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Chapter 1
Polymers for Food Applications: News

Tomy J. Gutiérrez

Abstract Polymers usually are found every day in a myriad of applications, but
special importance has the polymers for food applications. In particular, edible
polymers are of great importance for human subsistence. Edible polymers from the
nutritional point of view have been classified as carbohydrates, proteins, fiber and
lipids, i.e. they are considered as macronutrients. The study of edible polymers still
booming because of the great demand for healthier and more convenient foods, as
well as the development of new food products with better sensory properties, which
may have a prolonged shelf life. Many edible polymers being modified have allowed
the development of functional or medical foods. Obtaining new products from
modified edible polymers has also led to the manufacture of more stable foods, and
even that can be administered to people with special dietary regimens such as celiac,
phenylketonuric, diabetic, lactose intolerant, among others. The edible polymers
have had a positive impact on different sectors of the food industry, from food
packaging to the detection of toxic food substances. The edible polymers in essence
lead to the production of edible films and membranes, foamed foods, snack, micro-
and nanoencapsulated, hydrogels, prebiotics and oligomers, as well as food colloids
and emulsions. More recently, edible polymers have also given way to the
development of printed and electrospinned foods. This chapter aims to be preamble
to the study and analysis of polymers for food applications that will be addressed in
the course of this book, which has the contribution of important researchers with
extensive experience, which in some cases are editors of major international journals
in the field of food science and technology.

Keywords Carbohydrate polymers - Edible polymers - Food hydrocolloids -
Polysaccharide - Proteins
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2 T. J. Gutiérrez
1.1 Present and Future in Perspective

The main foods elaborated by the food industry are based on edible polymers,
which constitute the biomacromolecule structure of them (Gutiérrez et al. 2015a,
2016a). These edible polymers interact and react with each other, thus achieving the
development of micro- or nanostructured systems with better properties and
insurance (Gutiérrez and Alvarez 2017; Gutiérrez 2018a). Many polymeric
structures are found for food applications such as composite films and membranes,
layer-by-layer films, intelligent and active films, foams, micro- and nanoencapsules,
hydrogels, emulsions, electrospun, printing, hyperbranched structures (dendrimers),
among others (Sudrez and Gutiérrez 2017; Gutiérrez and Alvarez 2018; Gutiérrez
2018b). The edible polymers can be classified into three categories: hydrocolloids
(polysaccharides and proteins), lipids (fatty acids and waxes) and composites
(hydrocolloids and lipids mixtures or combinations of components of the same
group) (Alvarez et al. 2017; Gutiérrez 2017a). It can be highlighted among the
edible polymers most used: starch, cellulose and derivatives, alginate, chitosan,
collagen, gelatin, casein, whey protein, among others (Gutiérrez et al. 2014, 2015a,
b, ¢, d). Foods based on edible polymers today are developed not only with the aim
of nourishing, but are also directed for example to prevent diseases, or improve the
quality of life of people with metabolic diseases (Gutiérrez and Alvarez 2016;
Gutiérrez 2017b, 2018c; Gutiérrez et al. 2018a). Although many efforts have been
made in the study of edible polymers, the trend in this field should be directed to the
study of toxicity, compostability, surface properties, and the nutritional and
molecular aspects of these materials, since are points keys for their application
(Bracone et al. 2016; Gutiérrez et al. 2016b, 2018b; Gutiérrez and Gonzalez 2016,
2017; Medina Jaramillo et al. 2016; Gutiérrez 2017c, 2018d). Likewise, studies of
polymers for food applications must be designed on a large scale, since many
investigations are evaluated on a laboratory scale but are not viable within the food
industry for different technical and economic reasons (Gutiérrez and Alvarez 2017a,
b, ¢, d, e; Gutiérrez et al. 2017). Finally, the polymers for food applications will
continue to give firm footing not only for their consumption but also for the detection
of toxic food substances through the development of biosensors, the manufacture of
food packaging and the rise of food nanotechnology.
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Chapter 2
Edible Films

Maria R. Ansorena, Mariana Pereda, and Norma E. Marcovich

Abstract Self-supporting edible films are one of the emerging technologies used
today to optimize food preservation. With an ever increasing demand of consumers
for high quality food products in addition to environmental concerns regarding the
adverse effect of plastic packaging, food industry drive to develop and implement
new types of edible films. The use of edible films as food packaging can play an
important role in the quality, safety, transportation, storage, and display of a wide
range of fresh and processed foods. Edible films can provide replacement and/or
fortification of natural layers preventing moisture losses, while selectively allowing
for controlled exchange of important gases such as oxygen and carbon dioxide,
therefore, extending shelf life by minimizing food quality deterioration. Moreover,
edible films can act as carriers of food additives such as vitamins, antimicrobial and
antioxidants agents, providing a highly localized functional effect and improving
food organoleptic properties. In addition, edible films could add value to agricul-
tural and food industries by-products, since they are formed from various renewable
eco-friendly and edible substances such as proteins, lipids or carbohydrates. Lipid-
based films have good water barrier properties but form brittle films. On the other
hand, protein and polysaccharide based films generally have good mechanical prop-
erties and thus they may withstand handling. However, they are not good barriers to
water vapor. The use of blends comprising such compounds or their combination
with lipids is thus a way of developing composite edible films matching the require-
ments for use as food packaging. Accordingly, this chapter discusses the latest
advances on edible films aimed for food packaging.
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2.1 Introduction

Changes in the current lifestyles of modern consumers have led to an increase in the
sales of ready-to-eat (RTE), minimally processed and preservative-free food prod-
ucts (Peelman et al. 2013; Raybaudi-Massilia et al. 2016; Nisar et al. 2017; Moghimi
et al. 2017). Consumers are demanding microbiologically safe and fresh-like prod-
ucts that are healthy, shelf-stable, convenient, and produced using environmentally
friendly technologies (Raybaudi-Massilia et al. 2016). Nevertheless, natural and
preservative-free food products are more susceptible to be attacked by spoilage and
pathogenic microorganisms due to their manipulation. The growth of spoilage
microorganisms and food-borne pathogens is one of the most important causes for
food degradation (Viuda-Martos et al. 2011; Atarés and Chiralt 2016; Giteru et al.
2017), since it can accelerate lipid and other oxidation processes, produce changes
in the organoleptic properties of the foods (Saggiorato et al. 2012; Atarés and Chiralt
2016) and losses of nutritional quality (Ganiari et al. 2017). Moreover, food-borne
pathogens are directly responsible for certain illnesses in the human organism, or
can be indirectly responsible due to the production of toxins (Saggiorato et al. 2012;
Atarés and Chiralt 2016).

Packaging materials play an important role in containing foods and preserving
the quality and safety of a food product throughout the supply chain until consump-
tion (Raybaudi-Massilia et al. 2016; Lopez-Cdrdoba et al. 2017). The packaging
material functions as a barrier to the migration of pollutants from the environment
to the product (Raybaudi-Massilia et al. 2016). It is however also urged to meet
aesthetic and mechanical requirements for food applications (Manrich et al. 2017).
For more than 50 years, the food industry has come to use a wide range of synthetic
petroleum-based polymers that have provided convenience and ease of use in differ-
ent situations (Giteru et al. 2017). However, questions have been raised about their
continued use: they are non-renewable and non-biodegradable and therefore they
have become a serious environmental issue that concerns all the stakeholders of the
food production chain (Raybaudi-Massilia et al. 2016; Vijayendra and Shamala
2014; Giteru et al. 2017; Lépez-Cordoba et al. 2017). Therefore, innovative films
derived from agro-food industry wastes and renewable low cost natural resources
have received greater attention as effective and economical replacement for conven-
tional plastics (Valdés et al. 2014; Balti et al. 2017; Nisar et al. 2017; Alzate et al.
2017). Some of these materials are edible, so they can be consumed together with
the product or be in close contact with the food, while being eco-friendly and ensur-
ing that the package meets the primary objective of protecting the food (Raybaudi-
Massilia et al. 2016).

Edible films are preformed, thin layers, made of edible materials, which once
formed can be placed on or between food components (McHugh 2000; Yuan et al.
2016). Besides being biodegradable and compostable, edible films are desirable
because they also offer a lucrative outlet for surplus agricultural materials
(Tomasula 2009). On the other hand, these films have similar functions as those of
conventional packaging, including barriers against water vapor, gases, and flavor
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compounds and improving structural integrity and mechanical-handling properties
of foods (Galus and Kadzinska 2015; Yuan et al. 2016). Smartly designed, they can
also improve the quality, safety, shelf life, and functionality of food products, as
well as increase food sensory attributes and convenience (Pascall and Lin 2013;
Raybaudi-Massilia et al. 2016), while minimizing both spoilage and pathogenic
microorganisms during storage, transportation, and handling (Arrieta et al. 2014;
Raybaudi-Massilia et al. 2016; Gutierrez-Pacheco et al. 2016). Moreover, the edi-
ble films can be used to produce a soluble package for premixed food ingredients
or additives and act as a separate layer of individual food portion (Harnkarnsujarit
2017).

2.2 Materials Used for Edible Films

Edible films can be made from materials such as lipids, proteins, and polysaccha-
rides with the ability to form films (Gutierrez-Pacheco et al. 2016; Balti et al. 2017,
Hashemi and Mousavi Khaneghah 2017; Ganiari et al. 2017; Dehghani et al. 2018).
The polysaccharides used for making edible films include cellulose derivatives, chi-
tosan, starch, starch hydrolysates (dextrins), konjac flour, gums, pullulan, alginate,
carrageenan, pectin and others that should be chemically treated to increase water
solubility like cellulose and chitin (Park et al. 2014; Desobry and Arab-Tehrany
2014; Dehghani et al. 2018; Ganiari et al. 2017). Polysaccharides are widely avail-
able and usually cost effective (Dehghani et al. 2018). Due to the presence of a large
number of hydroxyl and other polar groups in their structure, hydrogen bonds have
a crucial function in film formation and final characteristics (Dehghani et al. 2018;
Harnkarnsujarit 2017). The major mechanism of film formation in polysaccharide
films is the breaking apart of polymer segments and reforming of the polymer chain
into a film matrix or gel. This is usually achieved by evaporation of a solvent creat-
ing hydrophilic and hydrogen bonding and/or electrolytic and ionic cross-linking
(Park et al. 2014). Protein films originate from several sources including plant,
meat, egg, and milk, for example, collagen, albumin, gelatin, casein, milk whey
proteins, corn zein, ovalbumin, soy protein, peanut protein, pea protein, rice bran
protein, cottonseed protein, keratin and wheat gluten (Harnkarnsujarit 2017; Kumari
et al. 2017; Park et al. 2014; Desobry and Arab-Tehrany 2014; Ansorena et al.
2016). However, some considerations with respect to food intolerances, such as
wheat gluten intolerance (celiac disease), or milk protein intolerance, allergies, or
religious beliefs/banning, should be taken into account when protein-based films
and coatings are used (Desobry and Arab-Tehrany 2014). The main mechanism of
formation of protein films includes denaturation of the protein initiated by heat,
solvents, or a change in pH, followed by association of peptide chains through new
intermolecular interactions (Dehghani et al. 2018), being the protein-protein inter-
actions, with disulfide, hydrogen, and hydrophobic bonds, the main associative
forces in the film network (Park et al. 2014). Proteins have good film-forming prop-
erties and good adherence to hydrophilic surfaces (Dehghani et al. 2018).
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Protein and polysaccharide-based films generally have good mechanical and
sensory properties and are effective barriers to aroma compounds and gases such as
oxygen and carbon dioxide, but due to their hydrophilic nature, they are not effec-
tive water vapor barriers (Desobry and Arab-Tehrany 2014; Otoni et al. 2016). Even
so, protein or polysaccharide based films can be used as “sacrificing agents” that
retard moisture loss from the food products by adding additional moisture on the
surface that is lost first, as indicated by Kester and Fennema (1986). Contrastingly,
lipid-based films have good water barrier properties due to their apolar nature, but
possess undesirable sensory properties and form brittle or non-cohesive films
(Desobry and Arab-Tehrany 2014; Otoni et al. 2016). Therefore, lipids are either
used as coatings or incorporated into polysaccharides or proteins matrices to form
composite films, giving a better water vapor barrier, due to their low polarity
(Desobry and Arab-Tehrany 2014; Dehghani et al. 2018). Lipid incorporation into
edible films and coatings can improve also cohesiveness and flexibility making
better moisture barriers (Desobry and Arab-Tehrany 2014). Some of the lipids that
have been used effectively in films or coating formulations are beeswax, mineral oil,
vegetable oil, surfactants, acetylated monoglycerides, shellac, terpene, carnauba
wax, and paraffin wax (Desobry and Arab-Tehrany 2014; Harnkarnsujarit 2017).
Lipids offer limited oxygen barrier properties, due to the presence of microscopic
pores and elevated solubility and diffusivity (Desobry and Arab-Tehrany 2014) and
are mostly soft solids at room temperature (Harnkarnsujarit 2017). Distribution of
chemical groups, the length of the aliphatic chains, and the presence and degree of
unsaturation impact lipid polarity and thus, they could behave in different ways
respect to moisture transfer. For example, waxes (esters of long-chain aliphatic
acids with long-chain aliphatic alcohols) have very low content of polar groups and
high content of long-chain fatty alcohols and alkanes and thus they are very resistant
to water migration while the high polarity of the unsaturated fatty acids results in
high moisture transfer (Dehghani et al. 2018).

Whichever material is used for films, it should form an unbroken film structure
with good functional properties (Kumari et al. 2017), i.e. food packaging having
poor mechanical properties may not withstand handling, whereas one with poor
barrier properties may lead to food physical, chemical, and microbiological spoil-
age (Otoni et al. 2016). To achieve this generally protein and polysaccharide-based
film formulations require the addition of a plasticizing agent above a minimum
threshold to reduce film fragility, confer certain plastic properties (Kokoszka et al.
2010; Martins et al. 2012; Sanchez-Ortega et al. 2014; Costa et al. 2015; Pérez et al.
2016) and sometimes also to guarantee their processability (Martins et al. 2012).
The plasticizer molecules modify the three-dimensional organization of the poly-
meric materials, leading to decreased intermolecular forces along the polymer
chains, increased free volume and chain mobility, thus improving flexibility, exten-
sibility, and toughness of the film (Kokoszka et al. 2010; Pérez et al. 2016). However,
plasticizers also decrease film cohesion and thus the mechanical resistance and bar-
rier properties of the films (Pérez et al. 2016). The most commonly used food-grade
plasticizers are sorbitol, glycerol, mannitol, sugar and polyethylene glycol
(Kokoszka et al. 2010; Pérez et al. 2016; Castro-Rosas et al. 2016). On the other
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hand, it was demonstrated that lipids sometimes can also plasticize edible films
(Pereda et al. 2012; Rodrigues et al. 2014; Kowalczyk et al. 2016; Rocca-Smith
et al. 2016; Otoni et al. 2016) possibly because the amphiphilic compounds (e.g.
acetic acids of mono and di-glycerides, and glycerol monostereate) included in the
lipid phase, could act as lubricants favoring sliding of molecular chains, leading
therefore to a gentle and highly extensible polymer network, as pointed out by
Rocca-Smith et al. (2016).

2.3 Composite Edible Films

As can be deduced from the previous section, one of the most used approach to
tailor films’ properties and thus to develop edible films matching the desired func-
tional properties and requirements for use as food packaging, has been the obtaining
of composite films based on the combination of different biopolymers, biopolymers
and lipids, biopolymers and solid particles (i.e. nonsoluble substances such as fibers,
hydrophobic proteins, organic, and/or inorganic nanoparticles (NPs)), and so on
(Martins et al. 2012; Desobry and Arab-Tehrany 2014; Otoni et al. 2016; Balti et al.
2017; Hashemi and Mousavi Khaneghah 2017; Ganiari et al. 2017). As expected,
the main objective is to take advantage of the properties of each compound but also
to benefit from the synergy between them when possible (Ganiari et al. 2017). In
this sense, composite films are those whose structure is heterogeneous, that is, com-
posed of a continuous matrix with some added phases or composed of several layers
(Buffo and Han 2005; Fortunati 2016; Ganiari et al. 2017). Usually, multilayered
films have better mechanical and barrier efficiencies than emulsion-based films and
coatings, but their manufacturing requires an additional step of spreading or lamina-
tion and drying for each layer that could lead to layer delamination (Otoni et al.
2016). Moreover, in an industrial plan they do not seem very practical because of
too many steps in their manufacture. On the contrary, solution or emulsion-based
edible films could provide nearly the same properties, while only requiring one
operation in their preparation (Fortunati 2016). However, when dealing with film-
forming emulsions usually the incorporation of an emulsifier to avoid phase separa-
tion during drying is required (Otoni et al. 2016), which adds complexity to the
system. Furthermore, the mechanical and barrier properties of these films not only
depend on the compounds used in the polymer matrix, but also on their compatibil-
ity (Ganiari et al. 2017). Nevertheless, there has been great scientific and commer-
cial progress made in this area (Balti et al. 2017; Hashemi and Mousavi Khaneghah
2017) and thus, some recent examples of the obtained composite films are presented
below. The following works were selected because their systems were able to
exhibit synergistic contributions instead of a range of properties that go from those
of one of the constituents to the other one, like the rule of mixtures could predict.
Kurt et al. (2017) optimized the concentrations of two polysaccharides, xanthan
(XG) and locust bean gum (LBG), and glycerol as plasticizer in the film formulation
using combined design (a statistical tool that consists of mixture design and response
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Fig. 2.1 Effect of different gum combinations and glycerol concentration on the mechanical and
water vapor permeability properties of the edible films (7S tensile strength; EB percentage of elon-
gation at break; EM elastic modulus; WVP water vapor permeability). From Kurt et al. (2017) with
permission

surface methodology). The effect of all LBG/XG and glycerol concentrations used
on the film’s mechanical and water vapor permeability (WVP) properties is illus-
trated in Fig. 2.1. According to the authors, these two polymers had excellent blend
miscibility and exhibited synergic interactions between them that allowed to maxi-
mize almost all the functional properties of the resulting edible film at 89.6%, 10.4%
and 20% of LBG, XG and glycerol, respectively. At this optimum point, the WVP,
tensile strength (TS), elongation at break (E%) and elasticity modulus (EM) values
of film resulted 0.22 g mm h~! m? kPa, 86.97 MPa, 33.34% and 177.25 MPa, respec-
tively. Manrich et al. (2017) obtained water-resistant edible films derived from the
tomato peel-extracted biopolyester cutin upon its casting in the presence of pectin
(a water soluble polysaccharide). The obtained films were able to mimic tomato
peel in terms of mechanical strength and thermal stability. Nevertheless, uniform
surface hydrophobicity and greater stiffness were observed for cutin/pectin films as
compared to that naturally occurring ultrastructure. Moreover, cutin-based edible
films resulted slightly affected by moisture and thus, they were recommended to be
used as water-resistant plastic wraps for short-time applications.

Silva et al. (2016) manufactured blended glycerol-plasticized films using whey
protein isolate (WPI), four different concentrations of locust bean gum (LBG) and
two different thermal treatments. Authors found that interactions between WPI and
LBG strongly influence film properties and it is thus possible to tune the properties



2 Edible Films 11

of WPI-based edible films to meet food packaging and edible coating needs adding
different amounts of LBG and/or using different thermal treatments. The compos-
ites resulted more stable as longer was the thermal treatment due to the higher cross-
linking effect and higher level of developed molecular interactions. This,
consequently, resulted in the obtaining of stronger and less soluble films with
improved barrier properties to carbon dioxide, oxygen and light. For example, films
made from solutions with 5% WPI + 0.1% LBG + 2% glycerol, heated at 75 °C for
10 min presented the lowest oxygen permeability (more than 50% decrease as com-
pared with the film with no LBG, with the same thermal treatment).

Kowalczyk et al. (2016) studied the effect of adding different lipids on the physi-
cochemical and morphological properties of sorbitol-plasticized pea protein isolate
(PPI) edible emulsion films. The chosen lipids were anhydrous milk fat (AMF),
candelilla wax (CNW), lecithin (LEC) and oleic acid (OLA) and were incorporated
into film-forming solutions at 0, 0.5, 1.0, 1.5, and 2.0%. Authors found that only
AMF and CNW reduced WVP of the films, this last one in a dose dependent man-
ner, leading to a WVP 2.5 times lower than that of the control for the films incorpo-
rated with 2.0% CNW. On the other hand, the incorporation of lipids into PPI films
caused an increase in oxygen permeability and decreased the mechanical strength.
Nevertheless, all the produced films were effective UV barriers. Surface microstruc-
ture of the emulsion films was influenced by the lipid type and lipid volume frac-
tion, as shown in Fig. 2.2. Unlike the solid lipids, OLA did not reduce the film
transparency and showed a plasticizing effect, making the films more extensible.
Summarizing, this work showed that CNW was the most effective lipid for this
system since it was able to improve the water vapor barrier properties and simulta-
neously provoked the lowest increase in the oxygen permeability and the lowest
decrease in the mechanical strength of the films. Besides, CNW-added films had
also higher transparency compared to the other films containing solid lipids (AMF,
LEC).

Hosseini et al. (2015) successfully developed bio-nanocomposite films based on
fish gelatin (FG) and spherical chitosan nanoparticles (CSNPs) with size range
40-80 nm. The incorporation of CSNPs to FG films improved their water vapor bar-
rier, as well as TS and elastic modulus, which was associated to the evenly disper-
sion of the particles in the bio-polymeric matrix at lower loading levels (less than
8%, w/w) added to the interaction between CSNPs and FG through hydrogen bond-
ing. Furthermore, addition of CSNPs contributed to the significant decrease of
WVP, leading to a 50% reduction at 6% (w/w) filler. Composite films presented
reduced values of transparency at 600 nm as compared to the control film (0%
CSNPs) while they have excellent barrier properties against UV light. The results
presented in this study show the feasibility of using bionanocomposite technology
to improve the properties of biopolymer films based on fish gelatin. Antoniou et al.
(2015) produced composite tara gum films with the inclusion of both, bulk chitosan
or chitosan nanoparticles at various concentrations. The incorporation of bulk or
chitosan nanoparticles resulted in improved mechanical (the TS of the control film
films was 22.71 = 2.98 MPa and increased, respectively to ~58 MPa or ~53 when 10
or 15 wt% of CSNPs or bulk chitosan were added, without reducing notably the
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Fig. 2.2 SEM micrographs (x1000 and x10 000 magnification) of surfaces of the emulsion
PPI-based films. From Kowalczyk et al. (2016) with permission
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Table 2.1 Antimicrobial activity of tara gum films containing bulk chitosan (CS) and chitosan
nanoparticles (CSNPs) against food pathogenic bacteria of E. coli and Staphylococcus aureus*

Inhibitory zone (mm?)

Film type CS/CSNP content (% w/w) E. coli S. aureus

TG 0 0.0 £ 0.0 0.0 =0.0¢

TG + CS 5 65.43 £10.36* | 78.45+10.13¢
10 112.0 = 16.06° 117.96 = 11.08°
15 138.87 + 12.35* 157.42 +10.95*

TG + CSNPs 5 41.53 +7.60° 85.30 = 12.30c
10 87.32 +6.72¢ 111.71 £3.12°
15 85.80 £ 6.17¢ 93.41 + 8.59°

From Antoniou et al. (2015), with permission
*Values are given as mean + standard deviation. Different superscript letters in the same column
indicate a statistically significant difference (P < 0.05)

EB. The incorporation of nanoparticles resulted in a more efficient strategy for
decreasing water solubility and WVP leading to reductions of 74.3% and 22.7%,
respectively, which was attributed to the compact structure of the chitosan nanopar-
ticles that reduced the free volume of the polymer matrix more than bulk chitosan
by obstructing the diffusion of water and thereby decreasing the moisture content of
the films. However, tara gum films with bulk chitosan exhibited better antimicrobial
activity, as shown in Table 2.1. Authors indicated that this behavior could be attrib-
uted to the size of the CSNPs that possible is not small enough to accumulate in the
bacterial membrane; besides, when the CSNPs concentration increased, the particle
size increased even further due to aggregation during the film formation. Moreover,
since the formation of CSNPs is based on ionic gelation mechanisms the surface
charge of CS was reduced thus making it less effective against Gram-negative
bacteria (Escherichia coli).

Pereda et al. (2014) prepared edible composite films by casting film-forming
emulsions based on chitosan/glycerol/olive oil containing dispersed cellulose nano-
crystals (CNs). Due to cellulose—glycerol-chitosan interactions, these complex
composite films appeared less opaque as the cellulose concentration increases (up
to 7 wt% CN), which balanced the reduction of film transparency due to lipid addi-
tion. Moreover, both, nanocellulose and olive oil addition led to the reduction of the
water vapor permeation and the total soluble matter of the films in a concentration-
dependent manner, improving at the same time their tensile behavior. Results from
dynamic mechanical tests revealed that all films present two main relaxations that
could be ascribed to the glycerol- and chitosan-rich phases, respectively.

As an example of multilayers edible films Basiak et al. (2016) developed com-
posites aimed to reduce the hygroscopic character of biodegradable starch-based
films. In this case rapeseed oil was incorporated by lamination, leading to samples
composed by 3-layers (starch-oil-starch). According to the authors, the lipid lamina-
tion followed by starch solution casting step induced an emulsion type structure of
dried films. Thus, composite films resulted more opalescent and glossier, presenting
also lower TS than fatty free starch films. On the other hand, lipid incorporation
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reduced the moisture absorption, particularly at higher RH, as well as the surface
swelling index and the water vapor and oxygen permeability.

2.4 Active and Bioactive Edible Films

In addition, edible films could act as carriers not only of health-related compounds
such as vitamins, minerals, nutraceuticals and other bioactive compounds such as
colorants, flavor compounds or antibrowning agents but also of antimicrobial, anti-
oxidant, and antisoftening agents (Raybaudi-Massilia et al. 2016; Fortunati 2016;
Mellinas et al. 2016; Gutiérrez 2017; Harnkarnsujarit 2017; Moghimi et al. 2017,
Lépez-Cérdoba et al. 2017). These substances can be naturally or synthetically
derived, although consumers generally prefer those materials from natural sources
(Lopez-Coérdoba et al. 2017; Moghimi et al. 2017). The antimicrobials extend prod-
uct shelf life and reduce the risk of pathogen growth on food surfaces leading to
safer food consumption (Gutiérrez 2018). The incorporation of antimicrobials to the
films directly in contact to food surface, where the microbial growth and contamina-
tion are mostly found, can replace the addition of preservatives into food products
(Harnkarnsujarit 2017; Nisar et al. 2017). In this line Xiao et al. (2015) also indi-
cated that bioactive agents may not be applied directly to a food system due to pos-
sible evaporation losses, inactivation or rapid release into the food matrix. According
to Nisar et al. (2017) the film approach can be more effective than applying antimi-
crobial substances directly to the food due to providing continuous migration of
active substances into the food and thus remaining at high concentration for pro-
longed periods of time. Moreover, the inhibitory agents incorporated to a formula-
tion can be specifically targeted to post-processing contaminants on the food surface
(Raybaudi-Massilia et al. 2016). Diffusion of antimicrobials through an edible film
or coating is influenced by the composition and manufacturing procedure of the film
and coating, factors related to the food (pH, water activity), hydrophilic/hydropho-
bic balance of the compound, and storage conditions. Furthermore, the diffusion
rates of the active compound into the product can be partially controlled by the
compounds found in the coating matrix (Raybaudi-Massilia et al. 2016). All these
factors need to be taken into account in order to design effective edible coating sys-
tems (Alvarez et al. 2017). Some examples of active edible films developed in the
recent years are summarized below.

Loépez et al. (2017) developed edible films with high antioxidant capacity based
on salmon gelatin incorporating boldine, which is the major alkaloid obtained from
Boldo tree. The concentration of both components was optimized by applying a
Box-Behnken experimental design with the goal of maximizing radical scavenging
capacity of film forming suspensions. Results showed synergistic effect between
gelatin and boldine for both the antioxidant capacity and antimicrobial activity of
gelatin against E. coli and Listeria monocytogenes. Boldine was released from the
films into food simulant following the Fickian model, at a faster rate as lower was
the concentration of gelatine in the film forming solution, which suggests that it is
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Fig. 2.3 Cumulative rutin release (%) as function of time in Milli-Q water. Samples studied were
zein—rutin composite nanoparticle/corn starch films with zein—rutin composite nanoparticle con-
tents of 0.5, 1, 2, 4, and 10% w/w. From Zhang and Zhao (2017), with permission

possible to design films to satisfy specific release criteria in order to have an active
concentration of boldine in food with different shelf lives. The development of
antioxidant-loaded edible films for preventing oxidation of lipid-containing foods
has attracted also the attention of Zhang and Zhao (2017). These authors prepared
edible active films based on zein—rutin composite nanoparticles (RNs) and corn
starch. RNs (0, 0.5, 1, 2, 4, and 10%, w/w) were incorporated into the starch matrix,
to act as a natural antioxidant. The RNs acted as a strong antioxidant in the corn
starch films, as determined from three complementary radical-scavenging assays
(ABTS, DPPH, and phosphomolybde-num), and thus the related values increased as
the nanoparticle content increased. The active films also showed long-lasting anti-
oxidant activity, which is important for the controlled release of rutin, as illustrated
in Fig. 2.3. Moreover, the incorporation of RNs into the starch matrix led to the
formation of a net-like structure, which decreased slightly the WVP and water solu-
bility of nanocomposite films respect to the control film, while TS and EB increased
from 1.19 to 2.42 MPa, and from 42.10 to 78.84%, respectively, with increasing RN
loading. Thus, the incorporation of these complex nanoparticles into the edible
films not only provided them with antioxidant properties but also improved their
physical and mechanical properties.

Similar results, i.e. synergic effect of antioxidants on water barrier and mechani-
cal properties were found by Benbettaieb et al. (2016) for tyrosol and ferulic acid
encapsulated in chitosan—gelatin films, even when this system is more complex than
the previous one (i.e. a blend of polymers instead of a single polymer matrix).
Moreover, these authors proved that applying radiation to the films, the retention
and diffusivity of the antioxidants can be modulated. Pifieros-Hernandez et al.
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(2017) incorporated polyphenols-rich rosemary extracts (RE) within cassava starch
films in order to produce active food packaging with antioxidant properties. As the
polyphenols content increased, the films showed an increase in their antioxidant
activity. Moreover, the films containing the higher extract concentration (13.6 mg of
gallic acid equivalents per gram) showed better barrier properties against UV light.
However, in this case the WVP of the films increased and the elongation decreased
as the extract concentration increased, which was explained considering that the
presence of RE inhibited the bonding between glycerol and starch molecules. These
authors also carried out migration tests using water and ethanol (95%) as food simu-
lants for aqueous and fatty foods, respectively, finding that total polyphenols con-
tent loaded in the films migrated within the aqueous food simulant after 7 days of
film exposition, while, only a negligible polyphenol amount was detected in the
fatty food one.

Regarding antimicrobial active films, Arrieta et al. (2014) studied the effect of
adding carvacrol into sodium caseinate (SC) and calcium caseinate (CC) matrices
plasticized with two different glycerol concentrations (25 and 35 wt%). All films
exhibited good performance in terms of optical properties, showing high transpar-
ency. Besides, the antimicrobial activity of SC and CC films containing carvacrol
was clearly demonstrated against two indicator bacteria, E. coli (Gram negative)
and S. aureus (Gram positive). Barrier properties to oxygen were excellent but dif-
fusion of dyes through films was dependent on the caseinate type (SC or CC), since
CC resulted in less permeable composites due the ability to promote cross-linking.

On the other hand, in terms of active ingredients that can be incorporated into
films and coatings, essential oils (EOs) have received much attention in the last
years (Calo et al. 2015; Vergis et al. 2015; Galus and Kadzinska 2015; Yuan et al.
2016; Gutierrez-Pacheco et al. 2016; Moghimi et al. 2017) due to their antimicro-
bial/antifungal activity and volatile nature, which facilitates the use of small con-
centrations that are safe for consumption (Sivakumar and Bautista-Banos 2014;
Yuan et al. 2016). As the direct addition of essential oils to food may adversely
impact sensory perception of applied foods, added to the fact that the essential oils
lose effectiveness over time, the incorporation of these compounds into the formula-
tion of edible films and coatings has been suggested as a better option (Yuan et al.
2016; Gutierrez-Pacheco et al. 2016). In this sense, antimicrobial edible films and
coatings may provide increased inhibitory effects against spoilage and pathogenic
bacteria by maintaining effective concentrations of the active compounds on the
food surfaces (Gutierrez-Pacheco et al. 2016). The following are examples of recent
developments in this line. Hashemi and Mousavi Khaneghah (2017) developed basil
seed gum (BSG) edible films containing oregano essential oil (OEO) (1-6%). They
found that WVP significantly decreased by the incorporation of OEO while mois-
ture content, contact angle, transparency and swelling index of edible films
increased. Films containing 2—-6% OEOQO presented a significant antibacterial activity
against E. coli, S. Typhimurium, P. aeruginosa, S. aureus and B. cereus. Moreover,
the antioxidant activity (i.e. DPPH and ABTS radical scavenging activities and fer-
ric reducing ability) of BSG films were enhanced considerably with increasing
OEO concentration, as exemplified in Fig. 2.4. According to these results, the
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Fig. 2.4 DPPH radical scavenging activity of film at different essential oil concentration. Values
represent means =+ standard deviations. Each column with the same lowercase letters is not signifi-
cantly different at P < 0.05. From Hashemi and Mousavi Khaneghah (2017), with permission

fabricated edible films with BSG and OEO can be considered for further approach-
ing as an edible food packaging.

Moghimi et al. (2017), taking into account that EOs have low water solubility
and could denature under light and heat condition, chose the nanoemulsion path for
preparing antibacterial edible films based on hydroxypropyl methyl cellulose
(HPMC) and Thymus daenensis (wild and cultivated) essential oil (TD EO). The
authors showed the uniform incorporation of nanoemulsions into the edible film, but
also that active edible films had less TS and Young’s modulus compared to the con-
trol film, which was attributed to the plasticizing effect of the essential oil. However,
both films exhibited a potent but differentiated antibacterial and antifungal activity,
which was attributed to the variations of TD EOs components (i.e. wild plant had
53.28% thymol, while cultivated had 75.69%; the second main component of the
cultivated T. daenensis was carvacrol (22.72%), whereas the wild plant had 25.26%
of p-cymene (precursor of carvacrol)). Thus, films modified with EO extracted from
the wild plant had more antibacterial activity against gram positive bacteria (includ-
ing S. aureus, S. epidermidis, B. subtilis, E. faecalis, E. faecium and Methicillin
resistant S. aureus) than the films based on cultivated TD. However, the formulation
based on cultivated TD was more efficient against Candida albicans and gram nega-
tive bacteria (including E. coli, S. typhi, S. dysenetriae, S. flexneri, A. baumannii and
K. peneumoniae). Therefore, both nanoemulsion based HPMC films could be used
based on the microorganisms of interest for each packaging material.

