswax coating reduced the WVTR further.
However, there was not a significant difference in OTR
between samples with or without beeswax coating.®?
Hydroxypropyl methylcellulose incorporating beeswax coatings
showed improved moisture barrier from 20 to 50% compared
to the formulation without beeswax. By increasing beeswax
content from 20 to 60%, the moisture barrier improved signifi-
cantly, while the oxygen barrier and mechanical properties
reduced.®> When considering materials with high hydro-
phobicity, particularly for use as robust barriers against water
vapor, waxes are the primary substances that come to mind.**
Nevertheless, there are still some issues that need to be con-
sidered to create fully biobased and biodegradable coatings
based on natural waxes (Box 1). The strategies that have been
addressed in the literature are also summarized in Box 1.

4940 | Green Chem., 2024, 26, 4934-4974

Box 1 Biobased and biodegradable coating based on
waxes: Limitations and strategies

Limitations:

+ In solution coating methods, waxes are dissolved in a
solvent, which is either chlorinated or non-chlorinated
hydrocarbons.®* To produce a sustainable biobased and
biodegradable coating, “green” solvents such as water,
supercritical fluids, ionic liquids, liquid polymers and
biomass-derived solvents®® should be used.

» Most waxes have a low melting point (e.g., beeswax
45.5-70 °C,°® candelilla 54.5-76 °C (ref. 66)) and can
leach away easily, which is a disadvantage for thermal
stability of coatings.

+ By increasing the wax content of the coating composition,
one can reduce water vapor permeation (WVP) for the packa-
ging material; however, poor adhesion of waxes to the sub-
strate limits their viable concentration in coating formulations.
+ A slight change in temperature can cause waxes to
become soft or brittle and suffer from low abrasion resis-
tance once coated on the substrate.®

This journal is © The Royal Society of Chemistry 2024
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- The biodegradability of waxes needs to be studied
specifically according to standard methods, to ensure
the biodegradability of the whole packaging material
after being coated by natural waxes. A small number of
studies have reported the effect of wax coating on biode-
gradability of the packaging material®” based on stan-
dard methods. The biodegradability should be >90% (by
respirometer) after maximum 180 days for a material to
be considered biodegradable (ASTMD6400).

Strategies:

+ Low melting point of waxes can also be considered as
a positive aspect, as they can be easily emulsified with
water instead of using hydrocarbon solvents.**

» To tackle the leaching problem of waxes, they can be
mixed with other hydrophobic polymers such as polydi-
methylsiloxane®® for encapsulation and improve wax
stabilization. In this regard, the wax’s desire to migrate
to the surface results in improved coating
hydrophobicity.**

« Dispersion of wax in alcohol is another positive point,
as it allows other polar compounds to be processed in
alcohol along with waxes.®*

By altering the crystallization of wax, it can act as a
coating with rough surface similar to the lotus leaf.®*

Oils derived from a wide range of annual plant seeds have
been used in the coating industry for centuries.”* The high
importance of seed oils lies in their low cost, high availability,
renewability, and their high annual production across the
world. Seed oils contain triglyceride molecules (Fig. 6) mixed
with different fatty acid residues. The most common seed oils
are derived from soybean, tung, corn, linseed, and castor.”
Fig. 6 shows the typical seed oil’s chemical composition con-
taining esterified glycerol with 3 molecules of fatty acids as
well as the normal fatty acid composition of several of the
most often used seed oils, along with their chemical designa-
tions, which are either saturated or unsaturated. In addition,
fatty acid chains can contain various functional groups, such
as epoxy or hydroxyl. Fatty acid distribution determines the
chemical/physical properties of seed oils. To explain further,
the position and number of C=C double bonds within the ali-
phatic chain has a noticeable effect on the final properties of
the 0il.”® The amount of iodine reacted by the double bonds in
100 g of oil corresponds to the average degree of unsaturation
determined by the iodine value. There are three classifications
for oils depending on their iodine value,*® shown in Fig. 5.

In industry, it is preferred to produce coatings with low
solvent content. For instance, reducing the viscosity of the
polymer is effective in decreasing the organic solvent content
in the coatings. Polymers with a narrowed molecular weight
distribution or those with a low molecular weight can be used
to produce a low-viscosity coating composition.”! Moisture-
resistant paper was prepared by coating silylated soybean oil
(53.1% reduction in WVTR), which did not show any changes
in the oil’s viscosity and therefore the coating process was per-
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formed in one step with no additional diluent, solvent, or oil
emulsifier. The film formation mechanism for polymeric solu-
tions through evaporation of the solvent/water results in volume
shrinkage and film deformation or unwanted coating cracks on
the surface.’”* To increase the shelf life of guavas, coatings
based on cassava starch incorporating beeswax as a hydro-
philizing agent and sunflower oil as an emulsion former for
coating formulations were developed. The coatings showed
improved barrier against moisture and increased the guavas’
shelf life.”