Giteru et al. (2017) combined the previous approaches by incorporating both,
citral, an antimicrobial monoterpene aldehyde extracted from the plant Cymbopogon
citratusis and quercetin, an antioxidant compound naturally occurring in plants, into
kafirin-based films. They compared the behavior of kafirin films consisting of 2.5%
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Fig. 2.5 Effect of kafirin films on the total viable count of chicken fillets stored at 2 + 0.5 °C for
96 h. (UF) unwrapped fillet, (PK) fillets wrapped with plain film, (CK) fillet wrapped with citral
film, (CQK) fillets wrapped with citral-quercetin film, (QK) fillets wrapped with quercetin film.
Error bars represent = SD (n = 9). Different letters indicate significantly different (p < 0.05). From
Giteru et al. (2017), with permission

citral (CK), 2% quercetin (QK) or 1.25% citral +1% quercetin (CQK). It was found
that incorporation of citral reduced the maximum stress and stiffness while impart-
ing more flexibility to the kafirin bioactive films. Compared to the control kafirin
(PK) and quercetin-containing films, those containing citral showed significant anti-
microbial activity against the total viable count on chicken fillets stored at 2 + 0.5 °C
for 96 h, as shown in Fig. 2.5. The ability of bioactive kafirin films to inhibit oxida-
tion of lipids on chicken fillets, which was evaluated by the thiobarbituric acid reac-
tive substances assay, were lower for PK, CQK, and QK (0.18, 0.16 and 0.23 mg
MDA/kg respectively), compared to unwrapped fillets and CK (0.41 and 0.59 mg
MDA/kg respectively). These findings implied that quercetin and those polypheno-
lics likely co-extracted with kafirin possessed the ability to inhibit the development
of lipid oxidative products. Regarding product appearance, authors found that
wrapped fillets become more yellowish after the storage than unwrapped ones. This
color transformation toward yellowness was attributed to the presence of citral and
quercetin in the films since film swelling due to absorption of water by the hydroxyl
groups in the film matrix could cause the release of originally encapsulated pig-
ments, as indicated by Shojaee-Aliabadi et al. (2014). Thus, authors pointed out that
those pigment-rich additives may have an influence on the organoleptic property of
food products and that as these changes occurred on raw meat, their persistence dur-
ing cooking still requires determination. Moreover, they emphasized that it is
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important to determine whether this pigmentation of raw meat would be perceived
negatively by consumers with further investigations.

At this point it is important to introduce the concept of bioactive packaging. The
concepts of active and bioactive packaging have been sometimes used indiscrimi-
nately, but there are differences (Espitia et al. 2016). Active food packaging systems
are those previously exemplified, which go beyond the traditional passive role of
food protection and include desirable interactions with the food, in a way that is
relevant to extend food stability; bioactive food packaging systems, on the other
hand, are those which may contribute to health benefits to the consumers (Espitia
et al. 2016). Bioactive packaging materials would thus hold bioactive agents, which
are eventually released into the food product (Lopez-Rubio et al. 2006). In the spe-
cific case of edible bioactive films and coatings, this release is not even required,
since the film/coating itself is supposed to be eaten with the food (Espitia et al.
2016). Edible films enriched with probiotics (i.e. bacteria with beneficial effects on
humans and animals) are the typical examples of these bioactive films. For probiot-
ics to play the intended role in human health, it is essential that both viability and
the metabolic activity are maintained throughout food processing and supply chain,
as well as within human gastrointestinal tract (Espitia et al. 2016). Several methods
have been tested to increase the quality of probiotic cultures (Nguyen et al. 2016),
however, microencapsulation is by far the most exploited approach (Espitia et al.
2016; Nguyen et al. 2016). When combined, microencapsulation and bioactive edi-
ble packaging concepts denote a promising strategy for protecting and delivering
probiotic species efficiently. In this line, Soukoulis et al. (2017) evaluated the inclu-
sion of whey protein isolate in different bio-polymers with established good film
forming properties, for their ability to stabilize live probiotic organisms. Edible
films based on low (LSA) and high (HSA) viscosity sodium alginate, low esterified
amidated pectin (PEC), kappa-carrageenan/locust bean gum (k-CAR/LBG) and
gelatine (GEL) in the presence or absence of whey protein concentrate (WPC) were
then shown to be feasible carriers for the delivery of Lactobacillus rhamnosus
GG. While losses of L. rhamnosus GG throughout the drying process ranged from
0.87 to 3.06 log CFU/g for the systems without WPC, they were significantly
reduced to O to 1.17 log CFU/g in the presence of WPC. Films fabricated with
k-CAR/LBG or HSA were most effective at maintaining maximal biological activ-
ity of the probiotic cells (0.167 and 0.218 log CFU day~' in average) compared to
films made of PEC, GEL and LSA (0.251, 0.252 and 0.268 log CFU day~!, respec-
tively), which was explained by the low glass transition temperature (Tg), and low
WYVP of the binary system. Supplementation of the film forming solutions with
WPC resulted in an enhanced L. rhamnosus GG storage stability (0.279 and 0.183
log average CFU day~! for systems with and without the addition of WPC respec-
tively), being the bioprotective role of WPC associated with its ability to reduce the
osmolytic cell injuries arising throughout the dehydration process and their excel-
lent cell adhesion properties. Furthermore, probiotic films based on HSA/WPC and
k-CAR/LBG/WPC blends had both acceptable mechanical and barrier properties.
Overall this work shows that the development of edible films as carriers for the
delivery of probiotics is a plausible strategy. As pointed out by Soukoulis et al.
(2017), the maintenance of the biological activity of the probiotic cells is the gov-



20 M. R. Ansorena et al.

erning parameter for the selection of the substrate compositional aspects, however,
other technological parameters such as the mechanical and barrier properties are
essential to ensure adequate processability and shelf life. Lopez de Lacey et al.
(2014) over passed the previous findings by developing a bioactive film based on
agar and incorporating both, green tea extract (antimicrobial and antioxidant) and
probiotic strains (Lactobacillus paracasei L26 and Bifidobacterium lactis B94),
which was applied on hake fillets in order to investigate the effect during chilled
storage. Hake was previously inoculated with Shewanella putrefaciens and
Photobacterium phosphoreum (10°-10* CFU/g) to simulate a spoilage process. It
was found that green tea/probiotic film led to a reduction of the spoilage indicators,
particularly of H,S-producing bacteria counts and total viable bacteria throughout
the 15 days of storage period. However probiotics alone had a smaller effect over
reducing these chemical spoilage indicators. Authors pointed out that the probiotic
strains added to the film were able to pass to the fish, producing an increment of
lactic acid bacterial counts, even in the presence of green tea extract. They con-
cluded that films with green tea and probiotic could extend shelf-life of hake at least
for a week and, at the same time, it could be a way to incorporate beneficial probi-
otic bacteria to the fish.

2.5 Conclusions

Edibility, biodegradability, and increased food safety are the main benefits of edible
films. Their environmental friendly aspects make them alternatives in packaging
systems, without the ecological costs of synthetic non-biodegradable materials.
Although edible films and coatings have not been enough developed to be able to
replace conventional plastic packaging totally, new interesting approaches are being
tested every day. Therefore, there is still a considerable requirement for the develop-
ment of new edible packaging materials to fulfill the increasing consumer demands
for more natural foods which need to be packed and also to meet the environmental
concerns and regulations. Future work in this area should ensure that the new bioac-
tive and biodegradable materials help improving mechanical handling of food and
lessen the migration of gases, volatiles, vapors and lipids in synergy with conven-
tional packaging, but also that the incorporation of active substances into the film
lead to the enhancement of the shelf-life of food products.
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Chapter 3

The Potential of Vegetal and Animal
Proteins to Develop More Sustainable Food
Packaging

Tania Garrido, Jone Uranga, Pedro Guerrero, and Koro de la Caba

Abstract Vegetal and animal proteins have been considered promising alternatives
to develop new sustainable food packaging derived from bio-resources. Edible, easy
to process, renewable and environmental friendly are just a few characteristics that
turn proteins into excellent raw materials to develop edible or biodegradable films.
Furthermore, the valorization of industrial wastes or by-products to develop more
sustainable films could add value to these products. In this context, food processing
industries generate wastes that cause economic and environmental problems; there-
fore, the valorization of these wastes to obtain proteins could facilitate the waste
management as well as the development of value-added products. Despite these
environmental benefits, vegetal and animal proteins have some drawbacks and dif-
ferent strategies are explored to overcome those limitations for their use as food
packaging. Taking this into account, the aim of this chapter is to provide an over-
view of the currently developed films and coatings based on animal and vegetal
proteins, including active packaging.

Keywords Active film - Animal protein - Food shelf life - Vegetal protein

3.1 Introduction

Food packaging technology is a research field that has shown a fast growing in
recent years. In this context, a high amount of studies focused on the improvement
of food safety and quality and the preservation and extension of the product shelf
life are carried out (Pinheiro et al. 2016; Sousa-Gallagher et al. 2016; Ma et al.
2017). The largest part of the materials employed for food packaging finds their
origin in the petrochemical industry, which causes serious environmental problems
due to non-biodegradability and non-renewability; thus, research efforts are being
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driven to develop alternative materials derived from bio-resources (Wang et al.
2017a). In that way, unlikeable circumstances, such as hazardous microorganisms
(including bacteria and fungi), external physical forces, chemical compounds, sun-
light, permeable volatile compounds, oxygen and moisture, have to be controlled by
the use of renewable and biodegradable packaging (Garavand et al. 2017).

Protein films and coatings could be an alternative to synthetic packaging since
they can provide a range of barrier attributes that can benefit the packaged food,
improving its aroma, taste, texture and stability. Thus, they play an important role in
food preservation, as well as in food distribution and marketing (Falguera et al.
2011). Films can be defined as a performed thin layer, which can be placed sur-
rounding the food product, between food components or even sealed into edible
pouches; whereas a coating is directly formed onto food surface by dipping, spray-
ing, brushing or panning (Junqueira-Gongalves et al. 2017; Otoni et al. 2017).
Proteins have been considered a promising alternative to develop food packaging
films and coatings since they are edible, food compatible, renewable and able to
increase the nutritional value of the coated product. Moreover, proteins are gener-
ally superior to polysaccharides in their ability to form three-dimensional macromo-
lecular networks, stabilized and strengthened by hydrogen bonds, hydrophobic
interactions and disulphide bonds, which contribute to enhance mechanical and bar-
rier properties (Gupta and Nayak 2015). Apart of providing external protection for
food, films and coatings can act as effective carriers of many types of compounds,
including antimicrobial and antioxidant additives. The incorporation of antimicro-
bial agents into films can help to prevent or delay the growth of foodborne patho-
gens and thus, food spoilage (Aloui and Khwaldia 2016); while the incorporation of
antioxidants can inhibit or retard the oxidation of food, thus, extending food shelf
life and improving food safety and quality (Alvarez et al. 2017). Other additives can
also be incorporated into films with the purpose of enhancing their functional prop-
erties, as well as the organoleptic properties of the packaged product. Some exam-
ples of these additives could be anti-browning agents, nutraceuticals, texture
enhancers, flavor and color ingredients (Olivas et al. 2007; Gutiérrez 2017).

Regarding antioxidants, synthetic ones have been traditionally employed in
packaging applications (Gutiérrez 2018). However, these additives are increasingly
more challenged due to their potential risk resulting from their migration into food
products as well as to the strict statutory controls currently existing in so many
countries (Gomez-Estaca et al. 2014a; Alvarez et al. 2018). Fortunately, the use of
natural antioxidants, such as tocopherol (Cérdoba and Sobral 2017), plants extracts
(Saberi et al. 2017) and essential oils (EOs) (Atarés and Chiralt 2016), among oth-
ers, is being studied. In fact, obtaining bioactive compounds from vegetal sources,
especially from inexpensive waste products from food, forest or agricultural indus-
tries, is taking importance in order to add value to an unavoidable amount of waste
that grows day-by-day (Gutiérrez et al. 2018). High amounts of wastes are released
during industrial manufacturing of apple, blueberry, olive, raspberry, grape or even
citrus fruits, among many others. Hence, valuable compounds from wastes, such as
anthocyanins, phenolic acids and flavonoids, could be successfully recovered and
employed to develop active and intelligent packaging (Socaci et al. 2017). For
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instance, Luchese et al. (2018) employed blueberry pomace obtained from blue-
berry juice processing wastes, rich in phenolic compounds such as anthocyanins, to
prepare films with the ability to change color when subjected to different pH values,
which could be correlated with the pH changes in some food products. Prietto et al.
(2017) and Ma and Wang (2016) also used this antioxidant extracted from other
sources, such as black bean seeds, red cabbage leaves and grape skins. Olejar et al.
(2017), studied the antioxidant activity of grape tannins extracted from an agro-
waste stream from the wine industry and de Moraes Crizel et al. (2018) obtained
flour and microparticles of olive pomace from olive oil manufacturing, which were
considered suitable to provide antioxidant activity.

Concerning antimicrobials, the incorporation of natural antimicrobial agents into
films has been also widely studied. EOs, chitosan, extracts of herbs, plants and spe-
cies have been employed to control the microbial growth into the packaged product
(Etxabide et al. 2017; Irkin and Esmer 2015). Arfat et al. (2014) studied the antimi-
crobial impact of basil leaf EO and ZnO nanoparticles into fish protein isolate and
fish skin gelatin blend. The addition of basil leaf EO, especially in combination with
ZnO nanoparticles, exhibited strong antibacterial activity against the evaluated
foodborne pathogenic and spoilage bacteria. Other authors have analyzed the effec-
tivity of the natural antimicrobial agents directly into food; Alparslan and Baygar
(2017) studied the antimicrobial effect of chitosan combined with orange peel EO
on the shelf life of deepwater pink shrimp, and Kakaei and Shahbazi (2016) ana-
lyzed the incorporation of ethanolic red grape seed extract and Ziziphora clinopodi-
oides EO on fish fillets.

In recent years, a variety of bioactive compounds has been successfully incorpo-
rated into protein-based films since they are suitable for controlled release of differ-
ent additives. Therefore, many research works have been conducted in order to
develop films and coatings from various proteins sources, including collagen (Wang
etal. 2017b), gelatin (Molinaro et al. 2015), soy (Galus et al. 2012), whey (Cecchini
et al. 2017), zein (Pena-Serna et al. 2016), pea (Kowalczyk et al. 2016) or wheat
gluten (Sharma et al. 2017), among others. Especially, soy protein and gelatin have
received much attention since they are widely available at a relative low-cost, meet
food grade standards and have interesting characteristics, such as film forming abil-
ity and biodegradability, to be employed in food packaging applications. Moreover,
the use of soy protein and gelatin to develop films and coatings not only satisfies the
needs of consumers, but also helps to add value to industrial by-products and waste
materials from agricultural, meat, poultry and fish processing industries.

Taking the above into consideration, the aim of this chapter is to provide an over-
view of the current development of food packaging films and coatings based on
animal and vegetal proteins, giving special emphasis to soy protein and gelatin-
based films. Furthermore, the improvements carry out in protein-based packaging in
terms of active materials are intended to be highlighted.
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3.2 Protein Structure and Properties

A proper study of protein structure, folding and interactions is essential to under-
stand their characteristic properties and functions. Proteins can be defined as bio-
logical macromolecules consisting of a linear chain of amino acids that fold into
three-dimensional structures composed of different secondary structure elements
(Yan et al. 2014); thus, a-amino acids are the basic structural units of proteins.
Natural proteins contain up to 20 different primary amino acids, which are linked
together by amide bonds. These amino acids are composed of a a-carbon atom
covalently attached to a hydrogen atom, an amino group, a carboxyl group and to a
side chain group. This side chain group is characteristic from each amino acid and
have a direct relationship in the solubility, net charge, chemical reactivity and
hydrogen bonding potential of the protein (Damodaran 2007). Each amino acid pos-
sesses a range of chemical properties, which collectively endows each protein mol-
ecule with a unique set of physicochemical characteristics. Amino acids can be
classified according to the chemical properties of their side chain, which provides
specific characteristics to each amino acid. In particular, the polarity of the amino
acid side chain, can determine the ability the amino acid has to interact with other
entities. For instance, polar amino acids are able to interact with other polar amino
acids and even with water molecules surrounding the protein, improving its solubil-
ity. Moreover, these interactions have an important role in the protein folding
(Kessel and Ben-Tal 2010).

Proteins possess different amino acid compositions, depending on protein source
or origin, which influences their interactions with other compounds and their func-
tional properties. As can be seen in Table 3.1, fish gelatins contain mostly glycine
(31-37%), proline-hydroxiproline (14-20%) and alanine (10-12%); while bovine
gelatin contains higher amounts of proline-hydroxiproline (22%) and alanine (12%).
It is worth noting that hydroxyproline is a non-essential amino acid, present mainly
in collagen but rarely in other proteins, which is produced by hydroxylation of pro-
line. For most gelatins derived from type I collagen, cysteine and tryptophan are
absent, and the content of tyrosine residues is below 1% (Gémez-Guillén et al.
2009; Lassoued et al. 2014). Regarding vegetal proteins, they have a higher amount
of cysteine, which helps to promote the formation of disulphide bonds (Garrido
et al. 2018). Soy protein contains mainly glutamic acid (20%) and aspartic acid
(12%), as well as leucine (8%) and arginine (8%) (Kalman 2014). Zein is particu-
larly rich in glutamic acid (27%), leucine (21%), proline (10%) and alanine (10%)
and this high proportion of nonpolar amino acid residues is responsible for the lim-
ited solubility of zein, mainly restricted to aqueous alcohols (Shukla and Cheryan
2001). With regard to wheat gluten, glutamic acid (32%) and proline (14%) are the
main amino acid residues (Rombouts et al. 2009).

Protein structure is stabilized through hydrogen bonding and hydrophobic and
electrostatic interactions among the functional groups of amino acid residues in four
protein levels (Verbeek and van den Berg 2010), as shown in Fig. 3.1. The primary
structure refers to the sequence of amino acids linked by the a-carboxyl group of
one amino acid to the a-amino group of another one through a peptide bond. The
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Table 3.1 Amino acid concentration of some animal and vegetal proteins

Composition (%)
Amino acids Fish gelatin Bovine gelatin Soy protein Zein Wheat gluten
Aspartic acid® 52 4.4 11.6 4.6 2.8
Threonine 2.5 1.7 3.6 3.5 2.8
Serine 6.4 2.9 5.2 7.05 5.7
Glutamic acid® 7.8 7.5 19.8 26.9 31.9
Proline 15.6¢ 21.9¢ 5.6 10.5 14.1
Glycine 34.4 34.5 4.1 - 5.4
Alanine 9.6 11.6 4.1 10.5 35
Cysteine - - 1.2 0.8 22
Valine 1.8 2.1 4.7 4.0 5.4
Methionine 1.7 0.5 1.3 2.4 1.3
Isoleucine 1.1 1.1 4.8 5.0 4.1
Leucine 22 2.5 7.7 21.1 7.2
Tyrosine 0.3 0.1 3.7 53 2.8
Phenylalanine 1.6 1.2 5.2 7.3 4.4
Histidine 0.8 0.5 2.6 1.3 1.7
Lysine 2.9 2.6 6.0 - 1.4
Arginine 5.6 4.8 7.6 4.7 32
Tryptophan - - 1.3 - -

*Value for aspartic acid and asparagine
"Value for glutamic acid and glutamine
“Value for proline and hydroxyproline

Primary structure Tertiary structure

Secondary structure

Quaternary structure

)
QO.O

Fig. 3.1 The four protein structures: primary, secondary, tertiary and quaternary structures

chain size as well as the amino acid order define the physical, chemical, structural,
biological and functional properties of the protein. The next level, the secondary
structure, is conformed of regular arrangements of the backbone of the polypeptide
chain. They can be found mainly in two secondary structures, a-helix and p-sheets,
but also in unordered random coil structures. The folding of the secondary structure
segments into a compact tridimensional form results in the tertiary structure. The
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formation of this structure assumes the optimization of hydrophobic, electrostatic
and van der Walls interactions, and hydrogen bonds between the different available
groups of the protein (Rodrigues et al. 2012). Finally, the disposition of more than
one peptide chain constitutes the forth level of organization. The protein structure is
especially important for film formation since it determines the ability of proteins to
interact with themselves and other components.

Protein structure can be modified by physical (heating, shearing, hydrostatic
pressure or irradiation), chemical (alkylation, acylation, acetylation or pH altera-
tion) and biochemical methods (enzymes), which result in a structural or conforma-
tional change of the native structure, without altering the amino acid sequence (Zink
et al. 2016). These structure modifications could improve functional properties of
the proteins in order to adapt them to a specific final application. These modifica-
tions induce the protein denaturation, promoting protein unfolding and the exposure
of functional groups followed by new chain associations through intermolecular
interactions (Cordeiro de Azeredo 2012; Schmid et al. 2014). Depending on the
protein source, the denaturation temperature can vary. As an example, thermal dena-
turation of fish collagen was found to be around 35 °C (Pati et al. 2010), whereas
this is around 75 °C for soy protein isolate (Guerrero et al. 2010). Moreover, addi-
tives and processing conditions have also a direct influence on protein denaturation
(de Graaf 2000; Gémez-Guillén et al. 2005). Solution pH value is a factor that con-
ditions protein structure and therefore, the functional properties of proteins.
Intermolecular interactions, such as hydrogen bonds, hydrophobic interactions and
disulphide bonds, are especially influenced by a pH shift. Proteins exhibit a net
negative charge at a pH higher than their isoelectric point (IP) and a net positive
charge at a pH lower than their IP. Thus, when pH is adjusted away from the IP,
electrostatic repulsion between protein molecules occurs, increasing protein solu-
bility. In turn, at the IP, protein molecules have no net charge, which results in pro-
tein aggregation and precipitation (Wihodo and Moraru 2013).

In order to change protein-protein interactions, cross-linking have been explored
as a viable method to improve the mechanical strength and barrier properties of
protein films. In this context, chemicals like aldehydes are used to interact with the
functional groups of proteins, such as the amino function in lysine and hydroxyly-
sine or the carboxyl group in aspartic and glutamic acids (Etxabide et al. 2015a).
However, aldehydes can be toxic, so natural cross-linkers are preferred for protein
modifications. Aragui and Moslehi (2014) cross-linked fish gelatin with caffeic
acid, a natural phenolic compound, to improve barrier and physicochemical proper-
ties, and Samsalee and Sothornvit (2017) employed rutin, caffeic acid and genipin
to cross-link porcine plasma protein. Enzymes, such as transglutaminase, are also
used to cross-link proteins (Al-Saadi et al. 2014; Song and Zhao 2014). In addition
to physical, chemical and biochemical modifications, the addition of plasticizers is
often used to modify the brittle behavior of proteins, improving their processability
and those properties required to employ proteins for the development of films and
coatings. Possible food grade plasticizers are glycerol, mannitol, sorbitol and
sucrose, but water also acts as an effective plasticizer (Ustunol 2009). The
effectiveness of a plasticizer depends on the size, shape and compatibility with the
protein matrix. Rezaei and Motamedzadegan (2015) studied the effect of plasticizer
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type in protein films; results showed that glycerol was a better plasticizer than sor-
bitol since it increased percentage elongation to the breaking point besides impart-
ing suitable tensile strength to the films.

Finally, regarding protein classification, these macromolecules can be classified
depending on their shape as globular or fibrous proteins. The globular proteins fold
into spherical or ellipsoidal-shaped structures, resulting from the enrolling on itself,
holding mutually by an arrangement of hydrogen, ionic, hydrophobic and disul-
phide bonds; while the fibrous proteins are stem-like shaped, coupled in parallel
constructions by hydrogen bonds to form fibers (Gupta and Nayak 2015). Vegetal
proteins such as soy protein are an example of globular proteins. They are composed
of a mixture of albumins and globulins, 90% of which are storage proteins with
globular structure. According to the sedimentation rate, soy protein consists of four
major fractions, 25, 7S, 11S and 158, being 7S (f-conglycinin) and 11S (glycinin)
more than 80% of the total protein (Acosta-Dominguez et al. 2016). On the other
hand, collagen can be an example of a fibrous structured protein. Collagen is com-
posed of three cross-linked a-chains intertwined in the so-called collagen triple-
helix. Likewise, this structure is mainly stabilized by intra- and inter-chain hydrogen
bonding that varies according to animal species, age, tissue and other factors (Alfaro
et al. 2015). Collagen fibers are hardly soluble, so they are treated by chemical
denaturation to obtain gelatin. During this process, hydrogen and covalent bonds are
cleaved, leading to a destabilization of the triple helix as a result of the helix-to coil
transition and thus, the conversion into soluble gelatin. The structure of gelatin can
change under the influence of some parameters, such as extraction temperature, pH,
drying temperature and relative humidity (Duconseille et al. 2017). Overall, these
structural differences reflect the specific characteristics and functionality of each
protein. As shown in Table 3.1, fish gelatins show different amino acid profile than
mammalian gelatins and, consequently, different thermal, rheological, viscoelastic
and mechanical properties (Diaz-Calderén et al. 2017). Although the functional
properties may vary, all proteins have in common some properties that make them
suitable for food packaging. Their mayor advantages can be attributed to the excel-
lent film forming ability, good transparency, excellent barrier properties against fat
and oxygen, heat sealability, as well as odorless and tasteless characteristics (Song
and Zheng 2014; Tongnuanchan et al. 2012, 2016). However, proteins possess great
sensitivity to water and moderate mechanical properties and thus, the improvement
of those properties is needed in order to develop new active packaging based on
animal and vegetal proteins (Lin and Zhao 2007; Park et al. 2014).

3.3 Manufacture of Protein Films and Coatings

Different production techniques are used to manufacture protein films, mainly wet
and dry processing. The wet process, also called solution casting, is the most widely
used at laboratory scale owing to its simplicity (Kashiri et al. 2017a; Liu et al.
2017a), but at larger scale films can be produced by extrusion or compression
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molding (Ciannamea et al. 2017). Therefore, the technology used in the plastic
industry can be also used for the production of renewable and biodegradable films.
A scheme of these manufacturing methods is shown in Fig. 3.2.

Traditionally, protein films and coatings are manufactured by solution casting.
Although water is the main solvent employed, ethanol-water mixtures can be also
used for some proteins such as zein. Heating, stirring and pH adjustment are the
parameters under control in order to obtain homogenous films and coatings, since
those processing conditions affect protein denaturation, promoting or hindering
interactions. Once the film forming solution is prepared, it is poured onto petri
dishes and allowed to dry to form the film (Liu et al. 2016; Qazanfarzadeh and
Kadivar 2016) or it is applied directly onto food surface by dipping or spraying
(Zhong et al. 2014). In order to scale-up production of protein films, tape casting,
also known as spread casting or knife-coating, has been used in plastic and paper
industries. This technique consists in spreading the film forming solution on a tape
and dry it by heat conduction, convection, infrared radiation or a combination of
them. This technique requires more concentrated protein solutions than the tradi-
tional solution casting (Ortiz et al. 2017). Continuous processes can be carried out
by this technique, although the measurement of rheological properties is needed in
order to ensure appropriate flow conditions and minimize undesired sedimentation
(de Moraes et al. 2013).

Regarding dry processes, when extrusion or compression are employed, proteins
must be heated above their glass transition temperature to make them flow
(Ghanbarzadeh and Oromiehi 2008). Additionally, pressure is also applied and plas-
ticizers are added to decrease glass transition temperature and promote the thermo-
plasticity of the protein (Hernandez-Izquierdo and Krochta 2008; Visakh and
Nazarenko 2017). Plasticizers such as polyols are usually used, but also water can
act as a plasticizer (Bertuzzi and Slavutsky 2016; Nur Hanani et al. 2013).
Concerning extrusion, this technique is a continuous, efficient, high-performance
and low-cost process, advantageous for large-scale production (Gutiérrez and
Alvarez 2018). Proteins are fed to the extruder where they are mixed with the incor-
porated additives (Koch et al. 2017). In the feeding zone, the mixture is slightly
compressed, but compression increases in the kneading zone, where higher pres-
sures are applied. In the heating zone, the highest shear rates, temperatures and
pressures are achieved and, finally, the product exits from the die and it is pulled
away at constant velocity (Bertuzzi and Slavutsky 2016). Single-screw extruders or
twin-screw extruders can be used to push forward and mix the components of the
film forming formulations (Bouvier and Campanella 2014). Extrusion is a complex
multi-input-output process in which some parameters must be mastered (Emin et al.
2017), mainly extruder parameters (screw speed, barrel temperature, screw configu-
ration, die dimension) and process parameters (moisture content, specific mechani-
cal energy, residence time) (Guerrero et al. 2012). In the case of compression, the
film forming components are mixed and a specific quantity of the mixture is placed
inside the pre-heated press and pressure is applied to obtain the film (Tatara 2017,
Tiire et al. 2012). Protein films are successfully prepared in short times using this
process.
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3.4 Food Packaging Based on Animal Proteins

3.4.1 Collagen and Gelatin

Collagen is the main biopolymer in living organisms and the main component of
connective tissues in vertebrates (around 30% of total body protein content) since it
constitutes the main building blocks of many structural tissues, such as skin, bones,
ligaments and tendons (Zuber et al. 2015). Twenty-eight different types of collagen
can be found in nature, but type I collagen is the most common one (Zhang et al.
2018). This type of collagen is composed of three types of polypeptide chains
arranged into a macromolecular fibrillar structure (Wang et al. 2017c; Tan and
Chang 2018). These microfibrillar networks present in collagen contribute to its
high strength, insolubility in water and durable nature (Berkowitz and Houde 2014).
In spite of this resistance and durability, collagen can disintegrate and biodegrade in
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certain conditions and, thus, it has been thoroughly studied for packaging applica-
tions (Liao et al. 2017). Collagen has been successfully commercialized as sausage
casing (Wang et al. 2016a). Some synthetic cross-linkers, such as glutaraldehyde
and formaldehyde have been used to improve collagen properties (Hu et al. 2014);
however, since food safety concerns have increased, the employment of natural
cross-linkers to replace synthetic ones is gaining importance. Wang et al. (2015)
investigated the influence of some physical cross-linking procedures, believed to be
safe and effective. Specifically, ultraviolet irradiation (UV), dehydrothermal treat-
ment (DHT) and their combination (UV and DHT) were used to improve the prop-
erties of edible collagen casing. In that study, mechanical properties and thermal
stability were enhanced without any significant impact on the film appearance.
Other means of improving mechanical properties are also studied. Taking into
account that upon gelatinization physicochemical interactions can be created
between functional groups, Wang et al. (2017d) intended to promote hydrogen
bonds between hydroxyl groups in starch and carbonyl or amine groups in the poly-
peptide chains of collagen, incorporating raw starch granules as a reinforcing agent
in collagen matrix. As a result, interactions between collagen and starch molecules
were promoted, improving not only mechanical strength but also the water resis-
tance of the resultant composite films. In addition to films, collagen edible coatings
have been widely applied onto various food products since these coatings can play
an active role as protective barrier against oxidation and as carriers of active sub-
stances, such as antioxidants and antimicrobials (Hashim et al. 2015). In particular,
lysozyme is a food grade antimicrobial enzyme, stable over a wide range of pH and
temperature, which can be used with collagen. It has bacteriostatic, bacteriolytic
and bactericidal activity and it is efficient in controlling the growth of a great num-
ber of food pathogens. It has been found that fresh salmon fillets coated with
collagen-lysozyme maintain their quality longer during refrigerated storage
(4 £ 1 °C) than non-coated fillets (Wang et al. 2017b).

Although collagen properties vary with the employed collagen source, the triple-
helical structure and the insolubility of the native collagen are maintained, there-
fore, collagen can be hydrolyzed to obtain gelatin. Two types of gelatin are obtained
depending on the pre-treatment procedure, commercially known as type A gelatin
(acid pre-treatment conditions) and type B gelatin (alkaline pre-treatment condi-
tions) (See et al. 2015). Gelatins are biodegradable and biocompatible and show
swelling and gelling capacity as well as thermal stability (Hashim et al. 2015; Patel
etal. 2018). Porcine skin was the first raw material used for the manufacture of gela-
tin in the 1930s (Gomez-Guillén et al. 2011). Nowadays, commercial gelatin is
mainly produced from bovine and porcine skin and bones (Roy et al. 2017), although
increased interest in other sources of gelatin, such as fish gelatin, has been shown
(Table 3.2).

Wastes from fishery industries (fish head, viscera, skin, bones, scales) represent
20-60% of the initial raw material (Rebah and Miled 2013), so the valorization of
these wastes to obtain fish gelatin could facilitate waste management and lead to the
development of novel and more sustainable packaging. In recent years, gelatin
derived from diverse aquatic fish species has been employed to prepare active films
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Table 3.2 Bovine, porcine and fish gelatin-based active films and coatings

Additive
Gelatin Active agent role Reference
Bovine a-tocopherol, cinnamaldehyde and AO Coérdoba and Sobral (2017)
gelatin garlic EOs
Carrot residue fiber AO Tahnke et al. (2015)
Brown seaweed extract AO Kadam et al. (2015)
Oregano and lavender EOs AMAO | Martucci et al. (2015)
Porcine Ascorbic acid AO Kowalczyk (2016)
gelatin Ethanol hop extract AO Kowalczyk and Biendl (2016)
Curcuma ethanol extract AO Bitencourt et al. (2014)
Fish gelatin Aqueous extracts of henna AMAO | Jridi et al. (2018)
Olive phenols AM Bermudez-Oria et al. (2017)
Aloe vera AO Chin et al. (2017)
Tea polyphenol AMAO | Fengetal. (2017)
Esculine AO Liang et al. (2017)
Boldine AOAM | Lépezetal. (2017)
Coumarin AO Benbettaieb et al. (2016)
Chitosan nanoparticles AM Hosseini et al. (2016)
Thyme EO AM Lee et al. (2016)
Peppermint and citronella EOs AM Yanwong and Threepopnatkul
(2015)

AO antioxidant; AM antimicrobial

with antioxidant and/or antimicrobial properties. The incorporation of polyphenols
extracted from henna (Jridi et al. 2018), tea (Feng et al. 2017), or olives (Bermudez-
Oria et al. 2017) into fish gelatins has been found to extend the shelf life of meat,
fish and fruit, respectively. Also EOs have been used to produce active packaging;
in particular, thyme EO (Lee et al. 2016), oregano EO (Hosseini et al. 2016), and
peppermint and citronella EOs (Yanwong and Threepopnatkul 2015), which have
shown antimicrobial properties against some food spoilage bacteria such as
Staphylococcus aureus and Escherichia coli. Beside natural antimicrobial and anti-
oxidant additives, natural cross-linkers such as lactose (Etxabide et al. 2015b) and
citric acid (Uranga et al. 2016) have been incorporated into fish gelatin film forming
solutions to improve barrier properties and prevent food oxidation caused by light.

EOs have been also incorporated into bovine gelatin to inhibit the growth of
microorganisms; specifically, oregano and lavender EOs have been found to be
effective against food spoilage bacteria, especially gram-positive bacteria, being
oregano the EO that exhibited the most effective antimicrobial and antioxidant
effect (Martucci et al. 2015). The effect of other natural additives, such as brown
seaweed extract, on bovine gelatin films has been also analyzed and results have
shown that higher seaweed extract contents led to increased antioxidant activity
(Kadam et al. 2015). Even waste from minimally processed carrots have been used
to prepare bovine gelatin films that retard sunflower oil oxidation (Iahnke et al.
2015).
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Some antioxidants, such as ascorbic acid (Kowalczyk 2016) or ethanolic hop
extract (Kowalczyk and Biendl 2016) have been incorporated into porcine gelatin
films and a controlled antioxidant release from gelatin film was observed. Also the
ethanolic extract of curcuma has been added to porcine gelatin films (Bitencourt
et al. 2014). Curcuma contains phenolic compounds responsible for its antioxidant
and anti-inflammatory activities. The incorporation of this additive into porcine
gelatin films resulted in interactions between the phenolic compounds and gelatin,
improving the UV-vis light barrier properties of gelatin films, besides the improve-
ment of their antioxidant capacity.

3.4.2 Milk Proteins: Casein and Whey Protein

Milk and dairy products, especially milk proteins such as caseins and whey pro-
teins, contain numerous essential nutrients. Water makes up more than 80% of the
total weight of milk, whereas protein composition varied with the source of milk
(Massouras et al. 2017; Wang et al. 2016b). Casein is the main protein fraction of
ruminant milk (Tsakalidou and Papadimitriou 2016), while whey protein consti-
tutes the 18% of total cow milk protein content (Ganju and Gogate 2017).

Casein is responsible for the white and opaque appearance of milk and it com-
prises four different components, known as as;-, s,-, - and k-casein (Sarode et al.
2016; Zhang et al. 2017). It is present in the form of spherical complexes with an
average radius of about 100 nm, called casein micelles, which contain nanoclusters
of colloidal calcium phosphate (Balakrishnan et al. 2017). Casein-based films are
attractive for food applications due to their high nutritional quality, excellent sen-
sory properties and potential to protect food products from their surrounding envi-
ronment (Ponce et al. 2016). Depending on the coagulation method, two different
caseins can be obtained, known as rennet and acid caseins (Barbé et al. 2014). Acid
casein can be solubilized by neutralization with a base as sodium, potassium or
calcium hydroxide to get sodium, potassium or calcium caseinates (Early 2012).
Rennet casein, acid casein and sodium caseinate films have been successfully man-
ufactured by extrusion and a considerable range of properties was obtained, from
water-soluble sodium caseinate films to insoluble and hydrophobic acid casein films
(Chevalier et al. 2018). However, caseinates are more employed than acid and ren-
net caseins for food packaging, since they do not have colloidal calcium phosphates
and are highly water-soluble. Sodium caseinate coatings containing different EOs,
such as ginger EO (Noori et al. 2018) and Zataria multiflora EO (Emam-Djomeh
et al. 2016) have been used to extend food shelf life. Although sodium caseinate
films present higher flexibility than calcium caseinate films, calcium caseinate show
higher thermal stability (Arrieta et al. 2013). Also Belyamani et al. (2014) prepared
sodium and calcium caseinate films and observed that calcium caseinate films
exhibited better mechanical properties than sodium caseinate films.

Whey protein is one of the most important by-products of dairy industry obtained
during cheese and casein production. In fact, significant quantities of this protein are
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obtained in cheese production, 8-9 kg of whey are produced per each 1-2 kg of
cheese (Corbatén-Bdaguena et al. 2015). Whey is a complex mixture of water-soluble
globular proteins whose principal components are f3-lactoglobulin, a-lactalbumin,
serum albumin, lactoferrin, immunoglobulins, lactose and soluble mineral salts
(Amaya-Farfan et al. 2016). Four major forms of whey protein are used: whey pro-
tein concentrate (WPC), whey protein isolate (WPI), whey protein hydrolysates
(WPH) and native whey protein (NWP). In the field of food packaging, WPI (more
than 90% protein content) and WPC (29-89% protein content) are mostly used (Li
et al. 2018). WPI coatings have been applied onto peanuts (Riveros et al. 2013),
pike-perch fillets (Shokri and Ehsani 2017) and cut apples, potatoes and carrots
(Marquez et al. 2017). All of them contributed to delay oxidation and microbial
growth, extending food shelf life. WPI films with different active additives have also
been prepared and characterized. Xie et al. (2017) analyzed the effect of WPI-based
films in modified atmosphere packaged (MAP) and vacuum packaged tuna, high-
lighting the effectiveness of WPI films to enhance physical and microbiological
attributes. In another study, Boyaci et al. (2016) designed a novel activate-at-home-
type antimicrobial packaging, based on lysozyme, oleic acid and WPI, to increase
the safety of the remained food left in the package after opening the original MAP
or vacuum packaging. In this study, the possibility of employing antimicrobial films
with pH controlled release properties was tested and it was found that the films
showed antimicrobial activity on cold stored smoked salmon slices. Overall,
researches on whey protein films have been focused on the use of WPI; neverthe-
less, several WPCs with protein contents from 35 to 80% have been carried out.
Ribeiro-Santos et al. (2017) assessed the optimal blend of cinnamon, rosemary and
basil EOs to enhance the antimicrobial and antioxidant activities of WPC active
packaging. Result showed that the optimal blend of EOs consisted of two species of
cinnamon (51% of Cinnamomum cassia and 34% of Cinnamomum zeylanicum) and
rosemary (15%). In addition, an active WPC coating containing Origanum virens
EO was applied on sausages during industrial production and food was regularly
monitored for four months (Catarino et al. 2017). This WPC coating effectively
extended the sausages shelf life, delaying microbial spoilage and preventing lipid
oxidation and color fading.

3.4.3 Other Animal Proteins

In addition to collagen, gelatin and milk proteins other animal proteins have been
employed for food packaging. Among them, myofibrillar proteins, mainly com-
posed of myosin (~200 kDa) and actin (~45 kDa), are soluble in moderate salt
solutions and form films with good mechanical properties (Gémez-Estaca et al.
2014b). In general, myofibrillar proteins are derived from the muscle protein
extracted from the fishery industry wastes. Different fish species can be used for the
muscle protein extraction, such as tilapia (Kaewprachu et al. 2017, 2018), jumbo
squid, the largest and most abundant squid species found in the pelagic zone of the
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eastern Pacific (Blanco-Pascual et al. 2013, 2014), and sliver carp, one of the main
freshwater fish species in China (Nie et al. 2015); however, myofibrillar protein can
be also extracted from other sources, such as chicken breast (Cercel et al. 2015).

Keratin, also a fibrous protein, is one of the most abundant proteins since it is the
major constituent of fur, nails, wool, feathers, horns, and hooves (Holkar et al.
2018). Nevertheless, this protein is highly-structured due to disulphide linked poly-
peptides and, thus, few works are focused on turning this waste into films (Nassar
etal. 2012; Song et al. 2014).

Finally, egg albumen is a mixture of eight globular proteins known as ovalbumin,
ovotransferrin, ovomucoid, ovomucin, lysozyme, G2 globulin, G3 globulin and avi-
din. Lacroix and Vu (2014) reported that the utilization of egg albumen for clear and
transparent films and coatings preparation is of particular nutritional interest due to
its antioxidant effectiveness. As an example, gelatin-egg albumen films incorporat-
ing sepiolite and clove EO have shown antioxidant and antimicrobial activities
(Giménez et al. 2012). It is also worth noting that some assessments related to the
use of egg yolk as a film forming material have been recently published (Fuertes
et al. 2017).

3.5 Food Packaging Based on Vegetal Proteins

3.5.1 Soy Protein

Soy protein is extracted from soybeans used to obtain soy oil. According to United
States Department of Agriculture (USDA), the soybean production in 2016/2017
was around 350 million tons worldwide (USDA 2017), which make this resource
abundant, accessible and low-cost. During soy oil extraction, secondary products
such as soy flour (SF), soy protein concentrate (SPC) and soy protein isolate (SPI)
are obtained (Preece et al. 2017). These three products differ in the protein concen-
tration, SF has the less protein content, around 40—60% protein, combined with fats
and carbohydrates; SPC contains around 60—70% protein, a polysaccharide fraction
of around 8-15%, mainly composed of cellulose and pectic polysaccharides, and a
minor content of fats (1%), fibers (1-3%) and ashes (3—5%); and SPI contains about
90% protein (Ciannamea et al. 2014). Due to this high amount of protein, its renew-
ability, biodegradability and abundance, SPI has become a potential candidate in the
polymer industry for food packaging applications (Garrido et al. 2014; Bozic et al.
2015). These bio-based materials must fulfill certain conditions to maintain food
sensory quality and safety by serving selective barriers to moisture transfer, oxygen
uptake, lipid oxidation and losses of volatile aromas and flavors, without forgetting
the requirement of having an adequate mechanical behavior (Gonzdlez et al. 2015).
For that reason, a high amount of research works has been published focused on
meeting all these requirements.
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SPI films have inferior mechanical properties and lower resistance to moisture
than synthetic plastics; thus, different methods have been studied in order to modify
SPI with the aim of overcoming these drawbacks. Among these methods, blending
with natural substances (Pan et al. 2014; Wang et al. 2014), chemical cross-linking
(Xu et al. 2015; Jiang et al. 2017), employment of different processing methods
(Garrido et al. 2016) and enzyme treatment (Meinlschmidt et al. 2015) can be
highlighted.

The incorporation of additives, such as other proteins, polysaccharides, lipids or
other natural substances, has been widely considered in order to take advantage of
the properties of each compound and the synergy between them. In that way, the
properties of SPI-based films and coatings can be enhanced and new functionalities
can be provided. Bai et al. (2013) studied the incorporation of gelatin into SPI-based
films. Results showed an increase of tensile strength, elongation at break and con-
tact angle and a decrease of water vapor transmission rate. The addition of polysac-
charides has also been considered. Sui et al. (2016) incorporated guar gum into SPI
films and results indicated that guar gum induced increased network compactness,
resulted from strong intermolecular interactions. Consequently, SPI-based films
were more tensile-resistant, water-resistant and had better barrier properties to light.
The addition of starch into SPI films has also been used. Starch nanocrystals
improved the tensile strength and elastic modulus of SPI films, which became more
rigid due to the interactions and the high cohesion between the two components;
additionally, the solubility, swelling and water vapor permeability (WVP) decreased
(Gonzdlez and Igarzabal 2015). Regarding mechanical properties, similar trend was
observed when cassava starch (Chinma et al. 2012) or oxidized potato starch was
incorporated into SPI films (Galus et al. 2013). On the other hand, taking advance
of the good properties of lipids, Hopkins et al. (2015) combined SPI with flaxseed
oil to perform films with lower moisture content and swelling but with higher
strength.

The added compounds can also act as cross-linkers and contribute to the enhance-
ment of the film network. Xia et al. (2015) employed an epoxidized soybean oil, an
environmentally friendly cross-linking agent derived from soybean, which effec-
tively improved tensile strength values in a 139.8% and the modulus in a 695.6% as
compared to the untreated SPI-based films, whereas Friesen et al. (2015) deter-
mined that the incorporation of rutin into SPI films decreased the WVP and increased
the film strengthen.

It is also well known that the processing methods also affect the film properties.
In this context, Liu et al. (2017b) prepared soy protein isolate/propylene glycol algi-
nate/lauric acid films by direct blending and by co-dried blending. The obtained
results demonstrated that the films prepared by co-drying had better barrier and
mechanical properties. Moreover, Garrido et al. (2018) carried out the assessment of
hydrolyzed keratin/soy protein films processed by casting and compression molding
by means of the analysis of physicochemical, thermal, mechanical, optical and sur-
face properties. Films processed by compression achieved better mechanical prop-
erties in terms of tensile strength, which increased with the incorporation of
hydrolyzed keratin.
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On the other hand, the efficiency of soy protein films to work as carriers for anti-
oxidants, such as chestnut bur extract (Wang et al. 2016c), tannins (Wang and Wang
2017) or catechin (Han et al. 2015), and antimicrobial agents, such as thymol (anti-
bacterial) and natamycin (antifungal) (Gonzdlez and Igarzabal 2013), has been
proved by many authors. Natural extracts or bioactives, such as anthocyanin-rich
red raspberry (Wang et al. 2012), mango kernel extract (Adilah et al. 2018) or lico-
rice residue extract (Han et al. 2018), can also have influence on the functional
properties of films, apart from improving the antioxidant or antimicrobial activity
inherent of each additive. For instance, it was determined that the incorporation of
mango kernel extract increased the tensile strength of SPI-based films and reduced
the water solubility and elongation at break; whereas, licorice residue extract
improved the mechanical, water, oxygen and light barrier properties when its con-
tent was lower than 70 g per kg of protein. Echeverria et al. (2016) carried out the
addition of clove EO into SPI films reinforced with montmorillonite. Besides the
important antioxidant and antimicrobial properties provided by the EO, a plasticiz-
ing effect was exerted. Furthermore, the nanoclay caused a further strengthening
effect in films containing clove EO; whilst nanocomposite films containing 10 g
montmorillonite/100 g SPI reached an increase of 105 and 200% in tensile strength
and Young’s modulus, respectively, those that also contained clove reached higher
variations (230 and 345%, respectively). Phenolic compounds, such as carvacrol,
ferulic, caffeic and gallic acids, have been also successfully employed in SPI films.
In general, the effect of phenolic acids incorporated into protein-based films is con-
trolled by two different features: their ability to form hydrogen bonds or other inter-
actions between the carboxyl groups and the amino groups of proteins, and their
affinity towards water that results in high water absorption (Ganiari et al. 2017).
Otoni et al. (2016) incorporated carvacrol and cinnamaldehyde and promoted an
increase in the rigidity of films, while Insaward et al. (2015) studied the influence of
ferulic, caffeic and gallic acids and their oxidized products. Results determined that
gallic acid-containing films exhibited the highest tensile strength and elongation at
break, and oxidized phenolic acids were shown to produce films with higher tensile
strength and elongation at break than their unoxidized counterparts. Moreover,
phenolic-containing films showed reduced WVP and water solubility and increased
contact angles.

Some research studies have demonstrated that films and coatings based on soy
protein have multiple benefits regarding the extension of food shelf life; in particu-
lar, reduction of oxidation and discoloration, retardation of rancidity processes,
inhibition or reduction of the microbial contamination, prevention of moisture loss
and diminution of the loss of flavor compounds, stand out as the most significant
ones. Some studies that demonstrated the potential of SPI-based films and coatings
for food products, such as meat, fish, fruits, vegetables and others, are outlined in
Table 3.3.

Strategies to extend the quality of fruits and vegetables need to target several key
challenges, such as minimizing dehydration, reducing or avoiding microbial growth
and extending maturation and senescence periods. The incorporation of chitosan
and stearic acid (Wu et al. 2017) and ferulic acid (Alves et al. 2017) into SPI films
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Table 3.3 SPI-based films or coatings for food packaging

Additives Test in
Active agent role food Processing | Reference
Clove EO AMAO Tuna Casting | Echeverria et al (2018)
NisinSodium lactate AM Pork Casting | Liuetal. (2017c)
EDTA
CinnamaldehydeEugenol AM Pork Casting | Zhang et al. (2013)
Thyme EOOregano EO AM Beef Casting | Yemis and Candogan
(2017)
Thyme EOOregano EO AO Beef Casting | Coskun et al. (2014)
CitralLimonene AM Persian Coating | Gonzélez-Estrada et al.
lime (2017)

Ferulic acid AO Apple Casting | Alves et al. (2017)
Citronella EO AM Banana Casting | Arancibia et al. (2014)
Cinnamon oil AM Dry tofu Casting | Liu et al. (2014)

Catechin AO Walnut Coating | Kang et al. (2013)

AO antioxidant; AM antimicrobial

extended the shelf life of apples and improved film properties, including gas perme-
ability and tensile strength. In another study, Arancibia et al. (2014) showed that the
addition of 3% w/v citronella EO to SPI films blended with lignin had good
antifungal activity against pathogen microorganisms (Fusariun oxysporum) in
bananas. Also the application of SPI coatings with citral and limonene preserved
postharvest quality of lime and provided antifungal activity against Penicillium ita-
licum in inoculated limes (Gonzalez-Estrada et al. 2017). Other additives, such as
cysteine (Ghidelli et al. 2014, 2015), lauric acid and propylenglycol alginate (Zeng
et al. 2013), incorporated into SPI coatings have shown to reduce enzymatic brown-
ing and improve the quality of artichokes, eggplant and jujubes. The prevention of
other effects indicative of quality loss, such as shrinkage, oxidative off-flavors,
microbial contamination and discoloration in meat, fish and poultry products is also
of great importance. Echeverria et al. (2018) applied soy protein/montmorillonite/
clove EO films for the preservation of refrigerated of tuna fillets. It was observed
that SPI-based films decreased Pseudomonas growth and lipid oxidation; further-
more, montmorillonite favored the release of clove EO, extending the tuna shelf life.
Also SPI coatings have been found to be effective for meat preservation by delaying
lipid oxidation and color deterioration and maintaining textural parameters in beef
patties (Guerrero et al. 2015). Beef has also been coated employing SPI with thyme
and oregano EOs. According to Yemis and Candogan (2017), these soy protein coat-
ings exhibited antimicrobial activity against E. coli O157:H7, Listeria monocyto-
genes and S. aureus. Moreover, Cogkun et al. (2014) confirmed that the addition of
these two EOs controlled lipid oxidation in SPI-coated beef patties. Other bioac-
tives, such as cinnamaldehyde and eugenol (Zhang et al. 2013) or nisin, sodium
lactate and EDTA (Liu et al. 2017c) have also showed significant inhibitory effect
on the growth of S. aureus, Pseudomonas and yeast, being cinnamaldehyde-con-
taining SPI films the most effective ones. The films containing 6% EOs showed the
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preservation effect on pork. Besides that, films showed a significant antimicrobial
effect on three food pathogens, E. coli, Salmonella and Bacillus cereus when nisin,
sodium lactate and EDTA were incorporated into SPI films, extending pork shelf
life up to 3—6 days.

3.5.2 Zein

Zein is a protein used for food packaging applications, since it exerts better barrier
against transmission of water vapor and volatile compounds as compared to other
types of protein films (Ozcalik and Tihminlioglu 2013). Moreover, zein has excel-
lent film forming ability since it is believed to involve development of hydrophobic,
hydrogen and limited disulphide bonds between zein chains in the film matrix
(Bourtoom 2008). This biopolymer can be defined as a water-insoluble hydrophobic
storage protein found in corn. Based on solubility and sequence homology, it can be
separated into a-zein (19 and 22 kDa), B-zein (14 kDa), y-zein (16 and 27 kDa) and
6-zein (10 kDa). a-zein, which consists on highly homologous repeat units with a
high content of a-helix (Zhang et al. 2015), composes around 70-85% of the total
fraction of zein mass, while y-zein is the second most abundant fraction
(10-20%).

As happened with other proteins, the brittleness is the major disadvantage of
zein. It is known that the incorporation of plasticizers helps to reduce the brittleness
(Xu et al. 2012), but blending or mixing with other natural compounds can also be
a solution due to the benefits that these components can provide to the film. Since
zein and gliadin are both readily dissolved in aqueous ethanol and have a good film-
forming property, Gu et al. (2013) prepared films with these two proteins. The
results showed that the addition of gliadin enhanced the strain at break of zein films
as a result of the increase in the content of a-helix and fB-turn structures and the
decrease in the level of B-sheet structure. Cheng et al. (2015) prepared active zein
films with chitosan and phenolic compounds (ferulic acid or gallic acid) and dicar-
boxylic acids (adipic acid or succinic acid). The antimicrobial properties against S.
aureus and E. coli were determined and the antioxidant activity was confirmed by
DPPH and ABTS free radical scavenging tests. Additionally, zein glycosylated with
chitosan by transglutaminase has resulted effective in retarding lipid oxidation of
ground pork, indicating that enzymatic glycosylation might be a new approach to
modify the functional properties of zein (Wang et al. 2017¢).

Other authors have also employed the cross-linking strategy to obtain zein films
with enhanced properties. Succinic anhydride, eugenol and citric acid were
employed by Khalil et al. (2015) as natural cross-linking agents. All cross-linked
films showed remarkable antibacterial activities against B. cereus ATCC 49064 and
Salmonella enterica ATCC 25566. However, these cross-linkers were also added to
modify zein chemically in order to improve the functional properties of the films;
thus, the addition of these compounds resulted in two- to three-fold increases in
tensile strength values. On the other hand, Santos et al. (2017) assessed the addition
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of tannic acid, especially in its oxidized form, to cross-link zein and concluded that
higher tannic acid contents and pH values resulted in films with better physical
properties.

In general, one of the advantages of working with zein comes from its hydropho-
bicity, which makes it compatible with natural antimicrobials (Yemenicioglu 2016).
Naturally occurring antimicrobial compounds are an alternative to synthetic preser-
vatives and their use is increasingly growing. In this context, many natural antimi-
crobial agents have been employed to develop zein films with antimicrobial effects.
Z. multiflora Boiss. is a thyme-like plant belonging to the Lamiaceae family, being
carvacrol and thymol its main antimicrobial components. The addition of these two
EOs into zein films was studied by Kashiri et al. (2017a) and Moradi et al. (2016).
These authors confirmed the good antimicrobial properties of Z. multiflora Boiss.
against L. monocytogenes and E. coli, as well as the good antioxidant properties of
these substances. Moreover, Kashiri et al. (2017b) demonstrated that the addition of
Z. multiflora Boiss. EO caused an increase in the percent of elongation at break of
the films. Alkan and Yemenicioglu (2016) not only evaluated the employment of
carvacrol and thymol EOs into zein films, but also studied other EOs, such as euge-
nol and citral, some phenolic acids like gallic, vanillic and cinnamic acids, and
phenolic extracts from clove, oregano, artichocke stem and walnut shells. The
incorporation of these promising antimicrobial compounds into zein films show
positive results against bacterial plant pathogens, such as Erwinia amylovora,
Erwinia carotovora, Xanthomonas vesicatoria and Pseudomonas syringae.
Moreover, these authors concluded that phenolic-containing zein coatings could
provide an additional post-harvest benefit by delaying bacterial spoilage of coated
fresh fruits and vegetables.

A limited number of studies have investigated the effectiveness of zein-based
films in fresh products. Unalan et al. (2013) determined the release profiles of lyso-
zyme and mixtures of lysozyme and phenolic compounds (catechin and gallic acid)
from zein and zein-wax composite films to cold-stored fresh Kashar cheese. They
concluded that all lysozyme-containing films prevented the increase of L. monocy-
togenes counts in the cheese stored at 4 °C for 8 weeks. However, only zein-wax
films with sustained lysozyme-release rates caused a significant reduction in initial
microbial load of inoculated cheese samples. The mixture of catechin and gallic
acid improved the in vitro antimicrobial effect of films against L. monocytogenes,
but showed no considerable antimicrobial effect in cheese. In another study (Chen
et al. 2016), grass carp fish balls were coated by zein containing a polymeric chela-
tor based on hexadentate 3-hydroxypyridinones. The study demonstrated that this
coating could effectively improve the sensory properties of fish balls and maintain
their freshness due to the inhibition of microbial growth and the delay of protein
decomposition and lipid oxidation during storage. Mehyar et al. (2014) coated Berhi
date palm fruits, harvested at the khalal stage, with different edible materials,
including zein protein. Results confirmed that zein coatings was one of the most
effective coating in retarding fruit maturation by extending the khalal stage from 7
to more than 14 days.
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3.5.3 Wheat Gluten

Wheat gluten is a storage protein obtained as a by-product of the isolation process
of starch from wheat flour (Day 2011). This protein consists of a mixture of two
main proteins, gliadins and glutenins, which differ in their solubility in aqueous
alcohols and in their propensity to form intermolecular disulphide bonds (Zubeldia
et al. 2015). Gliadins are monomers, while glutenins are composed of discrete poly-
peptide subunits linked together by interchain disulphide bonds to form high molec-
ular weight polymers. Therefore, gluten proteins cover a broad range of molecular
masses up to several million daltons. The amount of disulphide bonds as well as the
hydrogen bonds present in wheat gluten play an important role in the structure and
properties of this protein (Pommet et al. 2005). Zein and wheat gluten share many
similarities, including the solubility in aqueous alcohols, the high amount of pro-
line, low-cost and availability (Dahesh et al. 2016). Moreover, since these two pro-
teins are insoluble in water, they produce insoluble coatings. However, wheat gluten
as compared to zein, exhibits remarkable viscoelastic properties which promote
largely the film forming ability. As other proteins, wheat gluten films have limited
resistance to water vapor and weak mechanical properties, but the chief advantage
of using gluten as a raw material is its low oxygen permeability rates (Tanada-
Palmu et al. 2000; Mojumdar et al. 2011).

Regarding film forming techniques, many authors have used thermo-mechanical
processing to manufacture wheat gluten films (Ansorena et al. 2016; Thammahiwes
et al. 2017). Exposing wheat gluten to high temperatures results in important
changes in the type and degree of covalent cross-linking within the molecular net-
work, which leads to brittle wheat gluten films in the absence of plasticizers (Jansens
et al. 2013). Thus, incorporation of plasticizers in wheat gluten film forming solu-
tions is required to promote film flexibility, being glycerol the most used plasticizer
(Duval et al. 2015; Sharma et al. 2017). As in the case of the previously mentioned
proteins, blending or mixing with other biopolymers can be also a way to enhance
wheat gluten film properties. In this regard, the influence of adding some polysac-
charides, such as locust bean gum, methyl cellulose, carboxymethyl cellulose
(Zarate-Ramirez et al. 2014), starch (Basiak et al. 2015, 2017) and chitosan (Chen
et al. 2014), has been analyzed.

During the last few years, a number of studies have aimed to evaluate the effec-
tiveness of wheat gluten films against food-contaminating fungi and microbes in
order to provide evidence of their applicability in different food products. E. coli,
Salmonella Typhimurium, S. aureus, B. cereus and L. monocytogenes are common
pathogens that can damage the foodstuffs; thus, Barazi and Osman (2017) evaluated
the antimicrobial activity of gluten films with different concentrations of Origanum
vulgare EO against these pathogens. Other antimicrobial agents, such as clove, red
thyme, carvacrol, cinnamaldehyde and white thyme also showed antimicrobial
effectiveness against Aspergillus niger, Candida albicans, E. coli and S. aureus
(Gémez-Heincke et al. 2016). Also the incorporation of formic acid and oregano EO
into wheat gluten films has demonstrated antimicrobial activity against A. niger,
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Candida kefyr, B. cereus and E. coli. (Martinez et al. 2013). Pomegranate peel and
curry leaf extracts have also been employed in the development of wheat gluten-
based films in order to extend the life of cherry tomatoes and mangoes (Kumari
et al. 2017). It was observed that pomegranate peel extract showed significantly
higher antibacterial activity than curry leaves powder against tested pathogens, S.
aureus and Micrococcus Iluteus. The antimicrobial performance of wheat gluten
films was tested on meat products (Massani et al. 2014). Wheat gluten-containing
Lactobacillus curvatus CRL705 was employed to assess the release properties in
contact with substances commonly used as food simulants (sunflower oil and water).
According to the results, it should be expected that in the timescale of vacuum-
packaged cooked sausages (approximately 30—40 days), the film could provide an
efficient antimicrobial effect on these products.

Although the research interest has been focused on manufacturing active films
for packaging applications, intelligent packaging development is growing gradually
(Ghaani et al. 2016; Gutiérrez et al. 2016a, b). According to Biji et al. (2015), an
intelligent packaging material can be defined as a material that monitor the condi-
tion of packaged food or the environment surrounding food to give information
regarding the quality of the packaged food during transportation and storage.
Therefore, monitoring carbon dioxide as well as controlling the variation of relative
humidity in food packages could be interesting so as to give a better control on the
evolution of food metabolism and to meet the consumers demand for high quality
food products. With regard to wheat gluten, this is considered a polarizable material
having dielectric properties (Sharma et al. 2010); thus, this protein could be suitable
to manufacture intelligent packaging. In fact, Bibi et al. (2017) mentioned that the
electric and dielectric properties of wheat gluten are known to be sensitive to carbon
dioxide. For that reason, gluten-based films could be used for monitoring packaging
headspace in intelligent packaging systems. In that context, the authors were able to
determine the potential use of wheat gluten as a carbon dioxide sensor, showing
interesting results particularly at high relative humidity values (90% RH). Moreover,
Bibi et al. (2016) investigated wheat gluten protein to monitor relative humidity,
confirming the good sensitivity of wheat gluten at high relative humidity values,
ideal for foreseen applications related to the control of packed food products.

3.5.4 Other Vegetal Proteins

Although soy protein, zein and wheat gluten are widely studied and employed pro-
teins, other vegetal proteins have also been considered to develop active films and
coatings. Sunflower protein films with clove EO were used for the preservation of
refrigerated sardine patties, retarding lipid oxidation and delaying the growth of
total mesophiles (Salgado et al. 2013). The viability of canola for food packaging
applications has also been studied. Canola is mostly obtained as a by-product from
the oil industry, but it is underutilized in the marketplace since it is sold traditionally
for its use as livestock feed. The protein content within the meal can be up to 50%
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(on a dry weight basis) and has a well-balanced amino acid profile and thus, it has
been used for the preparation of films plasticized with glycerol (Chang and
Nickerson 2015), sorbitol or polyethylenglycol (Chang and Nickerson 2014). Other
vegetal proteins such as bitter vetch seeds, which contain up to 25% of protein, are
also an inexpensive source of protein and could thus be an affordable raw material
to produce films for food applications; however, bitter vetch protein films do not
satisfy mechanical requirements (Arabestani et al. 2013). Hence, different addi-
tives, such as oxidized ferulic acid (Arabestani et al. 2016a) or pomegranate juice
(Arabestani et al. 2016b) have been incorporated into film forming formulations to
enhance properties, obtaining markedly higher tensile strength and elongation at
break values. Recently, edible oil production from hazelnuts has become increas-
ingly important since hazelnut oil has similar fatty acid profile to olive oil, so due to
its nutritive value and high protein content, the hazelnut meal obtained from oil
extraction is gaining success. Aydemir et al. (2014) demonstrated that hazelnut pro-
tein isolate shows antioxidant, anticancerogenic and antihypertensive activity, but
poor emulsifying, gelling and water absorption capacities. However, hazelnut pro-
teins form transparent, light to brown colored and flexible films. Also sesame pro-
tein is obtained as a by-product of oil extraction. Sesame meal contains 35-40%
protein and can be used for film formation. Sharma and Singh (2016) employed
sesame protein isolate, extracted from defatted sesame meal, to prepare films.
Although further research should be done to improve the mechanical and optical
properties of those films, this protein can be used for food packaging of fruits and
vegetables since it provides barrier to moisture.

3.6 Conclusions and Future Trends

Films and coatings based on animal and vegetal proteins are promising systems to
be used for food packaging applications. However, the proper understanding of the
role of each component of the packaging is a key issue in order to develop films and
coatings with the suitable functional properties to control the mechanism of food
deterioration in order to improve food quality and extend food shelf life, fulfilling
all the specifications required for those materials in contact with food. Several stud-
ies have been focused on optimizing the composition, functional properties and
processing methods of protein-based films and coatings in order to develop eco-
nomically and environmentally sustainable materials able to compete against syn-
thetic plastics and reduce their use as food packaging. Therefore, the employment
of protein along with bioactive compounds, which can be extracted wastes or by-
products from agriculture, meat, poultry and fish processing industries, could con-
tribute to the cost-effective production of this environmentally friendly packaging,
as well as to the promotion of new desirable functionalities. There is a growing
number of research works that apply protein films and coatings onto fresh food,
demonstrating that these proteins are able to improve the quality, safety, functional-
ity and shelf life of food products, consequently, new market opportunities are
opened for the commercial implementation of this protein-based food packaging.
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Chapter 4
Properties of Micro- and Nano-Reinforced
Biopolymers for Food Applications

Check for
updates

Sofia Collazo-Bigliardi, Rodrigo Ortega-Toro, and Amparo Chiralt

Abstract Food packaging implies a significant consumption of different materials,
of which plastics are the second most widely used. So, the development of biopoly-
mers for food packaging applications is critically important. Although several
biopolymers are available for different applications, they have some drawbacks and
their functional properties need to be adapted for food packaging requirements.
The incorporation of micro- and nano-fillers into the biopolymer matrix has proven
to be an alternative means of improving their mechanical and barrier properties. In
composites, the polymer forms the continuous matrix while the dispersed filler
phase helps to positively modify the functional characteristics of the material.
Different kinds of fillers have been used which modify the material characteristics
as a function of their content and filler-matrix interactions. The particle size and
shape, the amount and distribution and the chemical nature of the fillers are key fac-
tors in the final properties of the composite. In general, thermomechanical processes
with high shearing forces and temperatures for the required time are needed to guar-
antee the convenient dispersion of the filler within the polymer matrix. In this chap-
ter, the different kinds of fillers used in biopolymer composites have been
summarized. The relevant surface properties and the changes induced by fillers on
the mechanical, barrier and thermal properties of micro- and nano-composites have
been discussed, with emphasis on food packaging applications. The processing
techniques, formulation and final structure of materials have also been reviewed, as
well as the influence of the fillers on the biodegradation behaviour of composites.
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Abbreviations

AFM Atomic Force Microscopy

Ag-NPs  Ag nanoparticles

ATBC Acetyltributyl citrate

BCNW  Bacterial cellulose nanowhiskers

ChNC Chitin nanocrystals

CMC Carboxymethyl cellulose

CNC Cellulose nanocrystals

CNF Cellulose nanofibrils

DSC Differential Scanning Calorimetry

FESEM  Field emission scanning electron microscopy

FTIR Fourier-transform infrared spectroscopy

GTA Glycerol triacetate

HPMC (Hidroxypropil)metil cellulose

MC Methylcellulose

MCC Microcrystalline cellulose

Mnt Montmorillonite

NCC Nano-crystalline cellulose

PBS Poly(butylene succinate)

PBTA Poly(butylene adipate co-terephthalate)

PCL Polycaprolactone

PEG Polyethylen glycol

PHA Polyhydroxyalcanoates

PHB Polyhydroxybutyrate

PHBV Polyhydroxyl-3-butyrate-co23-valerate

PHBVI12 Polyhydroxybutyrate with 12 mol% of valerate and containing 10 wt%
of the plasticizer citric ester

PLA Poly(lactic) acid

PLLA Poly(L-lactide)

PVA Poly(vinyl alcohol)

SEM Scanning Electron Microscopy

TPCS Thermoplastic corn starch

TPS Thermoplastic starch

WSNC Waxy starch nanocrystals

4.1 Introduction

Of all the materials available for food packaging, plastics have increased exponen-
tially over the past two decades, with an annual growth of approximately 5%. It is
estimated that worldwide annual plastic production exceeds 300 million tonnes, and
was about 59 million tonnes in Europe in 2014. In fact, nowadays, plastics represent
almost 40% of the European packaging market (Muller et al. 2017a). Of the plastic
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materials, petroleum-based plastics, such as polyethylene (PE), polypropylene (PP),
polyamide (PA), are widely used as packaging materials due to their ready avail-
ability at relatively low cost, good mechanical and barrier properties, thermo-
processing ability and chemical characteristics, which make them suitable for food
packaging. However, despite their good properties, their use and accumulation
imply serious environmental problems and a dependence on fossil fuels. Around
63% of the current plastic waste comes from packaging applications, and it is esti-
mated that less than 14% is recyclable. Taking this scenario into account, and bear-
ing in mind the growing environmental awareness, research has focused on the
development of alternative bio-packaging materials, derived from renewable
sources, which are biodegradable or compostable.