Another category of lipid materials are essential oil com-
pounds derived from plants; these are known as naturally
occurring oils that have antimicrobial benefits.”® For example,
cinnamaldehyde, a main ingredient of cinnamon bark oil,
showed antibacterial, antifungal, antiparasitic, insecticidal,
antiviral, anti-diabetic, anticancer, and pro-wound healing pro-
perties.”” A summary of lipid-based coatings used to improve
barrier properties is listed in Table 1.

3.1.2 Protein-based coatings. In this section, we have sum-
marized a list of breakthroughs in protein-based coatings for
food packaging applications. Protein-based coatings are
divided into two categories: proteins from plants and animals;
wheat gluten (WG), corn, soy proteins and zein as plant pro-
teins, and casein, whey, keratin, and gelatin as animal proteins
(Fig. 4). Biopolymers based on proteins are the most effective
due to their high gas barrier properties comparing with poly-
saccharides and lipids. Soy-protein-based films showed 260-,
540-, 500- and 670-times reduced oxygen permeability in com-
parison with low-density methyl cellulose, starch, polyethylene
and pectin, respectively. In addition, films based on proteins
possess better mechanical properties than those based on
lipids or polysaccharides.”” The challenge of protein-based
coatings is their brittleness and intrinsic hydrophilicity, which
causes poor barrier properties against water vapor.

The strategies addressed for the above challenges of
protein-based coatings are categorized as follows in the pre-
vious literature:*° (I) chemical modification of proteins using
chemical agents (e.g., glutaraldehyde, CaCl,) or inserting func-
tional groups into protein side chains to form covalent and
non-covalent crosslinking to improve their mechanical pro-
perties; (II) addition of another polymer (e.g., chitosan, cell-
ulose, alginate) or a plasticizer (e.g., sorbitol, glycerol) to
improve their mechanical barrier properties and reduce costs;
(1I1) addition of natural antioxidant (e.g., vitamin E) and anti-
microbial agents (e.g., nisin) to proteins to improve the shelf
life of packaged food; and (IV) modification of the protein’s
surface with lipid molecules, polysaccharides or proteins to
improve barrier properties and interface adhesion. Protein-
based coating/film processing is based on two standard
approaches: firstly, the “wet or solvent process”, in which pro-
teins are dispersed or solubilized in a solvent, and secondly,
the “dry process”, which is based on forming a thermoplastic
followed by casting®” (Fig. 7).

The coating of plasticized whey protein over a commercial
compostable plastic film based on PLA improved the resistance
of PLA against oxygen permeation by 84.37%. Any modifications
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a-Linolenic acid

Oleic acid

Linoleic acid
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Ricinoleic acid

Vernolic acid
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Fig. 6 (Top) Example of an unsaturated triglyceride in vegetable oils, which is composed of glycerol and fatty acids (figure on the top is redrawn
from ref. 69 with kind permission of the website owner). (Bottom) Chemical structure of some common fatty acids (figure on the bottom is redrawn
by the authors in ChemDraw from ref. 70 with kind permission from RSC, copyright 2010).

including denaturation, additive blending or crosslinking in
natural polymers can influence their ultimate biodegradability.
The biodegradability test revealed that the denatured whey
protein within plasticizer degraded quickly even after applying
it to the commercial PLA film (i.e., fully mineralized during 20
days of the test performed in liquid medium).®”> Modification
of whey protein isolate (WPI) with montmorillonite nanoplate-
lets and plasticizer (glycerol or sorbitol) produced WPI-based
nanocomposite coatings with improved barrier against oxygen
permeation, while the elongation was reduced.®

Rocca-Smith et al.** boosted the barrier properties of PLA
against water vapor and oxygen by developing a wheat gluten
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(WG)-based multilayer system, PLA-WG-PLA (Fig. 8a and b).
Moreover, WG coating thickness had a non-linear relationship
with oxygen permeation (OP) (Fig. 8c), showing an exponential
decrease for thicknesses below 10-20 pm. The compatibility of
PLA and WG layers in the fabrication of multilayers was
improved by hot pressing as well as a corona treatment. The
interface adhesion between layers is defined as the work