Biopolymers can be used for food packaging applications or food coating pur-
poses, reducing the environmental impact and oil-dependence (Rivero et al. 2017,
Emadian et al. 2017). They can be divided into three main categories, on the basis of
their origin and biodegradable nature. Together with the conventional, non-
biodegradable, oil-based plastics, there are biobased-non-degradable bioplastics (e.g.
polyethylene terephthalate: PET), biobased-biodegradable bioplastics (e.g. polylactic
acid: PLA, starch and other polysaccharides, or proteins) or fossil-based biodegrad-
able bioplastics (e.g. polycaprolactone: PCL, polyvinyl alcohol: PVA, or polybutyl-
ene succinate: PBS). So, biopolymers are biodegradable, biobased or both and can be
classified as those directly obtained from biomass (polysaccharides and proteins),
synthetic biopolymers from biomass or petrochemicals (e.g. PLA, PCL) or those
obtained by microbial fermentation (polyhydroxyalcanoates: PHA and bacterial cel-
lulose) (Nair et al. 2017). The former are directly extracted from biological and natu-
ral resources and they are hydrophilic and somewhat crystalline in nature, making an
excellent gas barrier. Biodegradable polyesters (synthetic or biosynthesized) are more
hydrophobic and constitute better barriers to water vapour. In general, the functional
properties of biopolymer-based materials in terms of their mechanical and barrier
properties need to be adapted to food requirements by using different strategies, such
as physical or chemical modifications (crosslinking), blending with other compo-
nents, fillers, plasticizers or compatibilizers (Ortega-Toro et al. 2017).

The industrial uses of biopolymers have been restricted because of their usually
poor mechanical, barrier or thermal properties, and high price. The incorporation of
micro- and nano-reinforcing agents into the matrix for the purposes of obtaining
composites has been seen to improve their functional properties and so their
competitiveness in the plastics market. Composites are made up of a continuous
polymer matrix in which the filler particles are dispersed, thus contributing to a
modification of the functional characteristics of the material (Azeredo 2009). Fillers
differing in size, shape, amount, distribution and chemical nature have been used.
Lignocellulosic or cellulosic materials obtained from agro-waste have been widely
studied as organic micro-fillers (Gutiérrez and Alvarez 2017). Fibres from cotton
(Ludueia et al. 2012), garlic straw (Kallel et al. 2016), rice husk (Johar et al. 2012),
wheat straw (Berthet et al. 2015) or coffee silverskin (Sung et al. 2017), have been
used as reinforcing agents in different biopolymer films. Micro-particles signifi-
cantly improved the elastic modulus of composites while providing great thermal
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resistance to the matrices due to the presence of hydroxyl groups interacting with
the biopolymer network (Luduena et al. 2012; Berthet et al. 2015). Different organic
nano-fillers can be obtained, mainly from cellulose (cellulose nanocrystals or nano-
fibres), chitin/chitosan nanocrystals from crustacean waste (Gutiérrez 2017) or
starch nanoparticles. These nano-reinforcing agents improve the tensile strength
and elastic modulus when they have a proper distribution, chemical affinity with the
polymer and high aspect ratio. The crystalline structure of nanofillers enhances the
tortuosity factor for the mass transport of gas molecules into the biopolymer matrix,
contributing to the formation of a hydrogen-bonded network (Ng et al. 2015;
Azeredo 2009; Azeredo et al. 2017). On the other hand, inorganic particles are rel-
evant as filling agents in food packaging materials due to the enhancement of the
mechanical and barrier properties (MgO, silicon carbide or nano-clays) Some of
them also exhibited antimicrobial activity, such as Ag, TiO, and ZnO nanoparticles
(Gutiérrez et al. 2017; Azeredo 2009).

It is remarkable that biodegradation behaviour is a crucial factor in the develop-
ment of composites. The biodegradation process takes place in aerobic conditions
by the action of a microorganism, which identifies the polymer as a source of energy
to produce organic residues from the packaging material. The incorporation of
nano-fillers can affect the biodegradability of composites (Gutiérrez 2018). In this
sense, cellulose nanocrystals (CNC) promoted the material’s water intake due to
their hydrophilic nature, contributing to an acceleration of the biodegradation pro-
cess (Ludueiia et al. 2012; Luzi et al. 2016). Some inorganic nano-fillers could also
affect the disintegration processes, such as what occurs with Ag nanoparticles
(Ramos et al. 2014; Cano et al. 2016), or nano-clays, whose hydroxyl groups react
with the chains of the polymer matrices (montmorillonite and fluorohectorite,
Fukushima et al. 2013).

This chapter reviews the potential use of reinforcing agents of differing natures
and sizes in biopolymer materials that are potentially useful for food packaging,
analysing their effect on the mechanical and barrier properties and on the thermal
resistance of the material. The surface properties and biodegradation behaviour
were also analysed in different kinds of composites.

4.2 Bioplastics for Food Packaging

Over the last decade, several bioplastics, bio-based, biodegradable, or both, have
been available as a suitable alternative to conventional plastics for food packaging
applications (Fabra et al. 2014; Ortega-Toro et al. 2017). At least 90% of natural or
synthetic biodegradable polymers decompose in less than 180 days (ASTM 2003).
Figure 4.1 shows the main polymers of potential use in food packaging. Of the natu-
ral polymers, different polysaccharides and proteins and microbially-produced bio-
polymers have been extensively studied for food packaging applications. Starch is a
promising polymer, suitable for processing by means of different techniques, such as
the casting method (Moreno et al. 2017), compression moulding (Muller et al.
2017b), extrusion (Gutiérrez and Alvarez 2018) or injection moulding (Lépez et al.
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Fig. 4.1 Main biopolymers with potential application in food packaging. Some molecular
structures are included

2015). Starch is naturally highly abundant, low cost and renewable. Cellulose, con-
stituted by glucose units via -1,4-glycosidic bonds, is the most naturally abundant
carbohydrate (Xiao et al. 2014). This polymer is usually used as micro-filler or nano-
filler (Shankar and Rhim 2016) in the composite formulation. These could be pro-
cessed by compression moulding and injection moulding (Graupner et al. 2016) to
obtain semi-rigid packaging (trays). On the other hand, agar is a fibrous polysaccha-
ride obtained from marine algae, such as Gelidium sp. and Gracilaria sp., consisting
of a mixture of agarose and agaropectin, which is slightly branched and sulphated.
This is thermoplastic polysaccharide, biodegradable and biocompatible, which
exhibits great mechanical strength with moderate water resistance (Giménez et al.
2013). Chitosan, the second most naturally abundant polysaccharide, has non-toxic,
biodegradable, and antimicrobial characteristics, which are of great interest for
packaging purposes (Leceta et al. 2013). Chitin, the precursor of chitosan, is a linear
polymer of mainly f-(1 — 4)-2-acetamido-2-deoxy-D-glucopyranose units and low
amounts of f-(1 — 4)-2-amino-2-deoxy-D-glucopyranose residues (Van den Broek
et al. 2015). Others relevant natural polymers are proteins, such as gelatin or colla-
gen, gluten proteins and dairy proteins. Gelatin is an animal protein obtained by the
hydrolysis of the fibrous insoluble collagen from skins and bones of different ani-
mals. It is well known for its film-forming properties. It is abundantly available, low
cost, and easily biodegradable and biocompatible (Kanmani and Rhim 2014). On the
other hand, wheat gluten (constituted by gliadins and glutenin proteins) is an inex-
pensive protein from the milling process, which allows the production of membranes
that are semipermeable to water vapour, oxygen and carbon dioxide molecules. This
polymer can be applied as a food coating or edible film on different foods (Rocca-
Smith et al. 2016), or processed by compression moulding (Zubeldia et al. 2015) and
extrusion (Rombouts et al. 2013) for the purposes of developing flexible or
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semi-rigid packaging. Caseinates have been proposed as raw materials for food
packaging development, since this protein exhibited good film-forming ability with
good mechanical properties (Fabra et al. 2012; Arrieta et al. 2014a; Jiménez et al.
2013). The use of caseinates could be considered an alternative means of obtaining
a high degree of protection from oxygen in modified atmosphere packaging (Arrieta
et al. 2014a). Biopolymers obtained from several microorganisms, such as poly-
hydroxyalkanoates -PHA-, poly-hydroxybutyrate -PHB-, or poly- hydroxybutyrate-
co-hydroxyvalerate -PHB V-, are a family of biodegradable thermoplastic polymers.
The polymer is produced in the microbial cells through a fermentation process and
then collected by solvents, like chloroform. More than 100 PHA are identified, of
which PHB is the most common (Peelman et al. 2013). PHB is a biopolymer pro-
duced from renewable sources and fermentation by certain micro-organisms, like
Halomonas hydrothermalis and Burkholderia sp. and Chelatococcus daeguensis,
inter alia (Bera et al. 2015). In addition to being biodegradable, PHB exhibits some
properties similar to some synthetic polymers, especially polypropylene (PP)
(Heitmann et al. 2016). PHBV is a copolymer of 3-hydroxybutanoic acid and
3-hydroxypentanoic acid produced directly by microorganisms. This polymer is less
brittle and more stretchable than PHB (Requena et al. 2017).

Other biodegradable polymers are obtained by synthesis from biobased mono-
mers (e.g. PLA) and non-biobased monomers (e.g. PCL, PVA or PBS). PLA is the
most common synthetic polymer obtained from biobased monomers. The synthetic
routes to obtain PLA are through the ring-opening polymerisation of the esters of
the acid and the direct condensation of the free acid (Cheng et al. 2009). PLA is of
great potential to the packaging industry because of its mechanical, barrier and opti-
cal properties. It can be processed using readily available production technologies,
and exhibits good thermal behaviour and water vapour barrier properties, although
it is brittle and only a moderate gas barrier (Bonilla et al. 2013).

In the category of biodegradable synthetic petroleum-based polymers, PCL,
PVA and PBS are the most representative. PCL is a linear, semicrystalline hydro-
phobic polyester, highly flexible, tough and thermally stable (Correa et al. 2017).
In contrast, PVA is a synthetic, water soluble polymer which forms translucent films
with good tensile strength, elongation at break and barrier properties (Dominguez-
Martinez et al. 2017). PVA has been used in polymeric blends, with glycerol as a
proper plasticiser because of its chemical affinity. PBS is another biodegradable
thermoplastic polymer which has desirable melt processability and good mechani-
cal properties, which are closely comparable to those of widely-used polyethylene
(PE) or polypropylene (PP) (Mizuno et al. 2015).

4.3 Micro and Nano-Reinforcing Agents

An alternative means of improving the properties of biopolymers for food packag-
ing applications, and reducing some of their drawbacks, is by the incorporation of
micro- or nano-fillers to the matrix for the purposes of obtaining micro- and
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nano-composites. Composites have immiscible phases constituted by the poly-
mer continuous network in which the filler particles are dispersed, thus generat-
ing new structures with different properties to those of the original polymer
matrix. The filler can positively modify the functional characteristics of the
material, depending on the filler polymer network interactions. Different kinds
of fillers have been used, which modify the material characteristics as a function
of the filler-matrix interactions. The size, shape, amount, distribution and chemi-
cal nature of the fillers are crucial factors in the final properties of the
composite.

Many studies reported the use of different kinds of fillers. As is shown in
Table 4.1, cellulose has been frequently used as a reinforcing agent in different
forms, such as cellulosic fibres (Martino et al. 2015; Moustafa et al. 2016;
Luduefia et al. 2012), bacterial cellulose (Fabra et al. 2016), nano-cellulosic
fibres (Abdul Khalil et al. 2016) or cellulose nanocrystals (ElI-Hadi 2017;
Fortunati et al. 2013a; Follain et al. 2013). In the polymer matrices, the incorpo-
ration of cellulosic fillers directly affects the mechanical and barrier properties
depending on the particle size (micro or nano), which is a significant factor. As
has been observed by various authors, particle size has differing effects on the
mechanical properties. Cho et al. (2006) studied the effect of the particle size on
the mechanical properties of polymeric composites with spherical micro
(0.5 mm) and nano (15 nm) particles. They observed that, at nano-scale, Young’s
modulus and tensile strength increased as the particle size decreased. As regards
the barrier properties, it is expected that nano scale and a homogeneous distribu-
tion increases the tortuosity factor for the migration of molecules through the
composite, decreasing the permeability of both water vapour and gases. On the
other hand, the amount of filler included significantly affects the composite
properties. At high concentrations, the polymer matrix could lose cohesiveness
and continuity which could lead to a loss in functional properties (mechanical
and barrier). In this sense, Magsood et al. (2016) studied the reinforcing capac-
ity of enzyme-hydrolysed longer jute micro-crystals in polylactic acid matrices.
The elastic modulus and tensile strength increased by 40% and 28% respectively,
once the filler loading rose to 5% with respect to neat PLA. However, a filler load-
ing of 10% led to a decrease of 32% in the elastic modulus and 33% in tensile
strength with respect to materials containing 5% of fillers. Other organic fillers
are chitin nanocrystals (Herrera et al. 2016) from crustacean waste that improve
the mechanical properties and transparency of neat PLA. Also, starch nanocrys-
tals are frequently added to several biopolymers, improving the mechanical and
barrier properties and decreasing the biodegradation time (Mukurubira et al.
2017; Le Corre and Angellier-Coussy 2014).

Some inorganic particles have been extensively studied as fillers in food
packaging materials. Some of these, such as MgO, (Sanuja et al. 2014); silicon
carbide, (Dash and Swain 2013) and nano-clays (Cavallaro et al. 2013; Majeed
et al. 2013; Abdollahi et al. 2013), enhanced the mechanical and barrier proper-
ties of the films. Additionally, other ones can provide antimicrobial activity to
the material, as occurs with Ag nanoparticles (Carbone et al. 2016; Gutiérrez
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et al. 2017), TiO, nanoparticles (He et al. 2015; Gutiérrez et al. 2017) and ZnO
nanoparticles (Gutiérrez et al. 2017).

4.4 The Effect of Reinforcing Agents on the Functional
Properties of Biopolymers

In the following sections, the effect that micro- and nano-fillers have on the tensile
behaviour, barrier properties, thermal resistance and biodegradability of biopolymer
matrices is discussed, taking the processing method into account.

4.4.1 Processing Methods

In general, thermomechanical processes (melt compounding, extrusion and com-
pression moulding) with high shearing forces, temperature and adequate time are
necessary to guarantee the convenient dispersion of the filler in the polymer matrix.
However, the casting of polymer-filler dispersions is an alternative method to obtain
nano-composites, due to the high aggregation tendency of nanoparticles, which are
better maintained in liquid dispersions. Table 4.2 shows some recent studies on
composite materials, including micro- or nano- fillers of differing characteristics,
using different processing methods.

Berthet et al. (2015) studied the properties of PHBV composites containing
wheat straw micro-fibres (10, 20 and 30 wt%). Compounding was carried out with
a lab-scale twin-screw extruder, using a temperature profile from the polymer feed-
ing to the die of 180-160 °C. Composite films were obtained by compression
moulding at 170 °C. The mechanical and barrier properties of composites were
poorer than those of neat PHVB, although the authors point that the obtained mate-
rials could be applied as packaging for respiring fresh products. Melt compounding
using a Plastograph mixer (16 cm?) for 4 min at 160 °C was also applied to obtain
PHBYV composites with micro-particles of keratin at 0.5, 1, 3, 5, 10, 25 and 50 wt%.
The composites exhibited improved mechanical and water vapour and oxygen bar-
rier properties with only 1 wt% of micro-filler (Pardo-Ibaiez et al. 2014). Moustafa
et al. (2016) studied the use of roasted coffee grounds as micro-reinforcing agent to
produce high-quality biodegradable Polybutylene adipate co-terephthalate (PBAT)
composites for food packaging applications. The composites were extruded at 160—
165 °C with a screw speed of 100 rpm for 5 min mixing. The films were obtained
by a special die attached to the mixing chamber. The authors observed an increase
in the hydrophobicity and thermal stability compared to the control films without
fillers. A compatibiliser was not necessary to obtain a filler-polymer matrix with
suitable interfacial adhesion, especially at low filler content (<30%), which was
attributed to the good grindability of roasted coffee, which improved compatibility
and filler dispersion during processing.
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Table 4.2 Recent studies on composite materials including micro-
nature, applying different processing methods

S. Collazo-Bigliardi et al.

or nano- fillers

of different

Composite Processing Possible
material Filler content | method Effect of filler application Reference
Polymer/micro-filler
PHBV/ 10, 20 and Extrusion and |- Increased the —  Food Berthet
wheat 30 wt% filler | compression | water vapour packaging etal.
straw fibres | with different | moulding transmission materials to (2015)
preparation — Decrease respiring fresh
process ultimate tensile products
strength
PHBV/ 0.5, 1, 3,5, 10, | Melt — Reduction WVP |- Packaging | Pardo-
keratin 25 and 50 wt% | compounding | and OP Ibafiez
filler — Improve etal.
mechanical (2014)
properties
PBAT/ 10, 20 and Extrusion — Increase — Food Moustafa
roasted 30 wt% filler hydrophobicity packaging et al.
coffee with roating — Increase thermal (2016)
ground process at 250 stability
and 270 °C — Compatibiliser is
not necessary
Polymer/nano-filler
PCL-MC/ |2 wt% NCC Casting and |- Increased the —  Vegetable | Boumail
NCC compression | tightly of the matrix | packages etal.
moulding — Increased (2013)
stability of active
components
— Increased the
rough and density of
the matrix
PLA/CNC |1and5 wt% | Casting — Increase barrier |— Food active | Fortunati
from MCC | CNC with/ effect packaging etal.
and without — Antimicrobial (2013b)
Ag-NPs surfactant and effect
1 wt% Ag
nanoparticles
Agar/ 20, 40 and Casting — Increase thermal |- Food Rhim
Ag-NPs 80 mg Ag-NPs stability packaging et al.
— Barrier properties (2014)
to water vapour
increase slightly
— Mechanical
strength and stiffness
decreased slightly
— Antimicrobial
activity against
Listeria
monocytogenes and
Escherichia coli
O157:H7

(continued)
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Table 4.2 (continued)
Composite Processing Possible
material Filler content | method Effect of filler application Reference
Alginate/ | 1,3 and 5 wt% | Casting — Decrease water |— Food Abdollahi
nano-clays | fillers solubility packaging et al.
Mnt and — Increase surface (2013)
CNC from hydrophobicity with
MCC CNC and decrease of
this parameter with
nanoclays addition
— Reduction in
WVP
— Tensile properties
improved
Chitosan/ | 0.1 g MgO/g | Casting — Improve — Food active | Sanuja
MgO chitosan mechanical packaging et al.
properties (2014)
— Increase opacity
— Decrease
swelling,
permeability and
solubility
— Antimicrobial
properties
Starch/ 1,2,5,8, Casting — Increase thermal |— Adhesive Dash and
Silicon 10 wt% filler stability application Swain
carbide — Reduce OP — Covering | (2013)
and protecting
applications
— Food
packaging
Pectin- 5,10, 15,20, | Casting — Decrease — Coatings | Cavallaro
PEG/ 30 and 50 wt% wettability for food etal.
Halloysite | filler — Improve conservation (2013)
nanotubes mechanical
properties

As concerns the incorporation of nano-fillers in composites, casting is the most
commonly used method due to the better dispersion (more limited aggregation) of
nano-particles in a liquid medium. Casting is suitable for the obtaining of coatings,
mulch films and flexible films. In some cases, this technique has been used as a
preliminary test to study the filler effect before thermomechanical processing with
actual industrial applications. Boumail et al. (2013) characterized trilayer antimi-
crobial films based on methylcellulose and PCL composites with 2% of cellulose
nanocrystals (CNC). These were prepared under stirring before sonication at room
temperature for 30 min and the subsequent casting of the PCL-CNC dispersion. The
trilayer films were obtained by compression moulding at 120 °C. An increase in the
matrix toughness and greater stability of active components was found by the filler
addition. Fortunati et al. (2013b) incorporated the CNCs and Ag-NPs PLA films
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obtained by casting, leading to improved barrier properties and antimicrobial activ-
ity in the composites. Ag-NPs (20, 40 and 80 mg Ag-NPs) have also been included
in other polymers, such as agar matrices; although a significant increase in the ther-
mal stability of the material was obtained, with improved water vapour barrier prop-
erties and antimicrobial activity against Listeria monocytogenes and Escherichia
coli O157:H7, the mechanical strength and stiffness of the composites slightly
decreased with respect to filler-free polymers (Rhim et al. 2014). Chitosan compos-
ites with MgO nano-filler, obtained by casting, also exhibited antimicrobial proper-
ties. In addition, the metallic oxide improved the mechanical properties and reduced
the water swelling capacity and solubility and water vapour permeability of the
films, which became less transparent.

Other nanocomposites with organic (CNC) or inorganic nano-clays:Mnt)
obtained by casting, using an alginate matrix, exhibited improved functional prop-
erties with respect to the net polymer matrix (Abdollahi et al. 2013). The addition of
both nano-fillers improved the tensile properties of the material and promoted a
decrease in water solubility and water vapour permeability, whereas the surface
hydrophobicity increased with the use of CNC but decreased with nano-clays. In the
same way, nanoparticles of silicon carbide increased the thermal stability and
reduced the oxygen permeability in starch composites (Dash and Swain 2013). This
material could be used as adhesive and coating in food applications. Halloysite
nanotubes promoted a decrease in film wettability and improved the mechanical
properties in composites of pectin and polyethylene glycol blends (Cavallaro et al.
2013).

4.4.2 The Effect on Tensile Properties

In this section, the changes in the tensile properties of some biopolymers caused by
incorporating nano- and micro-fillers of differing characteristics are analysed, as
summarized in Table 4.3. The main mechanical properties characterized in plastic
packaging materials are elastic modulus (EM) and the tensile strength (TS) and
elongation (e) at break, which provide information about the rigidity and resistance
to deformation and break of the material, respectively.

The changes in the polymer’s functional properties caused by filler addition are
strongly associated with surface properties and polymer-filler interfacial interac-
tions. In this sense, the effects caused by fillers on the mechanical properties of
polymer are not always positive. The main reason is the interruption of the polymer
matrix continuity, but this effect could be diminished if the polymer and fillers have
chemical affinity or an interfacial agent is added into the composite formulation. As
previously mentioned, Berthet et al. (2015) found a deterioration in the tensile prop-
erties of neat PHBV when wheat straw fibres were added to the matrix. Strain and
stress at break decreased by 61% and 63%, respectively, with 30 wt% filler in the
composite. However, Young’s modulus increased by 13% with 20 wt% filler.
Moustafa et al. (2016) found different trends in the tensile strength with the varia-
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Table 4.3 Changes in tensile properties of some biopolymers by incorporating micro- or nano-
fillers of different nature

Plasticizer/
Composite equilibrium Thickness | TS EM
material Filler content | RH (pm) (MPa) | (MPa) | € (%) | Reference
Polymer/micro-filler
PHBV/wheat | 10, 20 and - - 22— | 14.4— | 0.89— | Berthet
straw fibres | 30 wt% filler 3.13 | 39.2 | 2.3* |etal.
with different (2015)
preparation
process
PBAT/ 10,20 and /50% 300400 | 6.8- - 98— | Moustafa
roasted 30 wt% filler 18.2 1545* | et al.
coffee with roasting (2016)
ground process at 250
and 270°°C
PHBV / 0.5,1,3,5,10, |- 100 - 540- | 2.9- | Pardo-
keratin 25 and 50 wt% 600 5.5* | Ibafez
filler et al.
(2014)
Polymer/nano-filler
PCL-MC/ 7.7 wt% NCC | Glycerol/ 225-280 | 20.3*-| 175.2-| - |Boumail
NCC 24.0 | 218.3* et al.
(2013)
PLA/CNC 1wt % Triethyl citrate 100 15.8*~| 300~ | 16— | Herrera
and ChNC | nanocrystals 242 | 1200 | 309 |etal.
(2016)
Corn 0.44, 1.5, 2.56; | Glycerol/50% | 50-140 | 11-49 - 1.24— | Alves
starch- 3% CNC and 38 etal
gelatin/CNC | 20% plasticizer (2015)
from
eucalyptus
wood pulp
Alginate/ 1,3 and 5 wt% | Glycerol/53% - CNC: | 150*- | 9-12* | Abdollahi
nano-clays | fillers 18— 270 et al.
Mnt and 23 (2013)
CNC from Mnt: | 150°— | 8-12¢
MCC 17-19 | 210
Pectin-PEG/ |5, 10, 15,20, |/53% 60 25-26 | 2.6~ | 0.9— | Cavallaro
Halloysite 30 and 50 wt% 4.1 1.5* |etal
nanotubes filler (2013)
Chitosan/ 0.1 gMgO/g |- 220-470 | 30~ - 7.5~ | Sanuja
MgO chitosan 60 15 |etal
(2014)
Agar/ 20, 40 and Glycerol/50% | 62.2-65.8 | 45.2— | 1290- | 19.0— | Rhim et al.
Ag-NPs 80 mg Ag-NPs 49.6* | 1460 | 23.6* | (2014)

TS tensile strength; EM young’s modulus; ¢ elongation at break
Data show the range in the values of each property reported for the different formulations
AIdentifies the value for the control sample (without filler), when it is in the edge of the range
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tion in filler content, using differently roasted coffee ground (CG) in PBAT matri-
ces. As compared with neat PHBYV, the best tensile behaviour was obtained with
10% of filler roasted at the highest temperature (270 °C), while the worst behaviour
was observed for 30% of non-roasted CG powder. As the authors mentioned in their
study, roasted CG showed a better affinity with PBAT compared to untreated CG
when obtaining green composites without the need for a compatibiliser. This is
important because the greater chemical affinity among the components led to stron-
ger structures and better tensile properties of the composites. The values of the
strain at break were lower than in the net polymer films for every composite.
Pardo-Ibafiez et al. (2014) also found a decrease in the elongation at break of PHBV
composites in line with differing quantities of keratin microparticles, but the elastic
modulus at low loading was significantly improved. The content of filler greatly
affected the tensile behaviour of composites and, in general, low filler contents
improved both tensile strength and elastic modulus.

As regards nano-fillers, different studies have shown the improvement in tensile
strength and elastic modulus when nanoparticles are incorporated into the polymer
matrices. This effect is enhanced by a good particle distribution, a chemical affinity
between filler and polymer and a high aspect ratio of the particles and filler-polymer
contact area (more interactions). However, the processing conditions and the filler-
polymer ratio must be taken into account to optimize the composite properties.
Excessively high filler content results in the polymer matrix interruption and forma-
tion of micro- nano-cracks. Herrera et al. (2016) studied the effect of the incorpora-
tion of CNCs and chitosan nano-crystals (ChNC) into PLA films obtained by
extrusion and compression moulding using fast and slow cooling rates. The tensile
properties of composites were affected by both the chemical nature of the filler and
processing conditions. Strength at break was improved by CNC incorporation, both
at fast and slow cooling rates, but ChNC only improved the film strength when pro-
cessing at a slow cooling rate. Young’s modulus increased and elongation at break
decreased after the addition of both nanoparticles at both processing cooling rates.
Alves et al. (2015) studied the effect of CNC and gelatin on corn starch plasticised
films. Nanocrystals were added at 0.44, 1.5, 2.56 and 3% with respect to the
polymers. They found a significant increase in the film resistance when the CNC
ratio rose, with a slight fall in the elongation values. Similar results were obtained
in nanocomposites based on pectin/polyethylene glycol blends containing halloy-
site nanotubes (Cavallaro et al. 2013). The incorporation of nanotubes led to signifi-
cantly more rigid films, but reduced the elongation capacity of the material.

Metallic oxide nanoparticles have been used as a suitable option to improve the
mechanical properties of biopolymers. Sanuja et al. (2014) reported a significant
increase in both the tensile strength and elongation at break of chitosan composites
with 10% magnesium oxide, obtained by casting. Abdollahi et al. (2013) compared
fillers of differing chemical characteristics (Mnt and CNC) added to alginate matri-
ces at 1, 3 and 5%. The tensile strength values exhibited a constant growth as the
CNC content increased but this parameter decreased when the content of Mnt was
higher than 1%. Young’s modulus also behaved differently, depending on the filler.
The composite stiffness was higher as the CNC content increased from 0 to 5%, but
decreased when the Mnt content rose from 3 to 5%. However, the elongation values
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exhibited the same trend for both kinds of nanocomposites; decreasing when both
CNC and Mnt contents increased.

4.4.3 The Effect on Barrier Properties

Some biodegradable materials need to improve the gas and water vapour permeabil-
ity because it is a fundamental property in packaging (Ng et al. 2015). The incorpo-
ration of micro- and nano-fillers, of organic or inorganic nature, to biodegradable
polymer matrices can modify the barrier properties (oxygen permeability: OP and
water vapour permeability: WVP). The barrier properties of polymers containing
fillers depend on their chemical nature, the particle size and shape of the particles,
as well as other factors such as polarity, hydrogen bonding capacity and polydisper-
sity (Gonzdlez et al. 2015; Pardo-Ibafiez et al. 2014). Table 4.4 summarizes the
different effects several fillers were observed to have on the barrier properties of
some biopolymer matrices. In every case, the addition of fillers can improve the
oxygen permeability and the values of the control samples (without filler) were in
the range of the corresponding composites or at the high end, especially when CNC
fillers were used. Fabra et al. (2016) studied the incorporation of bacterial cellulose
nanowhiskers (BCNW) into thermoplastic corn starch matrices (TPCS) and a 95%
decrease in OP was obtained with 15% of filler with respect to the TPCS sample.
The reinforced TPCS was assembled in multilayer PHB films to obtain more hydro-
phobic matrices and to improve the film performance. The best functional proper-
ties of multilayers were obtained with 15% BCNW-TPCS composite inner layer
and PHB outer layers. Luzi et al. (2016) observed a reduction of 47% in OP with the
incorporation of 3 wt% CNC from Carmagnola carded hemp fibres and a commer-
cial surfactant into a PLA-PBS matrix. The addition of a surfactant could contribute
to a better dispersion of the CNCs and PBS. They observed that the CNCs were well
dispersed in the polymer matrices, through the Atomic Force Microscopy (AFM)
analysis of surface roughness.

As regards values, analyses of WVP in composites provide similar tendencies to
those OP values. In most cases, WVP was reduced after the incorporation of fillers,
especially nano-size ones. Table 4.4 shows the different effect of micro- and nano-
fillers on this barrier property for several biopolymer matrices. Raw lignocellulosic
fibres (Berthet et al. 2015) or cellulose fibres obtained after chemical treatments
(Ludueda et al. 2012) only slightly decreased, or did not affect, the WVP of some
composites due to their hydrophilic nature. However, Pardo-Ibafiez et al. (2014)
observed a 59% reduction in WPV of the PHVB matrices with 1 wt% of keratin
micro-filler, while no significant differences were obtained with a filler load higher
than 5 wt%. They detected a homogenous particle distribution in the matrix at
1 wt% filler, where the micro-particles are not aggregated, causing an increase in the
tortuosity factor for the diffusion of gas molecules, which reduced the permeability
values. On the other hand, the incorporation of nano-filler into different polymer
matrices, especially CNCs, improved the WVP values. The crystalline structure of
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nanocrystals makes it difficult for certain molecules (O,, CO,, H,0) to diffuse into
the biopolymer matrix because of the formation of a hydrogen-bonded network
(Brinchi et al. 2013; Ng et al. 2015), which favours the development of a percolation
network, as reported by Miranda et al. (2015); the incorporation of 1 wt% of CNC
from gravata fibres into thermoplastic corn starch matrices, provoked a 30%
decrease in WVP. The addition of 2.5 wt% of CNC from sugarcane bagasse into
matrices made up of corn starch and CMC decreased WVP by 50% due to the
impermeable crystalline structure of CNC and a good dispersion of CNCs, creating
a highly tortuous path for water vapour transfer (El Miri et al. 2015).

The use of inorganic fillers had similar effects on barrier properties to those of
organic nano-fillers. The improvement in the barrier properties is due to the
increased tortuosity factor for the gas molecule mass transport in the matrix and the
impermeable nature of fillers, as reported by Abdollahi et al. (2013) in alginate films
with 5% of Mnt nano-clays, where WVP decreased by about 20%. Studying agar
films reinforced with Ag-NPs, Rhim et al. (2014) observed that the dispersed phase
of Ag-NPs in the polymer impeded the mobility of its chains, inducing an improve-
ment in WVP of the composites.

4.4.4 The Effect on Thermal Properties

The effects of micro- and nano-fillers of differing characteristics on the thermal
properties of some biopolymers have been studied by several authors. Table 4.5
shows the main calorimetric parameters obtained from Differential Scanning
Calorimetry (DSC) and the thermal stability of different materials obtained by
Thermogravimetric Analysis (TGA) for different biopolymers and composites.
Information about glass transition temperature (T,), crystallisation temperature (T,),
melting temperature (T,,), melting enthalpy (AH,,), onset temperature (T,,) and
peak temperature (T,.,) of thermodegradation are given in the Table 4.5.

In general, the addition of micro- or nano-fillers can modify the Tg and crystal-
lization/melting properties (T, T,, AH,) of polymer in line with the established
interactions between particles and polymer chains. As expected, the addition of
plasticizers to the filler-biopolymer blends decreases both the Tg and melting point
(T,). In this sense, Martino et al. (2015) analysed the effect of different plasticisers,
such as ATBC (acetyltributyl citrate), GTA (glycerol triacetate) and PEG (polyeth-
ylen glycol) in PHVB films with 20 wt% of wheat straw fibres. Blends with ATBC
showed the strongest Tg reduction due to its non-polar nature and great affinity with
the polymer. Similar effects were observed in both polymer and composites. Cano
etal. (2015) observed a ~5 °C reduction in Tg of pea starch-PVA (1:1) matrices after
the addition of 3 wt% of CNC from MCC. This was related to the partial inhibition
of the PVA crystallisation and to the lower mean molecular weight of the amor-
phous PVA fraction.

As regards the thermal degradation of materials, the addition of fillers generally
improves the thermal stability of composites for both micro or nano fillers. The
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network of the matrices becomes more resistant to heat based on the inherently high
heat resistance of organic and inorganic fillers. Lignocellulosic fillers, such as wheat
straw fibres (Berthet et al. 2015; Martino et al. 2015), kenaf fibres (Moriana et al.
2011), garlic straw (Kallel et al. 2016), rice husk (Johar et al. 2012), sisal fibres
(Santos et al. 2015), pineapple leaf fibres (Shih et al. 2014), soy hull (Flauzino Neto
et al. 2013), rice straw (Boonterm et al. 2015), coconut husk fibres (Rosa et al.
2010) or banana peel waste (Hossain et al. 2016) decompose in the temperature
range of 150-500 °C: specifically, hemicellulose decomposes mainly from 150 to
350 °C, cellulose at between 275 and 350 °C and lignin undergoes gradual decom-
position in the range of 250-500 °C. This high/wide range of decomposition tem-
peratures promotes the greater thermal resistance of composites. Moriana et al.
(2011), found a T, increase of 6% when natural micro-fibres (cotton, kenaf and
hemp fibres) were incorporated into starch-based composites. The greatest increase
was obtained with kenaf fibres, probably due to the better compatibility between
this filler and the starch matrix. This was associated with the higher content of hemi-
cellulose, which promotes the hydrogen bonding between the fibres and the matrix,
improving the interfacial adhesion and thermal stability. However, with other bio-
polymer matrices, the addition of micro-fibres did not affect the thermal stability as
described by Berthet et al. (2015) for PHBV-wheat straw micro-fibres blends. The
presence of lignocellulosic micro-fibres could contribute to a reduction in the mean
polymer molecular weight of the blend, reducing the overall thermal stability, as
was also observed by Luduefia et al. (2012) in PCL-cotton micro-fibre films.

The particle size reduction from micro- to nano-scale of fibres (e.g. by means of
alkali and bleaching treatments of lignocellulosic material and acid hydrolysis to
obtain pure cellulose nanocrystals (Brinchi et al. 2013; Jonoobi et al. 2015; Zhou
et al. 2016), implies a high yield in thermal resistance, as well as in the previously
mentioned barrier and mechanical properties. The incorporation of CNCs into bio-
polymer composites improved their thermal stability due to the crystalline structure
and compact chains present in the nanocrystals, which are not easily dissociated by
heating, increasing the thermal stability (Ng et al. 2015). Arrieta et al. (2014a, b and
2015) reported greater thermal stability in PLA-PHB blends reinforced with 1 or
5 wt% of CNC, from commercial MCC, obtained by electrospinning or extrusion
processes. Similar behaviour was observed by Cano et al. (2015) in PVA-starch
matrices with 1, 3 and 5 wt% of the same reinforcing agent.

As concerns the influence of inorganic nano-fillers on the thermal properties of
composites, they also enhanced the thermal stability of biopolymer matrices. Rhim
etal. (2014) studied the use of Ag nanoparticles in glycerol plasticised agar matrices
obtained by casting. The thermogravimetric analysis exhibited a high residual mass
of the composite films due to the inclusion of the more thermically stable metallic
nanoparticles. Cavallaro et al. (2013) obtained pectin-PEG blends with nano-clays,
specifically hallosyte nanotubes, at 5, 10, 15, 20, 30 and 50 wt% by casting. The
thermal degradation analyses reflected the fact that nano-composites had a high
degree of thermal resistance in comparison with the control sample, which was
attributed to the fact that the nano-clay lumen can encapsulate the pectin degrada-
tion products delaying the process. Moreover, the good dispersion of the nano-filler
inside the polymer matrix improved the thermal stabilization of the biopolymer.
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4.5 The Surface Properties of Micro- and Nano-Reinforced
Polymers for Food Applications

In this section, recent studies into the effect of the addition of micro- and nano-
fillers of differing characteristics on the surface properties of some biopolymers are
analysed, and summarised in Table 4.6. The main changes in biopolymer functional
properties caused by the addition of a filler are strongly associated with surface
properties and the interfacial interactions between biopolymer and filler. Several
methods have been used to characterise the morphology and the surface composi-
tion/structure of biomaterials, such as contact angle, electron spectroscopy for
chemical analysis (ESCA) or X-ray photoelectron spectroscopy (XPS), secondary
ion mass spectrometry (SIMS), scanning electron microscopy (SEM), atomic force
microscopy (AFM) (Gutiérrez et al. 2018). The surface properties of the composites
can directly impact on the macroscopic observation of the material gloss, which can
have notable influence on their practical applications. In this section, recent studies
into the effect of different fillers on the surface hydrophobicity (contact angle), top-
ographic analysis (AFM) or sample gloss are discussed and summarised in Table 4.6.

The contact angle (0) of a liquid in contact with a solid material mainly depends
on the balance between the adhesive liquid-solid forces and the cohesive forces of
the liquid (Gutiérrez et al. 2018). Aqueous or organic solvents can be used on a
determined material in order to characterise the relative affinity of the material for
polar or non-polar systems, thus obtaining information about its respective wettabil-
ity properties according to the hydrophobic-hydrophilic nature of the surface. The 0
values vary according to the type of biopolymer and nature of the filler (organic/
inorganic). The inorganic fillers, such as nano-clays, could negatively affect the
surface hydrophobicity of matrices due to their great water affinity, as reported by
Abdollahi et al. (2013) for matrices of alginate-Mnt nano-clays at 1, 3 and 5 wt%.
The film’s surface was more hydrophilic than the control sample mainly due to the
hydrophilic nature of the Mnt also present at surface level. However, the same
authors observed an 87.5% increase in hydrophobicity when they used CNC from
commercial MCC in the same matrices. Films with 5 wt% CNC exhibited the high-
est degree of hydrophobicity, which was associated with the high ratio of CNCs at
surface level and their crystalline nature, with lower water affinity than the alginate
matrix. Similar results are reported by Slavutsky and Bertuzzi (2014) for thermo-
plastic starch (TPS) matrices reinforced with CNCs from sugarcane bagasse. The
water contact angle increased (rise in the surface hydrophobicity) when CNCs were
incorporated into TPS, while strong interactions and the formation of hydrogen
bonds between the starch chains and CNCs are expected. These strong internal
bonds could also reduce the surface interactions between water molecules and the
material. Cao et al. (2008) obtained nanocomposites with TPS and CNCs from
hemp fibres and they also observed an increase in the water contact angle or surface
hydrophobicity of the matrices. On the contrary, the incorporation of CNCs into
hydrophobic polymer matrices, such as PBS, enhanced the water wettability of the
films (decrease in contact angle). This could be expected from the surface presence
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Table 4.6 Effect of fillers on surface properties of different composite films

Composite Processing Effect on
material Formulation | method Surface analysis | polymer matrix | Reference
Polymer/micro-filler
PHBV/wheat |20 wt% Extrusion — Surface Contact angle | Martino
straw fibres fibres and hydrophobicity values of the et al.
(WSF) 10 wt% compression | (contact angle plasticized (2015)
plasticizer moulding reference liquids: | composite with
(ATBC, GTA distilled water, WSFs were
or PEG) diiodomethane lower than that
ethylene glycol of the PHBV
and glycerol) matrix
Polymer/nano-filler
Alginate/ 1,3 and Casting — Surface Composites Abdollahi
nano-clays Mnt | 5 wt% fillers hydrophobicity with Mnt had et al.
and CNC from (contact angle) more (2013)
MCC hydrophilic
surface
Composites
with CNC had
more
hydrophobic
surface due to
their highly
crystalline
nature
Pea starch- 1,3 and Casting —  Gloss The Cano
PVA/CNC 5 wt% CNC incorporation of | et al.
from MCC filler do not (2015)
affect gloss in
composites
TPS/CNC from | Appropriate | Casting — Surface Contact angle | Slavutsky
sugarcane amount of hydrophobicity increased with | and
bagasse CNC (contact angle) CNC addition | Bertuzzi
suspension Strong (2014)
and glycerol interactions
as plasticizer between starch
chains and
CNC, which
reduced the
water affinity of
the film surface

(continued)
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Table 4.6 (continued)
Composite Processing Effect on
material Formulation | method Surface analysis | polymer matrix | Reference
Wheat gluten/ |1 and 3 wt% | Casting —  Gloss Good Fortunati
CNC and CNF |CNC or CNF - AFM distribution of | et al.
from sunflower topographic CNC into the (2016)
stalks analysis matrix and
some regions
with aggregated
CNF
CNC promoted
gloss a function
of filler content
CNF decreased
gloss as a
function of filler
content
Poly(butylene/ | 1 and 5 wt% | Extrusion — Gloss Decreased the | Fortunati
triethylene CNC, with and — Surface gloss value as | et al.
succinate)/ surfactant compression | hydrophobicity the amount of | (2017)
CNC from moulding (contact angle) CNC increased
MCC Higher contact
angle values for
1% filler
PLA-PHB/ 1 wt% and Extrusion — Topographic | Presence of Arrieta
CNC from 5 wt% CNC | and analysis by AFM | aggregated and | et al.
MCC 15 wt% compression individualized | (2014b)
plasticizer moulding CNC

The surfactant
allowed for the
polymer chain
penetration
between the
cellulose
structures

of the cellulose hydroxyl groups, which favour water affinity at the surface (Fortunati

et al. 2017).

From the AFM analyses, the presence of nanoparticles on the composite surface
and their aggregation/isolation state can be assessed, while their effect on the sur-
face roughness can be verified. Arrieta et al. (2014b) studied the surface properties
of PLA-PHB matrices containing CNCs from MCC. The AFM analysis showed the
presence of some agglomerated and individualised CNCs in matrices. The aggrega-
tion of nanoparticles was reduced by the use of surfactants, which allowed for a
better polymer chain interaction with the cellulose nanostructure. Nevertheless, an
opposite effect was deduced by Fortunati et al. (2016) from the AFM images for
CNCs in wheat gluten matrices, probably due to the different kinds of interactions
between cellulose and the amphiphilic protein chains. The tendency of nanocrystals
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to aggregate has been widely found in numerous studies (Brinchi et al. 2013; Ng
et al. 2015; Zhou et al. 2016) due to the spontaneous tendency to reduce the interfa-
cial free energy of the system, accumulated at the contact surface area. The aggre-
gated nanocrystals can be successfully dispersed and homogenised by strong
mechanical shearing effects into a homogeneous suspension (Ng et al. 2015) or with
the incorporation of surfactants to achieve a good dispersion in the matrices (Hu
et al. 2015; Kaboorani and Riedl 2015); all of this is dependent on the nature of the
polymer and filler and the processing conditions.

The influence of fillers on the material gloss is related with the surface topogra-
phy achieved in the composite. Materials with aggregated fillers exhibit greater sur-
face roughness so that they are less bright than other homogeneous material with a
smoother surface. Fortunati et al. (2016) studied the homogeneity of CNC and cel-
lulose nano-fibril (CNF) dispersion in wheat gluten composites and observed
changes in the material gloss as a function of the filler. In the case of bionanocom-
posites that are reinforced with CNC, the values of gloss increase as a function of
the filler percentage while the opposite behavior was observed in the CNF-reinforced
materials. This could be related with the presence of CNF aggregates on the com-
posite surface, evidenced by optical microscopy, whereas in CNC nanocomposites,
nanoparticles were homogeneously distributed in the matrix. Cano et al. (2015)
observed that the addition of CNCs to pea starch-PVA matrices did not affect the
gloss values, as compared with the control samples, which was attributed to the
good CNC dispersion in the biopolymer blends, with strong adhesion forces between
the filler and the matrix.

4.6 The Effect of Reinforcing Agents on the Material
Biodegradability

The disintegration and biodegradation behavior of the materials is analyzed through
their composting under controlled aerobic processes, designed to produce organic
residues from the biodegradable parts of the material, by the action of microorgan-
isms. In this sense, ISO standards establish methodologies, where specific disposal
pathways, specific time frames and criteria are indicated in order to unify a proper
composting analysis (Cano et al. 2016). The biodegradation behavior is a crucial
factor for the purposes of developing environmentally-friendly packaging materials.
Biodegradable polymers are able to decompose in the medium by the enzymatic
action of microorganisms in a defined period (Nair et al. 2017). In the disintegration
and biodegradation processes produced by the action of microorganisms (bacteria,
fungi and algae), these identify the polymer as a source of energy to produce organic
residues from the biodegradable materials. These chemically react under the micro-
bial enzymatic action and the polymer chains are fragmented (Cano et al. 2016;
Nair et al. 2017).

Table 4.7 shows the effect of some reinforcing agents on the composite disinte-
gration or biodegradationl, using different composting conditions. The degradation
rate of the materials varies according to the type of polymer and reinforcing agent.
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Luduefa et al. (2012) analysed the biodegradation behavior of PCL composites
containing cotton fibres and CNC from cotton fibres at 20 °C and 40% relative
humidity (RH), using compost material with the natural microflora present in soil
(Pinocha type). The analysis was carried out throughout 6 months by controlling the
average weight loss of the samples. They observed that the biodegradability of the
reinforced material was enhanced with the addition of both kinds of fillers, which
was attributed to the high hydrophilicity of the natural fibres, which promoted
water transport and provided a rougher support for microbial growth. PCL is
semicrystalline polyester and the reduction in the degree of crystallinity benefits
the biodegradation process, since the amorphous regions are more quickly attacked
by microorganisms. Similar conclusions were reported by Luzi et al. (2016), for
PLA-PBS composites reinforced with CNC from Carmagnola carded hemp fibres
submitted to composting in sawdust, rabbit food, compost inoculum, starch, sugar,
oil and urea, at 58 °C and 50% HR throughout 90 days. The authors evaluated the
degree of disintegration (D) and the physical changes and observed that the pres-
ence of CNC in the matrices benefited the biodegradation process. Likewise, the use
of a hydrophilic surfactant improved the dispersion of cellulosic nano-fillers in the
matrices and the D parameter. The biodegradationl in blends with PBS was retarded
due to the more hydrophobic and semicrystalline nature of PBS. However, Fortunati
et al. (2014) observed CNC from Phormium tenax leaves had the opposite effect on
PLA composites. The presence of CNCs increased the crystallinity of the compos-
ites, limiting the water transport through the PLA matrices. When limonene was
incorporated as plasticiser in the PLA composites, an increase in the biodegradation
rate was observed due to an improvement in the chain mobility, which favoured the
polymer erosion. Nevertheless, each sample was 90% disintegrated after 14 days of
composting, which is within the limit defined by the ISO 20200. In PBS composites
containing CNC from MCC, similar behavior was observed, but the hydrophobic
nature of PBS and the degree of crystallinity slowed down the biodegradation pro-
cess (Fortunati et al. 2017).

The addition of inorganic nano-fillers provoked similar effects to those brought
about by organic fillers in the biodegradation process of composites. Ramos et al.
(2014) studied the effect of Ag nanoparticles on the disintegrability of PLA com-
posites at 58 °C, using a compost media made from sawdust, rabbit food, starch, oil
and urea, throughout 35 days. They assumed that Ag atoms could catalyse the dis-
integration process and the synergies between the Ag-NPs and thymol could accel-
erate the hydrolysis process. The presence of homogeneously dispersed thymol in
the PLA matrix could promote the polymer chain mobility and thus, diffuse the
water molecules through the PLA structure. Cano et al. (2016) also observed an
increase in the film disintegration rate when different ratios of Ag-NPs were incor-
porated in starch-PVA composites. Nevertheless, the generation of CO, as the result
of total carbon conversion was notably reduced when the Ag ratio increased, prob-
ably due to its antimicrobial effect on the microorganisms responsible for the bio-
degradation process. Fukushima et al. (2013) also observed an increase in the
disintegration rate of PLA composites with Mnt and fluorohectorite nano-clays at 5
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and 10 wt%. The biodegradation of PLAI matrices was enhanced by the catalytic
effect of the hydroxyl groups of silicate layers.

It is remarkable that many factors can affect the degradation rate of composites.
The environmental conditions have a significant impact on microbial growth and
parameters, such as humidity, temperature, pH, salinity, oxygen pressure, and
microbial nutrients, have a great influence on the microbial degradation of poly-
mers. The biodegradation process also depends on the chemical and physical char-
acteristics of the biopolymer. Nair et al. (2017) report that the enzymatic degradation
implies the binding of the enzyme to the bioplastic surface, followed by hydrolytic
split; biopolymers are degraded into low-molecular-weight oligomers, dimers,
monomers and finally mineralised to CO, and H,O. For instance, the biodegradation
of PLAI starts with the hydrolysis of the polymer chains promoted by the water dif-
fusion in the matrices. When the molecular weight reaches about 10,000-
20,000 g mol~!, microorganisms, such as fungi and bacteria, can metabolise the
macromolecules, converting them into carbon dioxide, water and humus (Luzi et al.
2016; Fortunati et al. 2014; Fukushima et al. 2013). Several microorganisms are
able to decompose biomaterials, such as Tritirachium album, Amycolatopsis strain
41, Amycolatopsis sp. strain 3118, Kibdelosporangium aridum for PLA, Penicillium
sp. strain 26—1 (ATCC 36507), Aspergillus sp. strain ST-01, Clostridium sp. for
PCL or Pseudomonas sp., Bacillus sp., Streptomyces sp., Aspergillus sp. for PHB
(Nair et al. 2017).

4.7 Final Remarks

The incorporation of reinforcing agents of different natures (organic or inorganic)
and size (micro or nano-sized) represents a good strategy for the purposes of
improving the functional properties of biopolymers. In general, improved barrier
and mechanical properties can be achieved when compatible micro or nano particles
are adequately dispersed in the polymer matrix. Nano-particles are generally more
effective, but their natural tendency towards aggregation makes the dispersion pro-
cess difficult, requiring carefully designed dispersion techniques. To a great extent,
the surface interactions of the filler with the polymer matrix define the effectiveness
of the reinforcement and the promotion of barrier properties. Therefore, if materials
with optimal functionality are to be obtained, it is of relevance to make an adequate
selection of both the filler for a determined polymer matrix and the processing con-
ditions necessary to ensure high dispersion levels of the particles. Composite biode-
gradability is generally enhanced by the presence of the filler dispersed particles.
However, the total conversion of carbon to CO, through the action of microorgan-
isms could be limited when the filler exhibits antimicrobial action.
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Chapter 5
Recent Trends on Nano-biocomposite
Polymers for Food Packaging

German Ayala Valencia and Paulo José do Amaral Sobral

Abstract In recent years, much attention has been focused on research to replace
petroleum-based polymers by biodegradable materials. Specify, polymer from natu-
ral sources have been considered as the most promising materials for this purpose.
However, materials manufacture from natural polymers (e.g. polymeric films) gen-
erally present poor mechanical and high water sensibility. A recent alternative to
improve the physical properties of natural polymeric films is a reinforcement with
nanoparticles, producing nano-biocomposite polymers. The present chapter reviews
the state-of-the-art with regard to the use of polymers obtained from biomass and
their reinforced with nanoparticles, aiming food packaging applications. This chap-
ter, especially include information about: (1) the use of casein, collagen/gelatin, chi-
tin/chitosan, gluten, soya, starch, whey and zein as macromolecules to manufacture
polymeric films, (2) the use of carbon nanotubes, chitin whiskers, metal nanoparti-
cles, nanocellulose, nanoclays and starch nanocrystals to reinforced polymeric films,
(3) the main physicochemical properties of nano-biocomposite polymers. The use of
casting, tape casting, thermoforming and extrusion to manufacturing polymeric
films; as well as the recent applications of nano-biocomposite polymers as food
packaging and active/intelligent food packaging materials. Others topics such as
nanoparticle migration, future prospects and limitations in nano-biocomposite poly-
mers will be included in this chapter.
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5.1 Introduction

Petroleum-based polymers have been the most used materials for manufacture films!
in food packaging industry due to their good mechanical, optical and gas barrier
properties (Embuscado and Huber 2009). However, petroleum-based polymers are:

* Nonbiodegradable materials and may cause environmental and ecological prob-
lems due to the accumulation of waste polymers in living and non-living systems
(Vieira et al. 2011; Benjakul et al. 2016).

e Produced from non-renewable resources, therefore, they are exhaustible raw
materials that are subject to great price fluctuations (Gémez-Estaca et al. 2016).

New strategies are oriented to regarding the manufacture of packaging films
using renewable polymers that could lead to crucial reductions of environmental
and economic problems (Li et al. 2015a).

Polymers from natural sources or biopolymers can be classified in three catego-
ries, such as: polymers from biomass, polymers synthetized by means of microbial
routes and polymers chemically synthesized using monomers from agro-resources
(Vieira et al. 2011). Due to the abundant, renewable and inexpensive biomass char-
acteristics (Ali and Ahmed 2016), most studies have been addressed to manufacture
food packaging materials using polymers from biomass (Li et al. 2015a; Abreu et al.
2015; Montero et al. 2017; Belyamani et al. 2014; Colak et al. 2016; Balakrishnan
etal. 2017; Huang et al. 2016; Oechsle et al. 2016; Etxabide et al. 2016; Matet et al.
2015; Mendes et al. 2016; Garrido et al. 2016; Wang and Padua 2003; Valencia et al.
2016). Polymers from biomass can be classified in two groups: polysaccharides and
proteins, both isolated from animal or plant sources (Fig. 5.1) (Vieira et al. 2011).

Biopolymer-based films usually present some good functional or physical prop-
erties but are very sensitive to environmental conditions, as relative humidity, and
are affected by several factors such as pH, heat treatment, addition of plasticizers,
ion concentration, biopolymer concentration and its molecular conformation
(Nisperos-Carriedo 1994; Arvanitoyannis 2002; Gutiérrez and Alvarez 2017a). An
alternative to enhance the biopolymer-based films properties is their reinforcement
with nanoparticles, producing a material often called as nano-biocomposite poly-
mers or only nanocomposites (Lagaron et al. 2005). Thus, the nano-biocomposite
polymer films are thin materials formed by a biopolymer matrix reinforced with a
dispersed nanoscale filler (Gutiérrez et al. 2016).

The present chapter aims to reviews the recent trends about the use of polymers
produced from biomass and used to manufacture nano-biocomposite polymer films;
the main techniques used to manufacture nano-biocomposite polymer films (casting,
tape casting, thermoforming and extrusion); the use of nanoparticles to manufacture
nano-biocomposite and active nano-biocomposite polymer films; the nanoparticle

'Films are continuous polymeric materials with thickness less than 0.3 mm (Embuscado and
Huber 2009).
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Fig. 5.1 Examples of polymers produced from biomass (adapted from Vieira et al. (2011))

migration from nano-biocomposite polymer films to food products; and the pros-
pects of nano-biocomposite polymer films in food industry.

5.2 Main Polymers Isolated from Biomass

In this section, the main biopolymers produced from biomass and used to manufac-
ture nano-biocomposite polymer films will be presented. These biopolymers are:

5.2.1 Chitin/Chitosan

Chitin is a N-acetylglucosamine mainly found in cell walls of fungi and exoskeleton
of arthropods such as shrimps shell, carapace of crabs, epidermis and trachea of
insects (Ali and Ahmed 2016; Kumar 2000; Usman et al. 2016; Merzendorfer and
Zimoch 2003; Gutiérrez 2017). The chemical structure of chitin consists of
2-acetamido-2-deoxy-p-D-glucose through a f (1 — 4) linkage and its molecular
weight (MW) varies between 1.030 and 2.500 kDa (Kumar 2000). Depending of the
degree of hydration, size of unit cell, and number of chitin chains per unit cell, chitin
can has a a, f, or y crystalline structure. This polymer is broadly used in pharmaceu-
tic and chemical industries (Ali and Ahmed 2016; Merzendorfer and Zimoch 2003).

Chitosan is a linear and partially acetylated (1-4)-2-amino-2-deoxy-f-D-glucan
obtained by de-acetylation of chitin (Ali and Ahmed 2016). The MW of chitosan
can varies between 100 and 500 kDa (Kumar 2000). Chitosan is a biodegradable
polymer, non-toxic, biocompatible and displays antimicrobial properties against
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several microorganisms. Chitosan exhibits good filmogenic properties, allowing the
manufacture of films with low barrier to oxygen and water vapor (Martinez-
Camacho et al. 2013; Bonilla et al. 2014). More detailed characteristics and/or prop-
erties of chitin and chitosan can be found in the specialized literature (Ali and
Ahmed 2016; Kumar 2000; Usman et al. 2016; Merzendorfer and Zimoch 2003).

5.2.2 Cellulose/Cellulose Derivatives

Cellulose is considered the polysaccharide most abundant in biomass (Gutiérrez
and Alvarez 2017b). This is a crystalline biopolymer produced from plants, princi-
pally from cotton and wood, with molecular weight (MW) between 460 and 520 kDa
(Ali and Ahmed 2016; Kathirgamanathan et al. 2017). Cellulose is composed of
D-glucopyranose units linked by p(1 — 4)-glycosidic bonds (Ali and Ahmed 2016;
Park et al. 2010). Hydrogen groups in cellulose can conform several intra- and inter-
molecular hydrogen bonds, resulting in different crystalline structures (I, II, IIT and
IV) (Park et al. 2010).

Cellulose is a biopolymer insoluble in water due to its molecular and supramo-
lecular structure (Mischnick and Momcilovic 2010). Modifications of cellulose are
performed under controlled conditions aiming to destroy the crystalline structure of
cellulose, hence, D-glucopyranose units should become equally accessible. In
sequence, solvents are added to modify the swelling properties, followed by the
addition of an alkyl halide or by an oxirane, obtaining cellulose derivatives
(Mischnick and Momcilovic 2010; Doelker and Geneva 1993).

Cellulose derivatives have a MW less than 150 kDa, they may be water soluble
and are used in a large number of pharmaceutical, cosmetic and food industrial appli-
cations (Kulicke et al. 2005; Kalyuzhnaya et al. 2015). The cellulose derivatives
most used to manufacture biopolymer films are the methylcellulose (MC), carboxi-
methylcellulose (CMC), hydroxypropylcellulose (HPC), hydroxypropylmethylcel-
lulose (HMC) (Mischnick and Momcilovic 2010; Kulicke et al. 2005; Kalyuzhnaya
et al. 2015). Cellulose derivatives have a good film-forming performance and its
films are transparent and have a high mechanical strength and low barrier to oxygen
and water vapor (Kalyuzhnaya et al. 2015; Deng et al. 2016; Yang et al. 2011). More
detailed characteristics and/or properties of cellulose and cellulose derivatives can be
found in several works (Kathirgamanathan et al. 2017; Park et al. 2010; Mischnick
and Momcilovic 2010; Doelker and Geneva 1993; Kulicke et al. 2005; Kalyuzhnaya
et al. 2015; Deng et al. 2016; Yang et al. 2011).

5.2.3 Starch

Starch is a polysaccharide conformed of amylose and amylopectin, in which amylose
is the predominantly linear (1 — 4)-linked a-glucan, while, amylopectin has a linear
(1 = 4)-linked a-glucan with many ramifications by means a-(1 — 6) branch points
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(Alvarez et al. 2017; Gutiérrez et al. 2017a). The MW of amylose and amylopectin
varies between 150 and 400 kDa; and between 10,000 and 15,000 kDa, respectively
(Cornell 2004; Pérez et al. 2009). Amylose and amylopectin conform starch granules
with different shapes such as spheres, ellipsoids, polygons, platelets, irregular tubules
and sizes between 0.1 to at least 200 pm, depending on the botanical source (Cornell
2004; Pérez et al. 2009). Starch granules are partially crystalline with A, B or C crys-
talline structure (Gutiérrez et al. 2015; Gutiérrez and Alvarez 2016; Gutiérrez 201 8).
These granules are mainly found in roots, tubers and seeds and to a lesser extent in
stems, leaves, fruits and pollen (Pérez et al. 2009). The amount of the amylose in
starch granules oscillates between 15 and 40% (Tester et al. 2004). Starch has the
ability to form a continuous matrix, allowing the manufacture of films where the
mechanical, barrier and film formation properties are improved with the increasing in
amylose content (Azevedo et al. 2017; Valencia et al. 2018). The main functional and
physical properties of starch has been reviewed by many authors (Ali and Ahmed
2016; Cornell 2004; Pérez et al. 2009; Tester et al. 2004).

5.2.4 Casein and Whey

Casein and whey are milk proteins. Milk proteins constitute approximately 3.2% of
bovine milk (Guo and Wang 2016). Casein constitute approximately 75% of the
total proteins in milk, which precipitates at pH 4.6. The protein remaining in milk
serum (~25%) are called whey protein (Guo and Wang 2016; Morgan et al. 2005).

In its native state in milk, casein is mostly a random coil with a high proline con-
tent, highly phosphorylated for calcium binding, existing in the form of a “micelle”
structure with a MW of ~10° kDa, and comprising four different casein subunits (o-,
- and x-casein) and calcium phosphate (Guo and Wang 2016; Morgan et al. 2005).
The proportion of a-, - and k-casein varies among species. The MW of a-, - and
K-casein are approximately 23, 25, 24 and 19 kDa, respectively (Gémez-Estaca et al.
2016; Morgan et al. 2005; Wang et al. 2013; Bonnaillie et al. 2014).

Whey proteins are ordered secondary structures, which is described as a “‘cup” or
“calyx” shaped three-dimensional structure and with a low proline content, is non-
phosphorylated, and has small soluble proteins (Guo and Wang 2016). The
B-lactoglobulin (MW = 18 kDa) is the dominant protein in whey, which accounts
for about 50% of total whey proteins (Guo and Wang 2016). Other proteins such as
a-lactalbumin (MW = 14 kDa) and bovine serum albumin (MW = 66 kDa) also are
found in whey protein (Gémez-Estaca et al. 2016; Schmid et al. 2012).

Casein and whey have good film-forming performance and their films have a
good barrier to oxygen and they can form flavourless, flexible and transparent films
(Bonnaillie et al. 2014; Schmid et al. 2012; Wagh et al. 2014). More detailed char-
acteristics and/or properties of casein and whey proteins can be found in the special-
ized literature (Guo and Wang 2016; Morgan et al. 2005; Wang et al. 2013; Bonnaillie
et al. 2014; Schmid et al. 2012).
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5.2.5 Collagen/Gelatin

Collagen is comprised of homotrimers and heterotrimers that are formed by three
polypeptide chains called a-chains (collagen triple helix), each one, with a MW
between 345 and 360 kDa (Vieira et al. 2011; Gémez-Estaca et al. 2016; Mouw
et al. 2014). To date, some 28 different types of collagen have been identified, clas-
sified as type I, II, II... XXVIII (Schrieber and Gareis 2007; Shoulders and Raines
2009). Type I collagen is formed by two a-1 chains and one «-2 chain, this protein
exhibits primary, secondary, tertiary and quaternary structure and it has several
industrial applications (Mouw et al. 2014; Schrieber and Gareis 2007).

Collagen is the primary fibrous protein present in the extracellular matrix of
animals and is a major component of tendon, cartilage, bone and skin. Principally,
this protein is produced from mammalian (bovine, goat, porcine and ovine) and
non-mammalian (amphibian and fish) animals (Fauzi et al. 2016; Stylianou and
Yova 2013). This protein is not water soluble, however, after a number of separa-
tions and hydrolysis, the collagen becomes a hydrocolloid, exhibiting filmogenic
properties (Wolf et al. 2009).

Collagen can be hydrolyzed under thermal treatments, in acidic or alkaline con-
ditions, obtaining type A or B gelatin, respectively (Schrieber and Gareis 2007).
Depending of hydrolysis type, the isoelectric point (IEP) and MW of gelatins are
altered. Hence, the IEP for type A and B gelatins are ranged between 8 and 9, and
between 4.8 and 5.5, respectively (Schrieber and Gareis 2007), while MW of type
A and B gelatins are 30-300 kDa, and ~100 kDa, respectively (Djabourov et al.
2013). The hydrolysis type of collagen results in gelatin with different amino acid
composition, altering the viscosity and gelling properties of gelatin (Schrieber and
Gareis 2007). Gelatin has an excellent filmogenic properties which allows the pro-
duction of films with excellent optical properties (Valencia et al. 2016).

Collagen and gelatin films are good barrier to oxygen, carbon dioxide and oils
(Chen et al. 2013). The functional and physical properties of collagen and gelatin
have been reviewed by many authors (Mouw et al. 2014; Schrieber and Gareis
2007; Shoulders and Raines 2009; Djabourov et al. 2013).

5.2.6 Gluten

Gluten is a protein fraction from several cereal seeds such as wheat, rye, barley, oats
or their crossbred varieties and derivatives (Rzychon et al. 2017). Gluten proteins
can be divided in gliadins and glutenins, being that both fractions have high gluta-
mine and proline contents. Gliadins are mainly monomeric proteins with a MW
between 28 and 55 kDa and can be classified according to their different primary
structures into the o/f-, y- and w-type. Glutenins are comprised of aggregated pro-
teins linked by interchain disulphide bonds with MW varying between 500 and
more than 10,000 kDa (Wieser 2007). Glutenin subunits can be obtained reducing
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disulphide bonds in glutenins. The resulting glutenin subunits are soluble in aque-
ous alcohols, similar to gliadins. Depending of primary structure, glutenins subunits
can be classified in high-molecular-weight (HMW) and low-molecular-weight
(LMW), with MW between 67 and 88 kDa; and between 32 and 35 kDa, respec-
tively (Wieser 2007; Tilley et al. 2001).

Several researches have studied the gluten film-forming performance, particu-
larly, its viscoelastic properties, ability to cross-link upon heating, low water solubil-
ity, low cost and availability as a co-product of the wheat starch industry (Tilley et al.
2001; Ansorena et al. 2016; Tanada-palmu and Grosso 2003). Gluten films are good
barrier to oxygen, carbon dioxide and oils (Chen et al. 2013). Most information about
the functional and physical properties of gluten can be found in the specialized litera-
ture (Wieser 2007; Tilley et al. 2001; Gras et al. 2001; Shewry et al. 2002).

5.2.7 Soybean/Soybean Derivatives and Zein

Soybean proteins are composed of a mixture of globular proteins such as albumins
(10-50%) and globulins (50-90%) (Qi et al. 2011), with MW between 140 and
170 kDa; and between 340 and 375 kDa, respectively (Nehete et al. 2013). Globulin
is the dominant storage protein in soybean (50-90%), this protein is composed of
two major components: glycinin (11S) and p-conglycinin (7S). The 11S:7S propor-
tion depend of the botanical origin, varying from 1:3 to 3:1 (Qi et al. 2011; Singh
et al. 2015). Two proteins derivatives can be obtained from soybean protein: soy
protein concentrate (SPC) and soy protein isolate (SPI). The difference between
SPC and SPI is based on the protein content, hence SPC is defined as an protein
product with a protein content >65%, whereas SPI is a product with a protein con-
tent >90%, both on dry weight basis (Wang et al. 2004). SPC and SPI are prepared
in different process involving insolubilization of the protein to remove soluble sug-
ars, whereas, SPI preparation involves solubilization of the protein to remove the
insoluble fiber and then precipitation to remove soluble sugars (Wang et al. 2004;
Tsumura 2009).

On another side, zein is a protein (prolamine) from maize with MW between 14
and 27 kDa (Wang and Padua 2003; Argos et al. 1982; Thompson and Larkins
1989). This protein displays significant hydrophobic properties due to the amino
acid composition, having a large amount of strong or somewhat hydrophobic resi-
dues such as glutamine, proline, leucine and alanine (Matsushima et al. 1997).
According to the solubility properties, zeins can be classified as a, 3, y and &. Hence,
a-zeins (MW between 19 and 22 kDa) can be extracted by aqueous alcohol alone,
whereas p (MW ~ 14 kDa), y (MW between 16 and 27 kDa) and 6-zeins (MW ~
10 kDa) are solubilized by the addition of a reducing agent to aqueous alcohol. The
B, y and &-zeins exhibit little charge heterogeneity and are probably single polypep-
tides (Thompson and Larkins 1989).

Films based on soybean/soybean derivatives proteins and zein have excellent
water-resistance, as well as good mechanical and optical properties (Chen et al.
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2013; Li et al. 2016). Most information about the functional and physical properties
of soybean/soybean derivatives proteins (Qi et al. 2011; Singh et al. 2015; Wang
et al. 2004; Tsumura 2009; Li et al. 2016), as well for zein (Wang and Padua 2003;
Argos et al. 1982; Thompson and Larkins 1989; Matsushima et al. 1997) can be
found in the specialized literature.

5.3 Main Techniques Used to Manufacture Nano-
biocomposite Polymer Films

In general, films manufactured with biopolymers from biomass are sensitive to
water vapor, thus limiting their food industrial applications (Valencia et al. 2016;
Azevedo et al. 2017; Chen et al. 2013; Ansorena et al. 2016). Then, in the next sec-
tions we will discuss some new strategies to improve physicochemical properties
(e.g. water vapor barrier, mechanical, optical and thermal properties) in films based
on biopolymers from biomass. There are two common technologies to manufacture
biopolymer films and nano-biocomposite polymer films: wet and dry processes.

5.3.1 Wet Process

In the wet process, solvents are used for the dispersion of biopolymer to obtain a
film-forming solution (FFS). Then the desired additives, such as plasticizers, to
allow the production of flexible films; cross-linkers, to produce films with modified
biopolymers; antimicrobials/antioxidants, to produce active films; or, nanoparticles,
when we are interested in to produce nano-biocomposite polymer films, are added
to FFS. Finally, FFS is dried to remove the solvent and form a continuous film
(Benjakul et al. 2016).

Wet process comprises casting and tape-casting techniques. In casting, FFS is
poured onto the support, and then, the film thickness is a function of the weight of
dry matter poured onto the support (Valencia et al. 2016, 2018). Casting is the most
used technique to manufacture biopolymer films at laboratory-scale. This technique
has been used for manufacture biopolymer films based on chitosan (Bonilla et al.
2014; Ma et al. 2016), cellulose (Yang et al. 2011), starch (Abreu et al. 2015;
Valencia et al. 2018), casein (Bonnaillie et al. 2014; Wagh et al. 2014), whey (Wagh
et al. 2014), collagen (Wolf et al. 2009), gelatin (Valencia et al. 2016), gluten
(Fakhouri et al. 2018), soybean (Ma et al. 2016) and zein (Matthews et al. 2011),
among others.

Tape-casting, or spread casting or knife-coating, is a well-known technique to
manufacture paper, plastic and ceramics (Richard and Twiname 2000). In this tech-
nique, FFS is placed in a reservoir with a blade, whose height can be adjusted with
micrometric screws (Fig. 5.2). The FFS is cast as a film on a tape or support, due to
the movement of the doctor blade, in batch process; or the movement of the carrier
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Fig. 5.2 A schematic illustration of the tape-casting process (adapted from De Moraes et al.
(2013))

tape, in continuous process (De Moraes et al. 2013). FES is dried on the tape, result-
ing in a reduction of its thickness, hence, the film thickness is a function of the
weight of dry matter poured onto the tape, which can be controlled knowing the dry
matter of FFS and the height of the blade (Flaker et al. 2015). Principally, tape-
casting has been used to manufacture biopolymer films based on starch (De Moraes
etal. 2013, 2015) and gelatin (Flaker et al. 2015). The disadvantage of tape-casting
technique is that FFS must have a shear-thinning behavior with viscosity values that
allow the flow of FFS to high- or low-shear stresses (De Moraes et al. 2013).

In the wet process (casting and tape-casting), the selection of solvents is one of
the most important factors. Normally, solvents are water and mixtures of water/
ethanol or water/acetic acid (Benjakul et al. 2016; Bonilla et al. 2014). The type of
solvent, its pH and temperature can affect the biopolymer network during its disper-
sion. For example, chitosan, collagen and some proteins are dispersed in acid condi-
tions (Bonilla et al. 2014; Wolf et al. 2009; Li et al. 2012); whereas, starch and
gelatin can be dispersed using only hot water (Valencia et al. 2016, 2018).

By means of wet process, it is possible to manufacture biopolymer films with
better barrier properties (e.g., oxygen, water, light), however, other physical
properties such as mechanical properties, thermal sealebility and printability are not
necessarily improved (Gomez-Estaca et al. 2016).

5.3.2 Dry Process

In the dry process or thermal process, solvents are not necessary needed, thus, from
economic and environmental viewpoints, this process is interesting to manufacture
biopolymer films in an industrial-scale (Bouvier and Campanella 2014). In dry pro-
cess, heat is applied to increase the temperature above the glass transition (T,) and/
or the melting (T,,) temperatures of biopolymer and then promoting the material
flow (Benjakul et al. 2016; Gémez-Estaca et al. 2016). Normally, biopolymer film
formation can be carried out using thermoforming and extrusion (Bouvier and
Campanella 2014; Gutiérrez and Alvarez 2017c, d).
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Thermoforming is a high-temperature process where the biopolymer is forced to
form a specific shape in a mold. Normally, this process is done under high pressure
and high temperature, promoting important changes in the molecular network of
biopolymer due to the thermal transitions and even by the formation of covalent and
cross-linking bonds (Ansorena et al. 2016; Bouvier and Campanella 2014). The
principal disadvantage of thermoforming is that materials are manufactured in batch
process (Ansorena et al. 2016; Bouvier and Campanella 2014).

The principal variables to manufacture biopolymer films by thermoforming are
temperature and pressure molding, as well process time, depending of the biopoly-
mer to be manufactured (Table 5.1). Sothornvit et al. (2007) observed that to pro-
duce compression-molded whey protein films is necessary a minimum temperature
of 104 °C. However, a temperature higher than 140 °C lead to the polymer degrada-
tion. In this same research, these authors observed that continuous polymeric mate-
rial were obtained using pressures between 0.8 and 2.2 MPa.

In the last years, most researchers have studied the extrusion because materials
can be manufactured in a continuous process (Bouvier and Campanella 2014).
Extrusion is widely used in polymer industry to manufacture plastic packaging and
recently used to manufacture biopolymer films (Hanani et al. 2013).

Extrusion is a thermomechanical process based on combination of multiple unit
operations such as the transport, mixing, shearing, plasticizing, melting, polymer-
ization, and fragmentation (Emin and Schuchmann 2017). Extrusion uses one or
two co-rotating twin screws fitted in a barrel in order to gradually increase the pres-
sure and push forward and mix the ingredients required to manufacture the product
through a die section where expansion may take place (Fig. 5.3) (Hanani et al. 2013;
Emin and Schuchmann 2017). Actually, extruders allow extensive variation in ther-
mal and mechanical energy inputs, control of the residence time and efficient of
mixing ingredients (Bouvier and Campanella 2014). The principal disadvantage of
extrusion is that several parameters control the process, hence slight variations in
processing conditions can have a considerable effect on physicochemical properties
of biopolymer films (Bouvier and Campanella 2014).

The principal variables to manufacture biopolymer films and nano-biocomposite
polymer films by extrusion are screw speed, temperature profile in screw section
(e.g. temperature 1/temperature 2, etc) and temperature in die section (temperature
at the end of extruder) (Table 5.2).

Extrusion can cause chemical reactions or reorganization of the chain structure
in biopolymers, allowing to improve some physicochemical properties in biopoly-
mer films (Garrido et al. 2016; Hanani et al. 2012). Hanani et al. (Hanani et al.
2012) developed films based on gelatins from beef, pork and fish sources using
twin-screw extrusion (Table 5.2). These authors observed that as the screw speed
increased up to 300 rpm, the tensile strength (TS) of films based on gelatin from
beef and pork increased, however, at 400 rpm, the TS values of both films decreased.
Also, as the screw speed of the extruder was increased, from 100 to 300 rpm, an
increase in elongation at break (EB) for fish gelatin films was observed. These
authors observed that higher screw speed provoked the gelatin melting by friction
and lead to most homogeneous films due to the better compound mixture. Also,
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Table 5.1 Principal thermoforming variables used to manufacture biopolymer films and nano-
biocomposite polymer films

Thermoforming variables
Temperature | Time Pressure Film thickness
Biopolymer °O) (min) (kPa) (mm) Reference
Cellulose 100 8 6863 0.08 Shih et al. (2009)
derivatives 160 2 3000 0.3 Ortega-toro et al.
(2014)
Starch 110 to 170 29 to 69 Not informed | Guimardes et al.
(2010)
110 3 7400 0.3 Hietala et al. (2013)
140 6 14,706 0.1 Lépez et al. (2015)
160 2and 6 [5000and 0.2t00.3 Ortega-Toro et al.
15,000 (2015)
180 15 10,000 0.7 Gutiérrez and
Alvarez (2017)
Whey 150 5 20,000 Not informed | Sharma and
Luzinov (2013)
Gelatin 80 2 64 1.0 Krishna et al.
(2012)
Casein 70 to 140 7 50,000 0.5 Colak et al. (2016)
Gluten 80 10 1 Not informed | Zubeldia et al.
(2015)
100 10 1 Not informed | Ansorena et al.
(2016)
Soybean 150 2 12,000 0.7 Guerrero et al.
derivatives (2011)
150 2 13,000 0.4 Garrido et al. (2016)

higher screw speed increased extruder shear rate and decreased the viscosity of
gelatin solutions. These authors concluded that the mechanical properties of films
based on fish gelatin decreasing when the processing temperature increased from 90
to 120 °C, due to thermomechanical process that disrupt the structures of the protein
from fish gelatin. Water vapor permeability (W VP) values in gelatin films decreased
with the increasing in extrusion screw speeds due to the decreasing in the molecular
size of gelatin. Finally, the water solubility in gelatin films increased with the extru-
sion screw speeds and with the processing temperature due to the modifications in
secondary and tertiary structures of proteins into films.

Hanani et al. (2014) studied the effect of the processing temperature on the
mechanical and water vapor barrier properties of extruded gelatin films (Table 5.2)
and observed that temperature had a significant effect on the mechanical and WVP
properties in composite films. Hence, TS values for gelatin films increased, from 1.4
to 5.4 MPa, as temperature increased until 120 °C. This could be attributed to the
melting protein at higher temperature, which also contributed to tighter compact
protein networks. Also, EB was not altered with temperature in screw section
(EB = 2.1%). WVP values decreased from 9.3x1071° to 4.6x107'° g-m/m?*s-Pa, as
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Fig. 5.3 (a) A schematic illustration of twin screw extrusion with the principal sections (adapted
from Emin and Schuchmann (2017)). (b) A photography of a polymeric extruded film (adapted
from Camacho et al. (2013))

temperature increased, from 90 °C until 120 °C, in screw section. Similar results
were observed by Krishna et al. (2012), working with extruded gelatin films, which
also observed that the T, values in extruded gelatin films increased with increase in
extrusion temperature, from 110 °C (T, = 11.6 °C) to 120 °C (T, = 26.3 °C). This
behavior was due to the decreasing in films moisture content with the increasing of
processing temperature (Krishna et al. 2012).

Andreuccetti et al. (2012) compared the casting and extrusion process to manu-
facture gelatin films. These authors observed that extruded films showed much bet-
ter elongation at break and lower WVP that those manufactured by casting. Similar
results were observed by Guerrero et al. (2010) and Yan et al. (2012), both, compar-
ing the casting and extrusion process to manufacture soybean and corn starch films,
respectively.

However, others researchers have been observed that extrusion process not
necessarily improve the physicochemical properties of biopolymer films when
compared with the same films manufactured by means of wet process. These
behavior could be due to the biopolymer degradation during extrusion process
(Krishna et al. 2012; Yan et al. 2012; Andreuccetti et al. 2012; Park et al. 2008).
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5.4 Main Nanoparticles Used to Manufacture Nano—
biocomposite Polymer Films

The use of nanoparticles is a recent alternative to improve the physicochemical
properties of biopolymer films (Valencia et al. 2016; Flaker et al. 2015; Perotti et al.
2014), and even to manufacture active packaging® (Krepker et al. 2017).
Nanoparticles are characterized by having at least one dimension in nanometric
scale, i.e. between 1 and 100 nm (Aouada et al. 2011). Hence, when the particle size
is equivalent to the dimension of a molecule, the atomic and molecular interactions
can have a significant influence on the macroscopic properties of liquid and solid
systems (Valencia et al. 2015). It is important that nanoparticles are well-dispersed
in the biopolymer network to enhance the contact area between nanoparticle and
biopolymer chain and then improve the physicochemical properties of nano-bio-
composite polymer films (Valencia et al. 2016; Flaker et al. 2015; Yamakawa et al.
2017; Ghelejlu et al. 2016).

The principal nanoparticles used in studies about nano-biocomposite polymer
films are:

5.4.1 Carbon Nanotubes

Carbon nanotubes (CNTs) are sheets of graphite that has been rolled into a tube,
forming cylinders in nanometric scale (Belin and Epron 2005). There are two types
of CNTs: single-walled carbon nanotubes (SWCNTs) and multi-walled carbon
nanotubes (MWCNTSs) (Zhanjun et al. 2011). SWCNTs have a well-defined atomic
structure, with high length to diameter ratio, having a diameter between 0.8 and
1.2 nm and length between 100 and 1000 nm. MWCNTs are elongated cylindrical
nanoparticles made of sp? carbon, having a diameter between 3 and 30 nm and
length of several cm long, thus their aspect ratio can vary between 10 and ten mil-
lion. CNTs have electronic properties and can be either metallic or semiconducting
depending on their geometry (Belin and Epron 2005).

CNTs have been broadly used in electrical applications due to its high electrical
conductivity (Yamakawa et al. 2017). Most recently, CNTs have been used as rein-
forcement load for biopolymer films due to its high mechanical properties (elastic
modulus, EM = 0.91 TPa and tensile strength, TS = 0.15 TPa) and thermal stability
(Ortiz-Zarama et al. 2014). Zhanjun et al. (2011) manufactured nano-biocomposite
polymer films based on corn starch containing until 3% of CNTs (based on the mass
of biopolymer) and observed that the weight loss of nano-biocomposite polymer
films, analyzed by thermogravimetric analysis (TGA), decreased with CNTs con-

2 Active packaging: active packaging are materials that contain deliberately incorporated compo-
nents intended to release (controlled) or absorb substances into or from the packaged food or from
the environment surrounding the food (Krepker et al. 2017).



116 G. A. Valencia and P. J. do Amaral Sobral

centration, in the temperature between 260 and 315 °C. However, the CNTs
decreased the compatibility between corn starch with other compounds such as
polyols (e.g. glycerol) used to plasticizer the biopolymer.

Famad et al. (2011) developed nano-biocomposite polymer films based on tapioca
starch containing until 0.055% of MWCNTs (based on the mass of biopolymer) and
observed that nano-biocomposite polymer films exhibited highly improved tensile
and impact properties, with increments of approximately 70% in stiffness, 35% in
ultimate tensile strength and 50% in tensile toughness, keeping deformations higher
than 80% without break. Similar results were observed by Jose et al. (2015) and
Ortiz-Zarama et al. (2014), working on nano-biocomposite polymer films based on
corn starch or bovine gelatin, both containing until 2% of CNTs (based on the mass
of biopolymer), respectively.

However, the high price and toxicity concerns are the principals disadvantages of
CNTs, thus limiting its applications in nano-biocomposite polymer films for food
industry (Famd et al. 2011).

5.4.2 Chitosan Nanoparticle

Chitosan nanoparticles (CNPs) have spherical shape with diameters less than
100 nm (Hosseini et al. 2015), with are produced from chitosan by means of several
methods such as emulsion crosslinking, reverse micelles, precipitation, ionotropic
gelation, among others (Gomathi et al. 2017). CNPs are broadly used for various
applications due to their biodegradability, high permeability through biological
membranes, non-toxicity to human, cost effectiveness and broad antifungal activi-
ties (Dananjaya et al. 2017; Ma et al. 2017a).

In the nano-biocomposite polymer film domain using CNPs. Hosseini et al.
(2015) developed nano-biocomposite polymer films based on fish gelatin contain-
ing until 8% of CNPs (based on the mass of biopolymer) and observed that the
addition of CNPs caused remarkable increase in TS and EM in nano-biocomposite
polymer films when compared with control films (gelatin films without CNPs).
Also, the addition of CNPs decreased in approximately 50% the WVP and the trans-
parency at 600 nm of values of nano-biocomposite polymer films when compared
with control films (without CNPs). The improvement of mechanical and barrier
(WVP) properties of nano-biocomposite polymer films with the CNPs concentra-
tion was due to the decreasing in the free volume between gelatin chains caused by
an increase in intermolecular attractive forces, making the gelatin network highly
dense and thus less permeable. CNPs were not dissolved into biopolymer matrix,
hence, nano-biocomposite polymer films were most opaque with CNPs, reflecting
the UV light.

Barreras et al. (2016) observed that CNPs enhanced the antibacterial activity of
nano-biocomposite polymer films based on collagen, suggesting that CNPs could
be used to develop active packaging with food applications (Krepker et al. 2017).
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5.4.3 Metal Nanoparticles

The most common nanoparticles from noble metals are silver and gold. Silver
(AgNPs) and gold (AuNPs) nanoparticles are synthetized by chemical reactions
from silver nitrate and chloroauric acid, respectively. Normally, AgNPs and AuNPs
have a spherical form with diameters less than 100 nm (Valencia et al. 2013, 2014a;
Cheviron et al. 2014; Ji et al. 2016).

AgNPs are known to have inhibitory and antimicrobial properties and low toxic-
ity, receiving special attention in food packaging industry. These nanoparticles have
an absorbent effect, being applied in food packaging to absorb moisture and fluids
exuded from foods such as meat and fish (Abreu et al. 2015). AgNPs are broadly
used to develop active food packaging (Carbone et al. 2016).

Regarding nano-biocomposite polymer film loaded with AgNPs, Abreu et al.
(2015) developed nano-biocomposite polymer films based on corn starch contain-
ing until 1.7% of AgNPs (based on the mass of biopolymer) and observed that this
material had antimicrobial activity against Staphylococcus aureus, Escherichia coli
and Candida albicans without significant differences between AgNPs concentra-
tions in nano-biocomposite polymer films. Similar results were observed in nano-
biocomposite polymer films based on chitosan (Gabriel et al. 2017), starch (Valencia
et al. 2013; Cheviron et al. 2014; Ji et al. 2016; Ortega et al. 2017) and gelatin
(Kanmani and Rhim 2014) loaded with AgNPs.

Ortega et al. (2017) developed also nano-biocomposite polymer films based on
corn starch containing until 0.02% of AgNPs (based on the mass of biopolymer) and
observed that the nano-biocomposite polymer films extended the shelf-life of fresh
cheese samples for 21 days due to the antimicrobial activity of AgNPs.

Moreover, AgNPs can cause an increasing in opacity and thermal stability, as
well as decreasing in mechanical properties and WVP in nano-biocomposite poly-
mer films (Ji et al. 2016; Ortega et al. 2017; Kanmani and Rhim 2014).

Regarding gold nanoparticles (AuNPs), Abdel-Raouf et al. (2017) and Mohamed
et al. (2017) recently observed that this nanoparticle had antibacterial activity
against Gram-positive and Gram-negative bacteria. In addition, Bumbudsanpharoke
and Ko (2018) observed also antioxidant properties in nano-biocomposite polymer
films charged with AuNPs and explained this behavior by the electron configuration
of AuNP, allowing accept or donate an electron to quench radicals. However, AuNPs
are less investigate in food packaging research due to its high price. Most research
about AuNPs are focused on the development of drug delivery systems (Pooja et al.
2015) and biosensors (Valencia et al. 2014b).

5.4.4 Cellulose Nanowhiskers or Nanocrystals

Cellulose nanowhiskers (CNWs) or cellulose nanocrystals (CNCs) can be obtained
by strong acid hydrolysis of cellulose fibres from cotton, hemp, flax, microcrystal-
line cellulose and bacterial cellulose, using sulfuric acid under controlled
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conditions, such as temperature, agitation and time, producing highly crystalline
rod-like nanostructures (Alves et al. 2015; Cano et al. 2015). Thus, CNWs are from
renewable, sustainable and abundant resources. CNWs have a needle shaped with
the length between 10 and 400 nm and the diameter between 3 and 30 nm, depend-
ing on the chemical reaction (Wang et al. 2017; Soni et al. 2016).

Cano et al. (2015) developed nano-biocomposite polymer films based on pea
starch containing until 5% of CNWs (based on the mass of biopolymer) and
observed that the incorporation of CNWs lead to phase separation between CNWs
and starch. These authors also observed that CNWs did not improved water vapor
barrier in nano-biocomposite polymer films.

Noshirvani et al. (2018) developed nano-biocomposite polymer films based on
potato starch containing until 20% of CNWs (based on the mass of biopolymer) and
observed that nano-biocomposite polymer films showed a decreasing in solubility,
water absorption, WVP and EB values with CNW concentration, and that contact
angle, TS, T, and T,, values increased with CNW concentration. The physicochemi-
cal modifications in nano-biocomposite polymer films with CNWs was due to the
three-dimensional networks of intermolecular hydrogen-bonding interactions
between CNW and potato starch matrix. CNW has also a crystalline nature with
high aspect ratio, altering the films crystallinity and then their physical properties
(Noshirvani et al. 2018). Similar results have been obtained in nano-biocomposite
polymer films based on chitosan containing CNWs (Soni et al. 2016; Mujtaba et al.
2017; Ma et al. 2017b; Llanos and Tadini 2018).

In the same sense, Soni et al. (2016) observed that CNWs improved the thermal
stability in nano-biocomposite polymer films based on chitosan due to the presence
of the crystalline structure and great compactness between both chitosan and CNWs.
Ma et al. (2017b) observed that CNWs improved barrier properties against UV light
in nano-biocomposite polymer films based on chitosan as a consequence that CNWs
hinder light transmission in the near ultraviolet range (between 300 and 400 nm).
These results may be due to the interaction between the CNWs and chitosan matrix.
Mujtaba et al. (2017) observed that CNWs improved the antimicrobial properties in
nano-biocomposite polymer films based on chitosan against Escherichia coli ATCC
35218, Pseudomonas aeruginosa ATCC 27853, Enterococcus faecalis ATCC 29212,
Staphylococcus aureus ATCC 25923 and Listeria monocytogenes ATCC 7644.

5.4.5 Nanoclays

Nanoclays are nanoparticles of layered mineral silicates, that can be classified as
natural and synthetic nanoclays (Bracone et al. 2016; Gutiérrez et al. 2017b). The
most common natural and synthetic nanoclays used to manufacture nano-
biocomposite polymer films are montmorillonite (Mnt) and laponite (Lap), respec-
tively (Valencia et al. 2016, 2018; Flaker et al. 2015; Llanos and Tadini 2018). Mnt
and Lap have a disk-shape with a thickness of approximately 10 nm for Mnt and
1 nm for Lap, and a diameter of approximately 1000 nm for Mnt and 25 nm for Lap
(Cummins 2007; Cadene et al. 2005).
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Chung et al. (2010) developed nano-biocomposite polymer films based on corn
starch containing until 7% of Mnt or Lap (based on the mass of biopolymer) and
observed that nanoclays improved EM and TS in nano-biocomposite polymer films.
Nanoclays can improve others physical properties such as thermal stability (Perotti
et al. 2014; Aouada et al. 2011; Gutiérrez and Alvarez 2018), water vapor barrier
and water solubility (Flaker et al. 2015; Barreras et al. 2016; Tang and Alavi 2012)
in nano-biocomposite polymer films. Optical properties of nano-biocomposite
polymer films were not altered by nanoclays as a consequence of well dispersed
nanoclays (exfoliated) into biopolymer matrix (Valencia et al. 2016, 2018).

About the antibacterial activity, Hong and Rhim (2008) observed that natural
Mnt (Cloisite Na*) did not show any antibacterial activity. However, modified Mnt
(Cloisite 20A and Cloisite 30B) displayed antimicrobial effect against Gram-
positive and Gram-negative bacteria. Liu et al. (2014) observed that films based on
synthetic polymer containing modified Mnt (I.34TCN) displayed antimicrobial
activity against Gram-positive bacteria (i.e., Listeria monocytogenes and
Staphylococcus aureus). Nanoclays can also have antioxidant effect. Echeverria
et al. (2018) observed that the presence of Mnt in polyethylene films was able to
decrease microbial growth and also the lipid autoxidation of tuna fillets during the
storage period studied (17 days of storage at 2 °C). Li et al. (2015a) developed nano-
biocomposite polymer films based on gelatin containing until 20% of Lap (based on
the mass of biopolymer) and observed that Lap avoided lipid oxidation and protein
decomposition of meat during storage due to the barrier capability of Lap. In this
way, nanoclays are important candidates to manufacture active food packaging,
however, the main disadvantage is that nanoclays are not from renewable sources,
neither biodegradables (Abdollahi et al. 2013).

5.4.6 Starch Nanocrystals

Starch nanocrystals (SNC) can be obtained from native starch by strong acid hydro-
lysis, using HCI or H,SO,, under controlled conditions such as temperature, agitation
and time. SNC has crystalline platelets with a length between 20 and 40 nm, a width
between 15 and 30 nm, and a thickness between 5 and 7 nm (Gong et al. 2016). The
main advantage is that SCN are from renewable sources and are biodegradables
(Gonzilez and Igarzabal 2015).

SNC has been used to improve the physicochemical properties of nano-
biocomposite polymer films. Li et al. (2015b) developed nano-biocomposite poly-
mer films based on pea starch containing until 9% of SNC (based on the mass of
biopolymer) and observed that SCN improved some physicochemical properties in
nano-biocomposite polymer films such as mechanical properties, water vapor bar-
rier and thermal stability. Gonzdlez & Igarzabal (2015) also developed nano-
biocomposite polymer films based on soybean protein isolate containing until 40%
of SNC (based on the mass of biopolymer). These authors observed that the opacity,
degree of crystallinity and mechanical properties in nano-biocomposite polymer
films increased with SNC. The moisture content, total soluble matter and swelling
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in water showed also a marked effect on SNC additions. As the amount of SNC
increased, the nano-biocomposite polymer films exhibited less affinity for water.
These authors observed that nano-biocomposite polymer films containing SNC
sequester cholesterol when brought into contact with cholesterol-rich food such as
milk. Hence, SNC can also be used to develop active food packaging.

5.5 Nanoparticle Migration

As previously described, nanoparticles can improve several physicochemical prop-
erties and provide active properties in biopolymer films. However, the use of
nanoparticles to manufacture nano-biocomposite polymer films for food packaging
applications is a recent technology and can have several risks associated with the
potential ingestion of nanoparticles migrated from films to drinks and foods
(Carbone et al. 2016). To date, the toxicity, genotoxicity and carcinogenicity effect
of nanoparticles in humans is not clear (Dimitrijevic et al. 2015).

The European Union (EU) and Switzerland are the only world region where
nano-specific provisions have been incorporated in legislation. In other regions,
nanomaterials are regulated more implicitly by mainly building on guidance for
industry (Amenta et al. 2015). European Food Safety Authority (EFSA) did not
approve the use of nanomaterials in food packaging (Carbone et al. 2016; Amenta
et al. 2015).

Actually, nanoparticle migration into drinks and foods is studied based on overall
migration limit (OML) proposed by European directives on food packaging norma-
tive (Commission Regulation No. 10/2011) (European Food Contact Materials
Legislation 2002). For that, the OML in plastic materials due be less than 60 mg (of
substances)/kg (of foodstuff or food simulant) for all substances. However, this nor-
mative is not specify for nanoparticles migration.

There are a limited number of studies about nanoparticle migration from nano-
biocomposite polymer films. In some studies, the AgNPs and Mnt migration into
foods have been studied. Abreu et al. (2015) studied the AgNPs migration from
nano-biocomposite polymer films based on corn starch to food simulants and
observed that the OML was less (42.9 mg/kg) than that OML proposed by European
directives on food packaging normative. Similar results were observed by Metak
et al. (2015) who studied the AgNPs migration from polyethylene packaging to dif-
ferent food simulants and real foods samples. These authors concluded that polymer
films containing nanoparticles appears to be safe for food packaging since insignifi-
cant levels of AgNPs were released.

Echeverria et al. (2018) studied the Mnt migration from polyethylene films to
tuna fillets during the storage period studied (17 days of storage at 2 °C) and did not
observe significant migration of Mnt compounds (Mg, Al, Si) to tuna fillets, proving
that polymer films containing Mnt can be used as food packaging.

However, it is necessary to study the nanoparticle migration in extreme condi-
tions of temperature, pH and time, as well as in most liquid and solid foods. Several
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nanoparticles have been proposed as possible nanomaterials to manufacture nano-
biocomposite polymer films for future food packaging applications (e.g. carbon
nanotubes, chitosan nanoparticles, cellulose nanowhiskers, starch nanocrystals and
some nanoclays such as laponite and modified Mnt), however, any study about the
nanoparticle migration into food systems were reported to date. Finally, it is neces-
sary to quantify the OML permissible of each nanoparticle into foods. For that, is
necessary to understand the nanoparticle accumulation in biosystems and its toxic-
ity, genotoxicity and carcinogenicity effects (Carbone et al. 2016).

5.6 Prospects in Nano-biocomposite Polymer Films

Aiming the improvement of physicochemical properties in nano-biocomposite
polymer films, some authors have charged more than one nanoparticle in the same
biopolymer matrix. Thus, Abreu et al. (2015) and Kanmani and Rhim (2014) devel-
oped nano-biocomposite polymer films based on starch or gelatin, both loaded with
Mnt and AgNPs. In these research, AgNPs provided antimicrobial properties,
whereas Mnt improved some mechanical and water barrier properties in the
nano-biocomposite polymer films. Hence, these authors developed active nano-
biocomposite polymer films with better physicochemical properties when compared
with control films (without nanoparticles).

Other mixtures of nanoparticles such as CNTs and CNWs (Yamakawa et al.
2017), CNPs and AgNPs (Dananjaya et al. 2017) and SNC and Mnt (Orsuwan and
Sothornvit 2017) have been charged in nano-biocomposite polymer films with bet-
ter physicochemical and antimicrobial properties. Nevertheless, according to
Yamakaka et al. (2017), these nanomaterials should have a similar diameter and
similar aspect ratio to improve the nanoparticle compatibility into biopolymer
matrix.

Another approach to improve physicochemical properties of nano-biocomposite
polymer films is to blending biopolymers or biopolymers/synthetic polymer in pres-
ence of nanoparticles (Ortega-Toro et al. 2015; Jose et al. 2015; Alves et al. 2015;
Noshirvani et al. 2018; Tang and Alavi 2012; Taghizadeh and Favis 2013). However, the
phase separation between nanoparticle and biopolymer/polymer matrixes is a problem
frequently observed (Li et al. 2015a; Valencia et al. 2018; Flaker et al. 2015; Cano et al.
2015; Tang and Alavi 2012). A recent alternative to improve compatibility between
biopolymer/polymer and nanoparticles is the use of reactive extrusion (Gutiérrez and
Alvarez 2017; Quintana et al. 2016; Dhar et al. 2016). Reactive extrusion is a process
where chemical reactions are controlled during extrusion process (Bouvier and
Campanella 2014). To blending biopolymer by reactive extrusion it is necessary that
biopolymers or biopolymer/synthetic polymer have similar melting temperatures
(Quintana et al. 2016).
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5.7 Conclusions

Based on the economic and environmental viewpoints, biopolymer films are prob-
ably the future materials to be used in food industry. In nature, there are several
biopolymers able to be used in manufacture process of biopolymer films. However,
it is necessary to understand as biopolymer films can become materials with impor-
tant characteristics to food industry. The use of news manufacture process and/or
nanomaterials can improve the mechanical, thermal, optical and barrier (to water,
oxygen and UV/light) properties of biopolymer films. Particularly, the use of
nanoparticles can introduce new properties such as antimicrobial and antioxidant
activity as well as sequester effects in biopolymer films, opening a windows of news
applications as active packaging films for food industry. However, the toxicity,
genotoxicity and carcinogenicity effects of nanoparticles are not clear to date.
Hence, it is necessary most studies about the nanoparticle migration into drinks and
foods as well as its risks associated with the potential ingestion, before the nanopar-
ticle application in industrial food packaging.
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Chapter 6
Surface Properties of Biodegradable
Polymers for Food Packaging
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Z. A. Nur Hanani

Abstract Biodegradable polymers derived from biomass such as polysaccharides
(starches, chitosan, and gums) and proteins (gelatin, soy, and zein) have been
explored tremendously as potential food packaging materials. Their unique charac-
teristics, for example, edible, abundance, renewable and low-cost allow these mate-
rials to be utilized in many forms such as films and coatings. However, biodegradable
polymers exhibit high water vapour permeability and solubility. Functional proper-
ties of biodegradable polymers can be enhanced by blending with other polymers,
lipids, surfactants, emulsifiers or other additives. Combining some polymers and
additives will change the microstructure, mechanical, barrier and surface properties
of films. Therefore, surface properties can influence the final applications of films
and coatings. Interestingly, surface properties of polymers can be tailored using
some treatment. Lack of discussion on surface properties of biodegradable films is
noticeable. This chapter presents the surface properties of biodegradable films and
coatings from various sources and their characterizations. Some surface treatments
on films aiming to improve their characteristics and effect of the surface on active
packaging are also discussed.

Keywords Surface treatment

6.1 Biodegradable Polymers for Food Applications

Nowadays, food processing involves some other treatments to prolong the shelf life
of foods in the package such as freezing, irradiation, high pressure and ozone treat-
ment. Also, the modern lifestyle and convenient options on the usage of ready to eat
(RTE) meals require some further steps before consuming the foods such as micro-
wave and oven and this indirectly may change the film surface properties and affect
foods specifically.
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Synthetic polymers such as polypropylene (PP), low-density polyethylene
(LDPE), high-density polyethylene (HDPE), polyethylene terephthalate (PET) and
nylon have been widely used in food packaging to protect food products from physi-
cal and mechanical damages and microbiological spoilage. This scenario is due to
their good performance properties such as stable, water resistance and strong.
However, these materials are being utilized as food packages for short term usage
despite their properties and durability that remained for a longer period. Furthermore,
the recycling of these materials is impractical due to food contamination. Thus, due
to environmental awareness, biodegradable materials are seen as alternatives to
replace synthetic plastics which are non-biodegrade; causing some negative issues
to nature. Biodegradable polymers are claimed as green materials, renewable and
environmental-friendly causing this area to be tremendously exploited today.

6.2 Biodegradable Polymers

Biodegradable polymers are gaining more popularity due to the eco-friendly effect
they offered, renewable, abundance and cheap. These polymers will break down and
produce natural by-products such as gases (CO, and N,), water, biomass and inor-
ganic salts. Biodegradable polymers are classified into few categories depending on
the sources obtained; natural biopolymers and synthetic biopolymers. Natural poly-
mers are produced from agro-based materials such as polysaccharides (starch, cel-
lulose derivatives, chitosan, alginate, etc.) and proteins (soy, corn, wheat, gelatin,
keratins, etc.) whereas synthetic biopolymers are obtained from synthetic or natural
monomers and microorganism. Biodegradable polymers can also be in combination
with synthetic biodegradable polyesters (Gutiérrez and Alvarez 2017a).

Natural polymers derived from polysaccharides- and protein-based are unique
since they are also edible (can be consumed together with the food) and can provide
additional nutrients; giving an advantage to applying with food products (Alvarez
et al. 2017). Hence, this type of polymers can be developed as films or/ and coat-
ings. The films produced also perform good gas barrier, good mechanical proper-
ties, transparent and good carriers for active compounds such as antimicrobials,
antioxidants, etc.. The main issue related to this group of polymers is the high per-
meability towards moisture or water (Gutiérrez and Alvarez 2017b). Great efforts
are still in progress to improve the water barrier so that these materials have wider
applications and can be utilised for several food types. One of the alternatives is
adding hydrophobic compounds like lipids or fats to produce composites or blend
films. However, incorporation of lipids to the solutions will alter the properties of
films produced. Also, surface properties of the single polymer are different com-
pared to the blends polymers (Sionkowska and Ptanecka 2013).

Currently, there are high interest on developing biodegradable films, manly
focused on improving mechanical and barrier properties of the materials for further
applications. Only few studies focused on the improvement of surface properties of
biodegradable films to enhance the characteristics of films or other surface such as
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paper. Surface properties are also important because they will influence the struc-
ture of films (Gutiérrez et al. 2018). However, surface properties of biodegradable
polymers can be modified depending on the final applications either as coatings or
films since both applications may have different purpose. Biodegradable polymers
can also be used in the surface treatment of cellulose-based materials, either by
coating or by extrusion/lamination (Andersson 2008).

6.3 Surface Properties of Biodegradable Polymers

Biodegradable films can be tailored based on the combination and composition of
materials used which consequently, will affect the mechanical properties, water
transmission rate, optical properties and also surface properties of films. Like other
polymers, surface properties of food packaging polymers include wettability, seal-
ability, printability, dye uptake, resistance to glazing and adhesion to food surfaces
or other polymers (Sengupta and Han 2014). These are some of the important ele-
ments to food packaging manufacturers for maintaining the shelf life of products
while ensuring good quality appearance. Furthermore, surface roughness, polarity,
wettability and modification of the surface will also determine the biocompatibility
of polymeric materials (Sionkowska and Ptanecka 2013).

6.3.1 Wettability

Wetting is the ability of a liquid to interact with the solid surface or another fluid
either maintains the interaction or penetrates the surface. Wettability is the degree of
wetting due to the interaction between the fluid and solid phases. It determines the
properties of polymers’ surface in allowing liquid seep through and plays a crucial
role in liquid coating and printing. Wettability can be determined using contact
angle measurement whereby small contact angles (<90°) indicate high wettability
where as large contact angles (>90°) indicate low wettability.

6.3.2 Sealability

Sealing involved melting of the polymer by supplying heat, followed by linking of
the surfaces under pressure. Sealability determines film’s ability to turn as its own
bond-forming agent without requiring extra hot melt adhesive. Some materials may
need less energy to be sealed, depending on the degree of materials crystallinity.
Thus, temperature, time and pressure should be identified so that sufficient energy
is supplied to ensure good sealability. A polymer that displays low-temperature
sealability and maintains seal integrity over a broad seal temperature, dwell time
and seal pressure can increase packaging line speeds, improve efficiencies and
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reduce seal failures (Butler and Morris 2012). However, the presence of fillers, addi-
tives or waxes may cause weaker seal due to the migration of these additives to the
surface (Andersson 2008; Bracone et al. 2016; Gutiérrez et al. 2017). The-OH
groups are also capable of forming hydrogen bonds and thereby provide good adhe-
sion between different surfaces (Andersson 2008). Defects or weak spots during
and after sealing may produce pathways for transportation of gases or liquids either
in or out of the package (Andersson 2008).

6.3.3 Printability

Printability of polymer is the ability of the polymer to be printed without displace-
ment of the ink. Surface properties such as smoothness, levelness, ink absorbency,
gloss, etc. influence this property. Printability test can be done by using tape which
will be used for lifting ink off the printed samples according to a pre-established
number of peels (Lopez-Garcia et al. 2013). The tape is lifted off with consistent force
at an angle 90° before the samples are recorded using UV-VIS spectrophotometer.

6.4 Surface Properties of Polysaccharides-Based Films

Polysaccharides have a wide range of structures, depending on the types such as
starch, cellulose derivatives, chitosan, and alginate. Polysaccharides-based films
possess high gas barrier due to their well-ordered hydrogen-bonded network shape
(Hassan et al. 2017). However, these materials are very hydrophilic causing in high
water vapour permeability. This drawback limits the usage of polysaccharides films
for high moisture or semi-solid food products. To optimum the applications, they
can be applied as thick films or coatings on the surface of food to absorb water, giv-
ing temporary protections to foods from moisture loss (Cazén et al. 2017).
Polysaccharides films and coatings are colourless, however can change the film’s
colour depending on the additives or active compounds added. Mechanical prop-
erty, i.e. tensile strength values of some polysaccharides based films are comparable
to those values obtained in high density polyethylene (HDPE) films (Cazén et al.
2017). Highly structured polysaccharide attributes to the homogeneity of films and
smoothness of the film’s surface (Caro et al. 2016).

6.4.1 Starch

Starch is an agricultural biopolymer that composed of anhydroglucose. It is abun-
dant, low price and unique. This is because starch granules vary in shape, size,
structure and chemical composition depending on the botanical source (Molavi



6 Surface Properties of Biodegradable Polymers for Food Packaging 135

et al. 2015). The starch granules comprise two main polysaccharides; amylose and
amylopectin, apart from other components such as proteins and lipids. Amylose
which responsible for film-forming properties is a linear chain polymer of a-1,4
anhydroglucose units with a molecular size ranging from 20 to 800 kg/mol (Cazén
et al. 2017). Meanwhile, amylopectin is a highly branched polymer of short a-1,4
chains linked by a-1,6 glycosidic branching points occurring every 25-30 glucose
units and with a very high molecular weight (5000-30,000 kg/mol) (Cazén et al.
2017; Jiménez et al. 2012). Starch films are generally tasteless, odorless and trans-
parent. However, at higher concentration, films produced tend to become whitish.
Starch films that compose higher crystalline structure are less sensitive to moisture
and the environmental relative humidity (Cazén et al. 2017; Molavi et al. 2015;
Jonhed et al. 2008; Mali et al. 2004). Regarding surface properties, starch applica-
tion increases both the roughness and the hydrophilicity of the coated surface
(Andersson 2008). Films contain higher amylose content exhibits greater surface
roughness (Gutiérrez and Gonzalez 2016). Films with different starches have shown
that glutinous rice starch and normal rice starch-based films possessed higher con-
tact angle values than cassava starch due to higher lipid content (Phan et al. 2005).
Study on the surface properties of starchy films with blackberry pulp revealed that
the pulp increased the contact angle and lower surface roughness (Gutiérrez 2017a).

6.4.2 Chitosan

Chitosan is a natural polymer derived by deacetylation of chitin, the second most
abundant natural polymer after cellulose (Gutiérrez 2017b). Chitosan has various
applications because of its functional properties such as antibacterial activity, non-
toxicity, ease of modification and biodegradability (Muxikaetal. 2017). Furthermore,
chitosan films are transparent and flexible and have semicrystalline structure.
Chitosan addition in cassava films helps to increase the contact angle, which means
improving the surface hydrophobicity of films. This is due to the hydrophobic acetyl
groups present in chitosan chain, suggesting that chitosan is more hydrophobic than
starch (Kampeerapappun et al. 2007). Kurek et al. (2014) also observed that larger
contact angles on the chitosan surface were found compared to whey protein (sup-
port surface) of bilayer films. However, an addition of plasticizer on the chitosan
films lessens water contact angle due to the water binding capacity (hygroscopicity)
of plasticizers. As chitosan has highly structured polysaccharides; films produced
are smooth and flat with no cracks and pores (Caro et al. 2016). However, hybrid
chitosan films may have surface irregularities. Higher ferulic incorporation in the
chitosan films had caused phase separation (from AFM analysis) and might be
responsible for the reduction in tensile strength (Mathew and Abraham 2008).
However, the authors indicated that the cross section images of SEM showed films
were more compact due to the networking introduced by the acid than those control
films (chitosan-starch blend) which were having discontinuous zones.
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6.4.3 Pectin

Pectin is a plant cell wall polysaccharide rich in D-galacturonic acid and mostly
obtained from citrus fruits or fruit processing industry waste. Films from pectin pos-
sess good hardness and adhesiveness. However, they can become rigid and brittle.
The SEM images of the surface and cross-sectional of pectin films added with clove
bud essential oil (CEO) showed that oil produced a dense sheet-like structure,
whereas the cross-sectional images had the sheets stacked in compact layers dem-
onstrating that CEO added uniformly in the film matrix (Nisar et al. 2018). The
authors had found out that at a low level of oil (0.5%), smoother surfaces without
any phase separation was observed. However, higher oil (1 and 1.5%) had caused
the surface to become rough and looser texture. According to Nisar et al. (2018), the
different surface morphology of films could be due to the structural changes of
components of micro-emulsions during the drying process. The effect of pectin sur-
face density on the high methoxyl pectin-based films was also investigated
(Giancone et al. (2011). It was revealed that the surface density did not affect the
film structure, yet, it increased the WVP.

6.4.4 Galactomannans

Galactomannans are heterogeneous polysaccharides composed of linear chains of
B-(1-4)-p-mannan backbone with a single D-galactose branch linked o-(1-6)
(Cerqueira and Bourbon 2011). There are three major gallactomannans used for
food industry which are guar gum, tara gum and locust bean gum, mainly vary
because of the different ratio of mannose and galactose. Almost similar with other
common biodegradable films, galactomannans films are essentially hydrophilic.
Irregular surface of galactomannans films caused the films to have higher WVP due
to the presence of voids (Albuquerque et al. 2017). Furthermore, the addition of
bioactive compound contributed to rougher surface and increased in the
hydrophobicity.

6.4.5 Fiber

Fiber refers to edible parts of carbohydrates that cannot be digested. Natural fiber is
cheap, has low specific weight, recyclable and competitive mechanical properties
(Gutiérrez and Alvarez 2017c). However, fiber has poor adhesion with the matrix
with the creation of voids at the interface and non-uniform dispersion (John and
Thomas 2008). Modifying surface of fiber had enhanced the fiber-matrix interaction
by improving the mechanical properties (Geogiopoulos et al. 2016).
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6.5 Surface Properties of Protein-Based Films

Proteins are linear polymers constructed by monomer unit called amino acids
through a covalent peptide bond. There are 20 types of amino acids in protein which
having different chemical properties and roles (hydrophobic, polar or charged).
Proteins can be classified into two types; plant proteins and animal proteins. Soy
protein, corn protein and wheat protein are among the plant proteins whereas casein,
collagen, gelatin and keratin are the types of extensively used animal proteins.
Lactate dehydrogenase, chymotrypsin, and fumarase are the main bacterial pro-
teins. Compared to polysaccharides and lipids, films obtained from proteins exhibit
valuable characteristics for the production of food packaging as these films have
good film-forming ability, mechanical properties and transparency. In fact, protein-
based films have excellent oxygen and carbon dioxide barrier properties than
polysaccharides-based films.

6.5.1 Soy Protein Isolate

Soy protein isolate is obtained from soy protein, a by-product from soy oil produc-
tion. Hydrolyzed keratin produced from chicken feather had been used into soy
protein films (Garrido et al. 2018). The findings discovered that an additional of
keratin decreased the gloss significantly and enhanced the hydrophobicity. Surface
hydrophobicity of protein films such as soy protein isolate, whey protein concen-
trate, gelatin, peanut protein isolate and sodium caseinate were also improved with
the treatment of the enzyme crosslinking (transglutaminase) (Tang and Jiang 2007).

6.5.2 Gelatin

Gelatin is an insoluble protein gained by hydrolysis of collagen, a fundamental
structure of animal bodies (Nur Hanani 2016). Gelatin from fish, pork and bovine
have been studied greatly. The surface properties of bilayer and blend films based
on bovine gelatin showed that all films have hydrophobic surface, based on the con-
tact angle (Abdelhedi et al. 2018). Chemical reaction occured between gelatin and
lactose also influenced the structure of gelatin films with tetrahydrocurcumin, caus-
ing the films to become less glossy and rougher surfaces (Etxabide et al. 2017).
Deng et al. (2018) have discovered that the gelatin/zein nanofibrous film had a
hydrophobic surface with 118.0°, whereas casted gelatin/zein film had a hydrophilic
surface (53.5°). Addition of chitin in gelatin film also had decreased the hydrophi-
licity of film with film containing the highest oil had contact angle higher than 90°
(Sahraee et al. 2017).
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6.5.3 Zein

Zein is a hydrophobic and thermoplastic material derived from corn. Its high hydro-
phobicity is attributed by its high content of nonpolar amino acids. The incorpora-
tion of sugar plasticizers in zein films reduced the contact angle with higher
hygroscopicity of plasticizer contributed to the higher hydrophilic due to the higher
water binding capacity (Ghanbarzadeh et al. 2007).

6.6 Lipids and Other Additives

Due to the limitation on water barrier properties of starch- and protein-based films,
different components mainly lipids (waxes, oils and fats) and other additives (sur-
factants, emulsifiers, etc.) are being added to produce composite films. Lipids
exhibit excellent barriers against moisture migration. Extensive studies are ongoing
considering these lipids help to enhance the water barrier of biodegradable films.
Polysaccharides- and proteins-based films incorporated with lipids generally have
higher mechanical properties. Nonetheless, the composite films may have higher
moisture permeability than that of pure lipids (Hassan et al. 2017; Bravin et al.
2004). Higher amount of lipids used can increase gloss and decrease transparency.
Meanwhile, the production of lipid based films and coating are believed to be highly
effective to block the delivery of moisture due to their low polarity (Hassan et al.
2017; 104). Their hydrophobicity also causes the films to become brittle and thicker.

In general, plasticizers contribute to the decrease of contact angle of hydrocol-
loid films due to hydrophilicity of these materials. Higher concentration of glycerol
decreases the contact angle due to the increases in the surface tension (Caro et al.
2016). In contrast, additional of plasticizers such as glycerol, sorbitol and polyeth-
ylene (glycol) in sage seed gum films had caused higher contact angle than the
control films (Razavi et al. 2015). Meanwhile, calcium chloride has been used as a
firming agent in mesquite gum films. The surface morphology of the films was
influenced by the agent concentration, whereby the film surface became gradually
rough at higher concentration (Bosquez-Molina et al. 2010).

6.7 Surface Characteristics

There are some techniques to characterize the surface properties of biodegradable
polymers such as contact angle measurement, atomic force microscopy (AFM) and
scanning electron microscopy (SEM). This section is not going to discuss details on
each instrument. However, brief information is delivered to relate with the surface
properties of biodegradable polymers.
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6.7.1 Contact Angle

Contact angle is the wetting angle between the surface of the liquid and the outline
of the contact surface. The analysis determines the surface hydrophobicity of poly-
mers. Small contact angles (<90°) occur due to spreading of the drop (molecular
attraction). Meanwhile, greater angles (>90°) occur due to the liquid becomes bead
or shrink away from the solid surface. Lower contact angle indicates the films have
high polarity and better bonding of adhesive. This process is a crucial index to deter-
mine the wettability of the solid phase by the liquid and establish the formation of a
good bonding interface. The increase of the contact angle with water in biodegrad-
able polymers could be due to a strong hydrogen bond inter-molecular by below of
the surface of the film, i.e. the more polar sites (Lewis sites) would be affected, thus
generating a decrease in the surface polarity of biopolymer-based films (Gutiérrez
et al. 20164, b; Karbowiak et al. 2006). Storage also can increase the contact angle
due to the loss of moisture content and plasticizer (Suyatma et al. 2005). On the
other hand, dynamic contact can reflect the degree of difficulty of coating the solid
phase with the liquid in the real wetting process (Zhang et al. 2017).

Surface free energy is another parameter to discuss about the surface properties.
Surface free energy (interfacial free energy) is work required to increase the size of
the solid surface (work per unit area). In contrast, the term ‘surface tension’ is used
for a liquid phase. Surface tension can be measured using some techniques depend-
ing on the nature of the liquid, the condition during the measurement and the stabil-
ity of the surface. However, the contact angle is normally used to measure the
surface free energy indirectly. According to Young’s equation, the surface free
energy can be determined using equation below:

o, =0, +0,-cosf (6.1)

where:

o, = surface free energy

o, = interfacial tension

o, = surface tension of the liquid

0 = contact angle

In conventional plastics, polymer with high surface energy can be used as the
first surface of few layers structures and requires an adhesive layer to bond to the
other different layer (Butler and Morris 2012).

6.7.2 Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) offers a 3D profile on a nanoscale, by measuring
forces between a sharp probe (with radius less than 10 nm) and surface at very short
distance (0.2—10 nm probe-sample preparation) (De Oliviera et al. 2012). The probe
is supported on a flexible cantilever and the AFM tip softly touches the surface and
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records the small force between the probe and the surface (De Oliviera et al. 2012).
The images obtained give some information about the surface roughness of films
such as roughness average (R,) and root mean square roughness (R,). R,, is the
arithmetic mean of the absolute values of the height of the surface profile (De
Oliviera et al. 2012). It is used widely because of easy to obtain. R, is similar to
roughness average, except it is the mean squared absolute values of surface rough-
ness profile. The information delivered by AFM is beneficial to determine structural
changes of the film matrix. Despite of providing high resolution at the nanoscale,
this analysis is restricted due to time-consuming measurement. Smoother surface of
films can also be related to the increased of the transparency as revealed by Gutiérrez
et al. (Gutiérrez et al. 20164, b).

6.7.3 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is used to determine the surface structure of
polymers. The knowledge of the morphology is an important parameter to determine
structural changes in the films and to predict their porosity, permeability, flexibility
and resistance (Giosafatto et al. 2014; de Paula Herrmann et al. 2004). Smooth sur-
face indicates good compatibility between compounds and the plasticizers. For cross
section analysis, film with compact structure indicates the networking is developed.
However, film with some porosity allows the distribution of active compound to a
greater depth which in turn caused the films to release the compounds in slower rate.

6.7.4 X-Ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) can also be used to analyse the surface
chemistry of biodegradable polymers. It is employed to obtain quantitative insight
into the elemental composition of the surface that does not extend beyond certain
depth (L6pez-Garcia et al. 2013). In this analysis, X-rays irradiates onto the surface
of polymers in vacuum environment. The energy from the photoelectrons radiated
from the surface is measured. XPS can be applied for various type of materials
(conducting and non-conducting samples) by providing about the surface layer or
structures.

6.7.5 Gloss Analysis

Gloss, transparency, clarity, haze, and colour are some optical properties of films.
Gloss analysis is a simple method, yet its usage is not widely emphasized. Gloss
analysis can directly relate to the surface roughness, with lower values indicate the



6 Surface Properties of Biodegradable Polymers for Food Packaging 141

surface is rougher (Garrido et al. 2018; Ward and Nussinovitch 2017). Different
techniques of films manufacturing produce different surface properties. Films pro-
duced by compression moulding exhibited higher gloss values than those prepared
by casting contributing to the smoother surface, as supported by SEM (Garrido et al.
2018). Also, gloss values may decrease due to the immiscibility of the polymers.

6.8 Surface Treatment

As different polymers possess various surface characteristics, therefore, it is impor-
tant to have another step to alter the surface of biodegradable polymers and improve
the functionality for fulfil their application. There are some techniques used to mod-
ify the surface properties such as utraviolet (UV)-light irradiation, incorporation of
nano-materials, plasma surface treatment and lamination process.

6.8.1 Ultraviolet (UV)-Light

Ultraviolet (UV) radiation has been used to modify films surface properties. In the
case of protein films, the radiation is absorbed by double bonds and aromatic rings
of some amino acids, producing free radicals and causes intermolecular covalent
bonding (Diaz et al. 2017; Rhim et al. 1999). UV treatment on film-forming solu-
tion has contributed to significant effect on the mechanical properties, colour and
stability of whey protein films (Diaz et al. 2016). UV treated whey protein films also
improved their puncture properties than the control (Diaz et al. 2017). UV radiation
is normally applied on materials based on natural polymers for sterilisation process,
whereby blended polymers may change differently than single components
(Sionkowska and Planecka 2013). Tarek et al. (2015) have studied the effect of
UV-light treatment on the surface properties of plastic films for beef by determining
the surface-free energy. They have found that UV-C light treatment had decreased
the polymer surface roughness; however, it did not affect the surface free energy of
films. UV-irradiation may cause the reduction of surface roughness of chitosan
films and chitosan with silk fibroin (Sionkowska and Ptanecka 2013). Surface modi-
fication using UV irradiation reduced the surface hydrophilicity and enhanced the
water resistance and tensile strength of blended starch films (Zhou et al. 2009).

6.8.2 Nano Sized Materials

Packaging materials utilizing nanotechnology is also being explored and become
one of the emerging areas today. Nanomaterials have high surface area and charge
density. Clays, silica, nanocellulose, organic and inorganic fillers, etc. are some
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nanomaterials that are used to improve the mechanical and barrier properties of
films. Nanofillers possess good interfacial interactions on polymer branches since
they have large specific surface area and high surface energy (Nafchi et al. 2012;
Kovacevi¢ et al. 2008). Chitosan nanoparticles have been added in tara gum edible
films revealing that no significant difference of surface structure between films with
bulk chitosan and chitosan nanoparticles (Antoniou et al. 2015). However, from
cross-sectional profiles, the appearance of these two films were different whereby,
nanoparticles caused the surface became rougher. Increasing the roughness had
caused the contact angle of the surface also higher. In general, addition of nanopar-
ticles had improved the hydrophobicity of film’s surface by lowering the water
vapour permeability and solubility. This result is in agreement with Abreu et al.
(2015) whereby the incorporation of silver nanoparticles increased the contact angle
significantly. Nanorod-rich zinc oxide also increased the contact angle, showing the
tendency of films to absorb water decreased (Nafchi et al. 2012). The introduction
of calcium montmorillonite into carboxymethy! starch films had increased the con-
tact angle due to the clay platelets presented on the film surface (Wilpiszewska et al.
2015). In contrast, Shankar et al. (2016) claimed that adding silver nanoparticles in
pectin films had caused a decrease in contact angle due to increase in roughness.

6.8.3 Plasma Surface Treatment

Plasma, the fourth state of matter is an ionised gaseous substance which if in contact
with the material surface, will modify its surface properties due to the additional
energy transferred from the plasma. This mechanism enables the surface to have a
treatment or an alteration process to fulfil further applications such as printing,
painting or laminating. It improves the adhesion properties, wettability and surface
chemistry of polymers. During the treatment of polymers, energetic particles and
photons generated in the plasma interact strongly with the polymer surface.
Consequently, treated surface may have additional functional groups that increase
the surface free energy of the polymer, enhance the printability and improve hydro-
phobicity through surface-chemical changes (Liston et al. 1994). This technique is
an effective tool, which is convenient, quick technology, environmentally friendly
and only requires low-cost processing devices (Lopez-Garcia et al. 2013). The poly-
mer layers activated by cold plasma have controlled surface wetting properties,
varying from superhydrophilic to superhydrophobic (Dowling and Stallard 2015).
The air plasma applied on the whey protein gels had a greater effect on the surface
wettability than roughness, due to polar groups deposited on the surface (Terpitowski
et al. 2017). However, a study on the effect of plasma treatment on chitosan films
indicated that there were more water molecules surrounding the plasma treated
sample (greater hydrophilic) and gave rougher surface compared to unmodified
(Chang and Chain 2013).
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6.8.4 Others

Other surface modification techniques such as silylation, acetylation, esterification
and polymer grafting are also being used to improve nanocellulose composites
(Zhang et al. 2018). However, most surface modification of nanocellulose use the
hazardous solvents which are not preferable. Lamination of biodegradable poly-
mers with lipids can cause to lower of WVP. Biodegradable materials can also be
used in the surface treatment of cellulose-based substrates, either by coating or
lamination (Andersson 2008).

6.9 Surface Properties in Active Packaging

Biodegradable polymers can act as good carriers for active compounds such as anti-
microbial and antioxidant agents producing a system called active packaging.
Active packaging helps to alter the package system in a positive approach as it
contributes to extending the shelf life of food by inhibiting the microbial growth and
delaying the lipid oxidation of some food products. Active packaging materials may
have active compounds on the surface of the packaging inside the package, contrib-
uting to surface modifications of polymers.

In general, there are some research on active packaging indirectly investigated
the surface properties of films. However, lack of emphasis occurred because most of
the studies are keen to observe the efficiency of the active compounds in performing
their role particularly for food systems. Caro et al. (2016) had developed active
packaging films based on chitosan using thermal inkjet printing and found out that
the efficiency of thymol as active agents is depending on few factors such as the
number of oriented layers, the contact angle, the amount of glycerol used and the
film type. The efficiency of thymol improved proportionally with the contact angles.
However, increasing the concentration of glycerol had lowered the contact angle
due to the increase in the surface tension. Meanwhile, adding active compounds in
galactomannans films also improved the hydrophobicity of films despite no effect of
the concentration used (Albuquerque et al. 2017).

6.10 Future Trends

Analyses on the surface properties of biodegradable polymers are essential due to
their significant effects on the physical and mechanical properties. However,
research on this aspect is still narrow. Some treatments to improve the surface prop-
erties can be discovered further to establish the area and can be a platform and
database for future applications.
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Chapter 7
Transport Phenomena in Edible Films
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and Milena Martelli Tosi

Abstract Edible films and coatings help to control transfer of water vapor, oxygen,
CO,, and active compounds between the food product and the environment provid-
ing additional protection during storage of fresh and processed food. Mass transfer
phenomena are involved in these processes because edible films can act as func-
tional interfaces between the food product and the environment. Edible films and
coatings can also modify the heat transfer mechanism that takes place during food
drying and frying, as well. In addition, they can function as controlled release pack-
aging or active packaging—such packaging can be effectively impregnated with
antimicrobial or antioxidant compounds, to deliver them over a stipulated period.
Release and delivery of active compounds by these materials depend on the type of
biopolymer that composes the film matrix and on the environmental conditions
during storage. In a particular study, a turmeric dye extraction residue previously
submitted to mechanical and chemical treatments was employed as coating in
bananas. The treated turmeric residue coating effectively extended the coated
banana shelf life by 4 days as compared to uncoated bananas.

Keywords Coating - Diffusion - Turmeric

7.1 Introduction

Edible protective films or coatings have been generally defined as thin layers of
materials that provide a barrier to mass transfer (moisture, oxygen, and solute move-
ment) in the food itself or between the food and its environment (Gutiérrez and
Alvarez 2017). In this sense, applying edible films and coatings to food products
can prevent moisture loss, aroma loss, solute transport, water absorption, and oxy-
gen penetration (Cazén et al. 2017). Whereas films consist of stand-alone sheets of
material, coatings form directly on the product (Guilbert 1986; Shellhammer and
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Krochta 1997). Edible coatings also help to reduce excessive oil uptake by fried
foodstuff and water migration to and from such foodstuff. In this case, coatings
operate by forming thin films that require drying before frying; these coatings can
also operate through their gelation properties during heating (Kulp 2011). Two
transport mechanisms underlie the frying process: mass and heat (Garcia and
Zaritzky 2017).

Nowadays, using edible films as “active packaging” is one of the most challeng-
ing research areas. Active packaging comprises a package system that deliberately
incorporates components and releases substances into or absorbs substances from
the packaged food or the environment surrounding the food. Active packaging aims
to extend the food product shelf life and to keep or to improve the packaged food
conditions while maintaining their mechanical integrity and handling characteris-
tics (Bracone et al. 2016; Ganiari et al. 2017). Antioxidant/antimicrobial agent
incorporation into edible films or coatings reduces the need to introduce larger
quantities of such additives into the food bulk (Van Long et al. 2016). Thus, active
materials can act as a source of antioxidants/antimicrobials that are released into the
food at controlled rates (Gutiérrez 2018). Consequently, a predetermined active
compound concentration is maintained in the food, which compensates for continu-
ous additive consumption during food storage (Ganiari et al. 2017; LaCoste et al.
2005; Mastromatteo et al. 2010).

Although research into active edible films has been extensive release mecha-
nisms are still poorly understood. Mass transfer mathematical modeling is neces-
sary to achieve deeper understanding of this process and to optimize active systems
by considering not only the polymer matrix kinetic and thermodynamic parameters
but also its structural and interfacial characteristics (Mastromatteo et al. 2010;
Voilley et al. 2011). Pure diffusion, polymer matrix swelling, and polymer erosion
and degradation are mechanisms that lead polymeric devices to release compounds
(Faisant et al. 2002; Jain 2000; Pinheiro et al. 2013; Polakovic et al. 1999).

In this chapter, we depict the fundamental mechanisms underlying the transfer of
mass, oxygen, and active compounds in edible films. We also describe recent
advances in the development of delivery devices. Finally, we present some results
regarding active films produced from turmeric dye residue and their use in post-
harvest banana preservation.

7.2 Fundamentals of Transport Phenomena in Polymeric
Films: Heat and Mass

If we consider a biodegradable film, which represents a simple geometry for a thin
layer, the main transport phenomena concern mass exchange by diffusion and
energy exchange by conduction (Fig. 7.1), with the concentration of a certain com-
ponent (C) on sides 1 and 2 of the layer being C, > C, or the temperature (T) on
sides 1 and 2 of the layer being T, > T,. Equation (7.1) shows that the magnitude of
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Fig. 7.1 Schematic representation of mass transfer at the interface (boundary layers). Permeation
of a component through thin layers (interfaces) or difference between temperatures on the two
sides of the layer. C1 and C2 are the concentration of a component in compartments 1 and 2, sepa-
rated by the film, and T1 and T2 are the respective temperatures (adapted from Voilley et al. 2011)

transport phenomenon rates (y) is directly proportional (constant K) to a driving
force and to a concentration or temperature difference (Aw).

¥ =K-Aw (7.1)

Heat flow density or heat flux (g) is proportional to the negative temperature
gradient and is the unidimensional form of Fourier’s law of heat conduction (Eq. 7.2)
(Ibarz and Barbosa-Canovas 2002):

g= —k% (7.2)

In this case, only the increase in temperature as a function of the distance x is taken
into account because the temperature differences in the other axes (d7/dy), (dT/dz)
are not as significant as compared to the temperature difference in the x axis. This
proportionality constant k is called thermal conductivity of the solid and is
normally expressed in W/(m K) or kcal/(h m °C). The medium is assumed to be
isotropic, i.e. k has the same value in all the directions of the material, which is
only true for lower AT.
Thermal diffusivity, defined according to Eq. (7.3), can also be used:

k

(7.3)

where
p = density of the material;
C, =specific heat of the material.
Therefore, Fourier’s law expression for one direction is (Eq. 7.4):
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g=—a— "/ (7.4)

for an isotropic material; p and é‘P are constants (Ibarz and Barbosa-Canovas 2002).

Studying mass diffusion is more complicated than studying heat transfer because
diffusion involves movement of a species within a mixture by natural or forced
means. Fick’s law of diffusion refers to a substance moving through a binary
mixture of components A and B due to a concentration gradient (Eq. 7.5) (Ibarz and
Barbosa-Canovas 2002). Fickian diffusion involves a substantially stochastic phe-
nomenon (related to Brownian motion) that is analogous to heat transfer, where
thermal conductivities are defined as proportionality factors between heat flux and
temperature gradient (Fourier’s law of heat conduction).

J;=-C-D,, VX, (7.5)

where

J; = diffusion molar flux (mol/m s);

C = molar concentration (mol/m?);

D, = effective diffusion coefficient (m?/s);

\%'¢ . = concentration gradient;

X = species i molar fraction divided by the mixture total molar density: X; = C/C.

The negative sign expresses that diffusion takes place from higher to lower con-
centration zones.

If total molar density is constant, and if there is no chemical reaction or if the
number of moles does not change, Eq. (7.5) can be transformed into Eq. (7.6):

J,=-D,-VC, (7.6)

In a binary mixture, diffusivity of A to B,D,j, is equal to diffusivity of B to A, Dy,
and ordinary diffusion is defined as the proportionality factor between mass flux and
concentration gradient. The sum of diffusions in a binary mixture is zero
(fA* +J; = 0) because one component diffuses in one direction, while the other
component diffuses in the opposite direction.

When the solid has some porosity, D,z corresponds to an effective diffusion coef-
ficient (D) (Cremasco 1998). This coefficient depends on variables that influence
diffusion, such as temperature and pressure, and on the porous matrix properties
(porosity—e, sphericity—¢, and tortuosity—r), according to Eq. 7.7:

&
Dy =D,y (1.7)

Other types of diffusion exist depending on the property that confers movement to
the mixture component. If movement is due to a pressure gradient, it is called
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pressure diffusion; if movement is due to a thermal gradient, it is called thermal dif-
fusion (Ibarz and Barbosa-Canovas 2002).

Hydrophilic polymer matrixes can undergo gradual hydration when they are
immersed in liquid media. Polymer chain relaxation causes volume expansion or
swelling and affects the mechanism through which active agents are transported
within the polymer matrix (Pinheiro et al. 2013). The active agent diffusion coeffi-
cient in the swollen part of the matrix increases, so the active agent diffuses out.
Mastromatteo et al. (2010) mentioned that mass transport mechanism in these sys-
tems is generally classified into three different types: ideal Fickian diffusion, anom-
alous behavior, and Case II transport. If the geometry is planar, the quantity of
active agent, Mt., released at time t is given by (Crank 1955; Peppas 1984):

t
—L =k t" 1.8
M (7.8)

where

M,, = initial polymer loading with the active agent;

k, and n = system parameters that depend on both the nature of the polymer-
penetrant-active agent interactions and on the release device geometry.

The parameter n can take a range of values that indicate the type of transport:
n = 0.5 means that the active agent is released by simple Fickian diffusion;
0.5 < n < 1.0 means that the diffusion process is a combination of Fickian and non-
Fickian diffusion and is known as “anomalous diffusion®; n = 1.0 corresponds to
diffusion described as “Case II diffusion®. In this case, the rate of solvent uptake by
the polymer is largely determined by the polymer chain swelling and relaxation
rates; and n > 1.0 corresponds to the region known as “Super Case II transport™.

Several authors consider that diffusion of active compounds released from a
hydrophilic polymeric matrix occurs by Fickian diffusion and the relaxation phe-
nomenon, so they have used a linear superimposition of both mechanisms to obtain
a mathematical model (Flores et al. 2007; Mastromatteo et al. 2010; Pinheiro et al.
2013). The linear superimposition approach assumes that molecule transport
observed within the polymer can be described as the sum of molecules transported
due to Brownian motion and of molecules transported due to polymer relaxation
(Berens and Hopfenberg 1978; Pinheiro et al. 2013):

M, = ML,F + ML,R (7.9)

where

M,r and M,z = Fickian and relaxation process contributions at time t,
respectively.

In the specific case of diffusion through a planar sheet with constant boundary
conditions, the solution of Fick’s second law is (Langer and Peppas 1983;
Mastromatteo et al. 2010):
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a

M., =My {l—% ;zexpli—D.(Z.n+l)2 .TEZ.LZ}} (7.10)
0 (2n+1) 1

where

M1 = amount of compound with low molecular mass released at equilibrium as
a consequence of stochastic phenomena;

D = diffusion coefficient through the swollen polymer matrix;

1 = film thickness.

Relaxation is related to stress dissipation induced by permeant entry. The relax-
ation process can be seen as a distribution of relaxation times and can be quantita-
tively described through a first-order kinetics equation:

M, = M [1—exp(—3ﬂ (7.11)
T

where

M;! = amount of compound with low molecular weight released at equilibrium
as a consequence of polymer relaxation;

T = relaxation time associated with polymer relaxation.

Buonocore et al. (2003) and (2003b) developed a mathematical model that can
predict the kinetics of compound release from crosslinked polyvinylalcohol (PVOH)
into aqueous solution. Their model considers water molecule diffusion into the
polymeric film and incorporated antimicrobial agent counter diffusion from the film
to the aqueous solution. In particular, active agent release from a swelling polymer
can be regarded as “anomalous diffusion” with moving boundary conditions. A
study has been conducted by developing two models: one that describes water
uptake kinetics and another that describes enzyme release, as shown in Egs. (7.12)
and (7.13), respectively (Crank 1955):

d ) .

— ()(p~Cw)~dV= !){D;Y.a—x(p.Cw)n}ds (7.12)
V(t S(t

d b

= .C.)-dV = DE-—(p-C )-7il|-dS

dtVL(P L) S(fi r o (pCL) ”} (7.13)

where
D,‘QV = water diffusion coefficient;

D} = active agent diffusion coefficient;
Cyw = local water concentration;

C. = active agent concentration;

p = polymer matrix density;

S(t) = volume V(t) surface;

n = vector normal to the surface;



7 Transport Phenomena in Edible Films 155

A

Fig. 7.2 Micrographs of the transversal section of chicken nuggets with gelatin coating (10% of
gelatin and 25% of glycerol) between the meat and the crust in the following conditions: (a) before
frying (in natura), (b) after pre-frying (30s at 180 °C), and (c¢) after frying (3 min at 180 °C) in
hydrogenated vegetable oil

™

Fig. 7.3 Micrographs of the transversal section of chicken nuggets with gelatin coating (10%of
gelatin and 55%of glycerol) between the meat and the crust in the following conditions: (a) before
frying (in natura), (b) after pre-frying (30s at 200 °C), and (c¢) after frying (3 min at 200 °C) in
hydrogenated vegetable oil

x = axial coordinate.

Instead of considering elements with a fixed volume (Eulerian approach), the
authors assumed that the volume of the elements changed during hydration
(Lagrangian approach). They fitted the first model to the water sorption data and
used the obtained parameters to fit the release data in the second model. These mod-
els consider that the water diffusion coefficient depends on the degree of cross-
linking. Mass balance for the permeant and the active substance are numerically
solved by means of the Finite Elements Method (Mastromatteo et al. 2010).

Frying is another important process that involves two simultaneous transport
mechanisms—heat and mass transport. The product must be heated for proper
cooking to be achieved; meanwhile, oil is transported into the food. High tempera-
tures dehydrate the product by evaporating water, which is replaced with oil (Pinthus
et al. 1993; Saguy et al. 1998). Because foodstuffs absorb part of the oil they are
fried in, edible coatings can be used to decrease oil absorption.

Methylcellulose, hydroxypropyl cellulose, hydroxypropyl methyl cellulose, and
starch are the most studied biopolymers (Mallikarjunan et al. 1997; Albert and
Mittal 2002; Garcia et al. 2002; Martelli et al. 2008; Gutiérrez and Alvarez 2017a;
Suarez and Gutiérrez 2017). Some modification of the surface structure formed dur-
ing frying reduces moisture loss and oil uptake (Gutiérrez 2017a). Martelli et al.
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(2005) studied oil absorption during chicken nugget deep-frying. Figures 7.2 and
7.3 illustrate the optical micrographs of the transversal section of the samples. The
nuggets had been coated with gelatin film solution (10% of gelatin) containing 25%
(Fig. 7.2) or 55% glycerol (Fig. 7.3) in the following conditions: (A) before frying
(in natura), (B) after pre-frying (30s at 200 °C), and (C) after frying (3 min at
200 °C) in fat.

In condition A, the arrow in Figs. 7.2a and 7.3a indicates the gelatin coating.
After pre-frying (Figs. 7.2b and 7.3b) and frying (Figs. 7.2c and 7.3c), the coating
is no longer visible in the micrographs. Although the coating may have lost its integ-
rity during frying, it helps to preserve the samples against dehydration and to
decrease oil uptake after pre-frying. It is worth noting that oil uptake is higher after
pre-frying. Besides that, nuggets containing the coating are the softest, which is
desirable from a technological viewpoint.

7.3 Water Vapor and Gas Transport Mechanism in Edible
Films

Knowledge of barrier properties in edible films has become increasingly important
in recent years, especially because this property is related to food quality (Gutiérrez
et al. 2015a; Alvarez et al. 2018). Studying these properties is a large and growing
segment of commercial manufacturing: this sector seeks extended food shelf life
through moisture, oxygen, carbon dioxide, lipid, flavor, and aroma control, which
depends on interaction between food components and the surrounding atmosphere
(Jongjareonrak et al. 2006). Food quality may decrease due to (i) oxidation of aroma
components by interaction with oxygen or (ii) loss of specific aroma compounds to
the packaging material or to the environment (Miller and Krochta 1997).

Selecting the best packaging material is crucial for the food market. Food pack-
aging materials need to be versatile enough to with stand handling process forces
while maintaining their physical and chemical integrity, and they must display
suitable barrier properties to several gases (e.g., O,, N,, and CO,) (Gutiérrez et al.
2017). Knowledge of the solubility/diffusion/permeation of these molecules
through the polymeric film gives insight into the barrier properties of a given poly-
meric material. Furthermore, the packed food intrinsic composition (e.g. pH, fat
content, and aroma compound) may influence the packaging material sorption
characteristics, whereas environmental factors like temperature and, for some
polymers, relative humidity may affect b from one side to the other side of the
edible film, and permeant desorption from arrier characteristics (Johansson and
Leufven 1995).

In general, gas molecule transport through an edible film comprises three main
steps (Fig. 7.4): permeant adsorption onto the edible film surface, permeant diffu-
sion from one side to the other side of the edible film, and permeant desorption
from the edible film (Skurtys et al. 2011).
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Adsorption

Desorption

Diffusion

The diffusion mechanism of simple gases follows Fick’s First law:

Fig. 7.4 Gas molecule transport in edible films

7.14
dX l (719

where

1 = edible film thickness;

D = diffusion coefficient;

C = concentration.

D reflects the rate at which the permeant diffuses through the polymeric film, and
the negative signal indicates that migration occurs toward lower concentration.

Moreover, according to Henry’s law of solubility, gas concentration can be
expressed as:

C=SP (7.15)

where

S = gas solubility coefficient in the membrane;

P = gas pressure.

The combination of Fick’s First law of diffusion with Henry’s law of solubility is
used to express the permeant steady-state permeability through a nonporous barrier
without significant imperfections.

(P —12)
[

J=DS (7.16)

The product of the diffusion coefficient and the solubility coefficient is equal to the
permeability coefficient, [T = DS, which characterizes the edible film intrinsic perme-
ability. If we rearrange Eq. (7.16), the permeability coefficient can be expressed as:

m=ps=—Jt (7.17)

(pl _pz)
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Diffusion takes place in one direction only, through the film and not along or across
it; coefficients D and S do not depend on permeant concentration. Molecular diffu-
sion in polymers usually follows a Fickian behavior. When the system takes long to
reach the steady state (like glassy polymer) or when coefficients D and S correlate
with interaction between the permeant and the polymer, such as interaction between
water or solvent vapor and a hydrophilic film, and their diffusion therein, the system
follows a non-Fickian behavior. Because film and food are in contact, studying the
film barrier characteristics under realistic conditions is essential as these character-
istics may alter the polymeric film performance.

Polymer type also impacts film barrier properties. For example, gas molecules
cannot permeate through polymer crystallites because they are insoluble in this
material. Therefore, gas permeation into semi-crystalline polymers is restricted to
amorphous regions (Kofinas et al. 1994) because crystalline zones have small vol-
ume available for gas penetration and the path between the crystallites is tortuous.
Reduction in permeability is proportional to the crystalline phase volume fraction
(Gutiérrez and Alvarez 2017).

7.3.1 Water Vapor Permeability (WVP)

Water vapor permeability (WVP) in thin, nonporous, non-swelling, highly hydro-
phobic films can be determined by combining Fick’s First Law of diffusion
(Eq. 7.14) with Henry’s Law of solubility (Eq. 7.15) as shown in Eq. (7.18).

Jx
A.Ap.M

WVP=D.S =

(7.18)

where

WYVP = water vapor permeability [mol/(m.s.Pa)];

D = permeant diffusivity corresponding to the rate at which the concentration
gradient is dissipated (m?%/s);

S = solubility coefficient defined as the maximum migrating molecule mass that
dissolves in a unit volume of the material at equilibrium [(mol/m?3.Pa)];

p = permeant partial pressure in adjacent air [Pa];

A = barrier surface [m?];

M = water molar weight [g/mol].

On the other hand, in the case of moisture permeation through hydrophilic, com-
posite, and moderately hydrophobic films, coefficients D and S vary due to plastici-
zation/swelling after moisture absorption. These films present nonlinear water
sorption isotherms and water content-dependent diffusivities, and RH conditions
during testing greatly influence WVP (Mchugh et al. 1993). Hydrophilic materials
such as proteins and polysaccharides present high a,, range and much higher mois-
ture sorption isotherms than hydrophobic materials (Gutiérrez et al. 2015, 2015b).
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Water sorption in these materials is usually non-ideal and leads to plasticization
and/or clustering phenomena, to result in complex type II or sigmoidal isotherms
(Despond et al. 2005; Bourlieu et al. 2009). According to Bourlieu et al. (2009),
hydrophilic films cannot be classified on the basis of moisture sorption isotherms
due to (i) influence of formulation (macromolecule polymerization degree, presence
of lateral groups, addition of plasticizer, and addition of non-lipid components), (ii)
impact of film-forming conditions (pH, thermal treatment, or any cross-linking
treatment), and (iii) shift in the relative positions of moisture sorption isotherms
over the full a,, range.

On the basis of the Flory equation, Buonocore et al. (2005) proposed a model
that describes WVP dependence on water activity with good accuracy for a,, ranging
from 0.3 to 0.8 at 20 °C (Eq. 7.19). This model integrates nonlinear water sorption
in hydrophilic polymer-based films (alginate, casein, chitosan, and zein) and mois-
ture concentration dependence on effective water diffusivity. Variations in moisture
effective diffusivity are an exponential function of the polymer moisture content:

C, (aw,)

D.dC

w
Cy, (aw,)

1

WVP _.
po.(aw,_aw, )

(aw,_aw, ) -

1 C, (aw])

S j (Dy-exp(oc .C, ).dC, (7.19)
po.(awl_awz) Cu fawn)

where

WVP,1..w2) = Water vapor permeability coefficient for a water activity difference
between the upstream and downstream side of the film equal to aw; and
aw,respectively;

Po = water vapor pressure;

D = water diffusion at zero moisture concentration;

a = constant that accounts for the water ability to plasticize the polymeric matrix;

C,, = polymer moisture content.

The positive slope relationship between a hydrophilic film WVP and thickness
has been reported. Some materials present an exponential relationship (McHugh
et al. 1993). The way thickness affects WVP has been explained on the basis of
structural aspects: (i) film thickness influences film structure and its homogeneity;
(ii) air gap between the solution and the film leads to equilibrium moisture relation-
ships at the film/air interface, but these relationships differ from the test cup solution
equilibrium conditions. Increased thickness lowers the effect of such limit layers.
Generally accepted explanations are related to nonlinear moisture sorption in the
film; (iii) increased thickness results in higher quantity of hydrophilic component,
which may interact with water molecules and cause swelling and apparent thickness
effect (McHugh et al. 1993; Bourlieu et al. 2009).

Hydrophilic film swelling is an especially important characteristic regarding film
thickness during moisture transport. Roca et al. (2008) used a Fickian model to
analyze moisture sorption in hydrophobic (acetylated monoglyceride), hydrophilic
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(wheat gluten), and solid dispersion (dark chocolate) barrier matrixes. The authors
aimed to compare moisture D values by using either a numerical solution (taking
material deformation after sorption into account) or an analytical solution; verifying
that the deformation hypothesis did not affect the D value in the case of the lipid
matrix, but it strongly impacted D.; for the hydrophilic and solid dispersion
matrixes. Assuming that the solid matrix does not swell, the analytical solution to
Fick’s second law underestimates product thickness when water activity increases.
Magnetic Resonance Imaging (MRI) aids diffusion coefficient calculation by means
of a unidirectional Fickian model applied to a rectangular polymer sample. This
model considers an exponential D, dependence on moisture concentration in the
film (Eq. 7.20):
D, =D, "/ (7.20)

where

C,, = moisture concentration at a point;

C,o = moisture concentration at the surface;

D, and A = constants.

Polymer swelling, defined as the increase in sample thickness relative to the
sample initial thickness, can be accurately fitted by using the following equation:

S =S, (1-¢™) (7.21)

where

S = swelling at time t;

S = maximum swelling as time approaches oo;

k = swelling rate.

Temperature also impacts the film moisture barrier property—higher tempera-
tures increase molecular mobility and diffusivity, inducing accelerated water move-
ment through barrier matrixes. Provided the coating structure remains unaltered, the
dependence of the diffusion, sorption, and permeability coefficients on temperature
can be expressed by the Arrhenius Law (Rogers 1985):

E
P=P exp| ——2 7.22
o XP[ RTJ (7.22)

E
D =D"exp| ——2 7.23
o[-5e) a2
S=S, exp(—AH, /RT) (7.24)

where
E,, and E,, = permeation and diffusion process activation energy(kJ/mol);
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AHj, = heat of sorption (kJ/mol);

R = perfect gas constant (8.314 J/mol/K);

T = temperature (K);

D*, P,, S, = pre-exponential factors for the three processes.

If the moisture diffusion coefficient and the solubility are constant over the inves-
tigated water activity range, the permeability energy of activation can be obtained
from the relation:

E,,=E,, +AH (7.25)

Water vapor diffusion is always a thermally activated process with positive E, p.
However, E,p can be negative or positive for both hydrophilic and hydrophobic
films. E,p depends on the mechanism that predominates in moisture transport
through films and on the result of the sum of AH, and E, ..

7.3.2 Oxygen Permeability

Oxygen permeability is the second most commonly studied transport property of
edible polymeric films. Edible film oxygen permeability depends on many factors,
such as temperature and relative humidity. High temperature promotes exponential
gas transfer across the film (Mate and Krochta 1996). Higher relative humidity
increases interaction between water molecules and the polymer, making the film
more plasticized (Hong and Krochta 2006). These conditions favor mobility and
extensive mass transfer across the film. For this reason, the edible film antioxidant
ability should always be tested under controlled relative humidity conditions.

The apparatus that is generally used to determine oxygen permeability in films is
based on a colorimetric sensor, like Oxtran (Mocon, Modern Controls Inc.,
Minneapolis, MN, U.S.A), or on manometric methods, including the Lyssy L100
series (Lyssy, Zurich, Switzerland) for dry and noncorrosive permanent gases, both
certified by the ASTM F1927 standard (ASTM 2014). However, these apparatus
and techniques do not allow gas permeability measurements for different relative
humidity values, which is necessary during food product simulation. Nevertheless,
Oxtran is the most suitable apparatus available to determine gas permeability
through edible films.

Analysis with the OXTRAN equipment is used to measure the amount of oxygen
that passes through a unit of area parallel to the packaging material surface during a
given period. This equipment consists of two test cells, which hold the samples
(Fig. 7.5). During the process, oxygen gas is released between the two cells, while
the entrainment gas, which is composed of a mixture of nitrogen (major component)
and hydrogen, passes outside the cells. As oxygen permeates the film, it mixes with
the drag and passes through a colorimetric sensor that measures the electric current
resulting from the cathodic and anodic reactions. This current is proportional to the
amount of oxygen (reactions represented in Fig. 7.5).
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The equipment is connected to a microcomputer operating with software that
provides all the results. Each reading yields a permeability oxygen rate (TPO,). The
experiment ends when the TPO, values stabilize; that is, when the TPO, X time
curve is constant. Oxygen permeability (PO,) is the highest value obtained through-
out the analysis and can be calculated by Eq. (7.26):

_TPO,
AP

PO, (7.26)

where

TPO, = oxygen permeability rate;

AP = difference between oxygen partial pressure between the two sides of the
film, which corresponds to the atmospheric pressure (101.3 kPa) when the samples
are subjected to pure oxygen gas (100%) on one side of the film and to entrainment
gas containing 98% nitrogen and 2% hydrogen on the other side of the film.

The oxygen permeability coefficient (P’O,) is calculated by multiplying oxygen
permeability (PO,) by sample thickness.

7.3.3 Aroma Permeability

Aroma transport through edible films can result in flavor loss, scalping, and/or con-
tamination, to culminate in unacceptable product quality. Therefore, aroma barrier
is an important parameter when selecting polymeric films. However, there is limited
information on the aroma barrier property of many polymeric materials mainly
because several aroma compounds exist, and interaction between aroma compounds
and polymers can be very complex. Additionally, permeation measurement methods
and equipment to detect aroma compounds are more complicated than methods and
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Fig. 7.6 System used to determine aroma permeability in films

equipment available for gas detection (oxygen, carbon dioxide, and water vapor)
(Leelaphiwat et al. 2017).

Debeaufort et al. (1998) described a dynamic method to measure aroma vapor
fluxes through edible films (Fig. 7.6). The permeation cell consists of two chambers
divided by the studied film. The two chambers are continuously swept with a nitro-
gen flow. Aroma concentrations in the vapor phase on the upper side of the cell are
obtained by mixing two flows: one containing the volatile compound, and the other
containing dry nitrogen. Flows containing vapors are obtained by bubbling dry
nitrogen through pure compounds. The volatile compounds passing across the film
are swept by the carrier gas (N,) and carried to an automatic injection valve through
a transfer line that is heated to prevent adsorption. A carrier gas is automatically
injected in the gas chromatograph at regular intervals.

Leelaphiwat et al. (2017) used gas chromatography techniques to determine
eucalyptol and estragol permeability in low-density polyethylene (LDPE), polypro-
pylene (PP), nylon (Nylon), polyethylene terephthalate (PET), metalized polyethyl-
ene terephthalate (MPET), and poly(lactic acid) (PLA) films at 15 and 25 °C.

7.4 Edible Film Barrier Properties and Attempts to Improve
this Property

7.4.1 Edible Film Barrier Properties

Edible films and coatings consist of hydrocolloids (such as polysaccharides or pro-
teins) or hydrophobic compounds (e.g., lipids or waxes) (Alvarez et al. 2017). Films
made from polysaccharides are expected to be good oxygen and carbon dioxide
barriers due to their tightly packed and ordered hydrogen-bonded network structure.
Nevertheless, the relatively lower water resistance and poorer vapor barrier of poly-
saccharide films, which are a consequence of their hydrophilic nature, limit their
use in food packaging (Yang and Paulson 2000). In addition, polysaccharide films
only present good gas barrier properties if they are not plasticized with water or
other plasticizers. Gas permeability increases significantly with rising water/
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Table 7.1 Barrier properties of films produced from different raw materials
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Water vapor Oxygen
permeability permeability
(X107 gzm~".s7!. | coefficient (cm?
Edible films Pa!) pm.m~2.d"".kPa") |References
Starch Oat 0.042 - Galdeano et al.
(2009)
Babassu 3.52-5.52 - Maniglia et al.
(2017)
Achira 3.2 - Andrade-Mahecha
et al. (2012a)
Amaranth 2.7 - Tapia-Blacido
(2006)
Quinoa 0.6 - Aratjo-Farro et al.
(2010)
Rice 0.5 - Dias et al. (2010)
Banana 2.0 - Pelissari et al.
(2013)
Corn 0.9 - Luchese et al.
(2017)
Cassava 1.17 -
Wheat - 57% RH =>0.12 to | Gaudin et al.
1.23 (2000)
Sweet potato 2.02 50% RH =>3.52 Shen et al. (2010)
Chitosan | Glycerol - 0% RH Butler et al. (1996)
=>0.01-0.04
Sorbitol - 0% RH
=>0.04-0.08
Celullose | Microfibrillated - 50% RH =>3.52 to | Syverud and
cellulose 5.03 Stenius (2009)
Carboxymethylated | — 0% RH =>0.0006 | Aulin et al. (2010)
microfibrillated 50% RH = >0.85
cellulose
Protein Fish 1.45 - Romani et al.
(2017)
Collagen - 0% RH =>1.20 Mchugh and
Krochta (1994a, b,
)
0.21 - He et al. (2011)
Sesame 0.09-0.16 - Sharma and Singh
(2016)
Whey protein - Glycerol: 50% RH | Sothornvit and
=>40to 330 Krochta (2000)
- Sorbitol: 30% RH | Mchugh and
=>1.03 Krochta (1994a, b,
©)
Soy 12.2 - Martelli-Tosi et al.

(2017)

(continued)
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Water vapor Oxygen
permeability permeability
(x107"° gzm~".s7!. | coefficient (cm?
Edible films Pa7!) pm.m~2.d"".kPa") |References
Flour Turmeric Glycerol: 0.823 - Maniglia et al.
(2015)
Sorbitol: 0.461 - Maniglia et al.
(2014)
Babassu 9.30 - Maniglia et al.
(2017)
Achira 53 - Andrade-Mahecha
et al. (2012a)
Amaranth 0.7 - Tapia-Blacido
(2006)
Quinoa 0.6 - Aradjo-Farro et al.
(2010)
Rice 1.1 - Dias et al. (2010)
Banana 2.1 - Pelissari et al.
(2013)
- 50% RH =>23 Sothornvit and
Pitak (2007)
Synthetic | Cellophane 0.84 57% RH =>159.48 | Embuscado and
plastics LDPE (low density | 0.009 50% RH =>1870 | Huber (2009)
polyethylene)
HDPE (high density | 0.002 50% RH = >427
polyethylene)

plasticizer content in the films as observed by Dole et al. (2004) and Gontard et al.
(1996). This restricts their fields of application, namely in food packaging.

Table 7.1 lists the water vapor and gas barrier properties of some edible films
made from polysaccharides (starch, chitosan, and cellulose). Starch is an abundant,
inexpensive polysaccharide obtained from cereals, legumes, and tubers. It consists
of two macromolecules: amylose, which is essentially linear, and amylopectin,
which is highly branched. The proportion of these polymers in starch depends on
the starch source, and this proportion provides the film with particular properties
(Han et al. 2006). Starch films are hydrophilic, so their properties change when rela-
tive humidity fluctuates; for example, the starch film barrier properties decrease
with increasing relative humidity (Bai et al. 2002). Therefore, starch is not the best
option when it comes to working with minimally processed high-water activity
commodities.

Chitosan is a derivative of chitin, which is obtained from marine invertebrates.
After cellulose, chitosan is the second most abundant polysaccharide resource on
Earth (Tuil et al. 2000). Chitosan films have lower oxygen and carbon dioxide per-
meability than polyethylene films (Hosokawa et al. 1990; Butler et al. 1996).
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Table 7.1 shows the oxygen permeability of chitosan films with different plasticiz-
ers (sorbitol and glycerol).

Cellulose is an inexpensive abundant natural polymer with crystalline structure.
It is insoluble in water, which makes its use as coating difficult. However, some
commercially produced cellulose derivatives like carboxymethyl cellulose (CMC),
methylcellulose (MC), hydroxypropyl cellulose (HPC), and hydroxypropyl methyl-
cellulose (HPMC) can overcome limitations associated with native cellulose. Films
based on cellulose derivatives tend to have moderate oxygen and poor water vapor
barrier properties because of their inherent hydrophilic nature.

Proteins can form edible films because their side chains can establish intermo-
lecular crosslinks (Alvarez et al. 2017). Film properties will depend on the nature of
these linkages. In general, protein films are better barriers than polysaccharides and
are considered to have good gas barrier properties. Nevertheless, their water barrier
property is generally poor (Gennadios et al. 1994) because it depends on the envi-
ronment RH and/or on the food water activity. This may be related to the protein
film with a more polar nature and linear (non-ring) structure, which culminates in
higher cohesive energy density and smaller free volume (Miller and Krochta 1997).

Myosin is the most abundant protein in myofibrils (60-70% of muscle protein),
and it accounts for the myofibril functional properties, including gelation (Bourtoom
et al. 2006; Xiong 1997). However, fish protein films have poor water vapor barrier
performance, which could jeopardize food quality and safety, thus improving these
materials is an important matter (Romani et al. 2017).

Gluten films have good oxygen and carbon dioxide barrier properties, but they
exhibit relatively high WVP (Gennadios and Weller 1990). Whey protein produces
a translucent and flexible film with excellent oxygen and aroma barrier properties at
low RH (McHugh and Krochta 1994a, b, c; Miller and Krochta 1997). Soy protein
isolate films also presented high WVP as compared to other protein sources.

Nowadays, collagen is one of the most widely investigated proteins—it not only
represents the main structural protein accounting for approximately one-third of all
vertebrate body proteins (Lee and Mooney 2001), but also has commercial and
industrial significance, as exemplified by its traditional use in the leather industry
and its current biomedical applications.

Flour is another source of compounds to produce films. Flour materials have a
complex structure that contains starch, protein, fibers, and lipids (Gutiérrez et al.
2016a, b; Gutiérrez and Alvarez 2017b, c). Interest in these materials lies on the
favorable and natural thermodynamic compatibility of its biopolymers, which pre-
vents phase separation (Grinberg and Tolstoguzov 1997) and is in contrast to what
often occurs when biopolymers are mixed during film processing (Arvanitoyannis
and Kassaveti 2009). Flour film properties depend on the interaction established by
the mixture of biopolymers (starch, protein, and fibers) and lipid, on the distribution
of these interactions within the film matrix, on the balance between hydrophilic and
hydrophobic interactions, and on the concentration of each component within the
film (Andrade-Mahecha et al. 2012; Tapia-Blacido et al. 2007). Table 7.1 depicts the
barrier properties of some films based on flour (turmeric, babassu, achira, amaranth,
quinoa, rice, and banana).
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Comparison between edible and synthetic films (cellophane, low density poly-
ethylene - LDPE, and high polyethylene - HDPE) reveals that the latter films have
higher oxygen permeability. On the other hand, some edible films and cellophane
have similar WVP. LDPE and HDPE films display the lowest WVP.

7.4.2 Research into Improved Edible Film Barrier Properties

Several strategies have been tested to improve the edible film barrier properties of
bio-based materials for sustainable food packaging applications (Table 7.2). One of
these strategies is to use additives; e.g., to include inorganic impermeable particles
like mica flakes, to decrease CO,, O,, and water vapor permeability by 73%, 27%,
and 40%, respectively (Alves et al. 2010). Another strategy is to include essential
oils (EOs) like lemon EO (2%), which can reduce film WVP by 16.08% as com-
pared to the control (Song et al. 2018). Plasticizer type also influences barrier prop-
erties. Al-Hassan and Norziah (2012) noted that starch-gelatin blends plasticized
with sorbitol have higher WVP (~ 50%) as compared to the same blends plasticized
with glycerol. Fibers are another type of additive. Ma et al. (2017) added cellulose
nanocrystals obtained from sweet potato to cassava starch film, to diminish WVP by
50%.

Another way to enhance barrier properties is to control the film-forming process
conditions. For example, Angellier-Coussy et al. (2011) prepared wheat gluten films
and evaluated process temperature. Increasing the temperature from 80 to 120 °C
reduced the gluten film WVP by 28%. Herndndez-Izquierdo and Krochta (2008)
produced films from whey protein isolated by compressing molding (336 g mm/d
kPa m?), to obtain more water-permeable films than films prepared by solution cast-
ing (120 g mm/d kPa m?).

Finally, chemical modifications such as crosslinking are another way to improve
barrier properties. Balaguer et al. (2013) produced wheat gluten film crosslinked
with cinnamaldehyde, to achieve 64%, 75%, and 79% reduction in water vapor,
oxygen, and carbon dioxide permeability, respectively.

7.5 Release Mechanism of Active Compounds

Traditionally, packaging materials are selected so that they interact minimally with
the food they contain and can therefore be considered as inert barriers. However, in
the last decades, several packaging systems that interact with the food product in a
desirable way, the so-called active packaging, have been developed. Active packag-
ing is defined as a system where product, packaging, and free space interact, to
result in improved product quality and safety (Suppakul et al. 2003; Vermeiren et al.
2002). This packaging can modify the environment inside the food package, thereby
altering the state of the packaged food system and its headspace. Food quality is



168

D. R. Tapia-Blécido et al.

Table 7.2 Strategies to improve edible film barrier properties

Films Strategies Results References
Additives | Kappa- Mica flakes Films with mica flakes have | Alves et al.
carrageenan/ significantly lower CO, (2010)
pectin blends (73%), O, (27%), and water
vapor (40%) permeability
Corn starch/ | Lemon essential oil | Compared to the control, Song et al.
wheat gluten the film with 2% lemon (2018)
blends essential oil has 16.08%
lower WVP
Starch-gelatin | Plasticizer type Sorbitol furnishes more Al-Hassan and
blends water vapor-permeable Norziah
films than glycerol (~ 50%) | (2012)
Cassava starch | Without cellulose WVP: 2 g mm/m?.d.kPa Ma et al.
films nanocrystals (2017)
0.4 g cellulose WVP: 1.1 g mm/m?.d.kPa
crystals of sweet
potato/100 ml
solution
Process Wheat gluten | Processing Increasing temperature Angellier-
conditions temperature from80 °C to 120 °C Coussy et al.
caused reduction of the (2011)
water vapor (28%)
permeability
Whey protein | Compression 336 ¢ mm/d kPa m? Hernéndez-
isolate molding Izquierdo and
Solution-casting 120 g mm/d kPa m? Krochta
(2008)
Chemical | Wheat gluten | Crosslinking with | 5% cinnamaldehyde Balaguer et al.
treatment cinnamaldehyde reduces water vapor, (2013)
oxygen, and carbon dioxide
permeability by 64%, 75%,
and 79%, respectively

improved as judged from shelf life extension, sensory quality enhancement, and
microbial safety protecting food from external conditions (Debeaufort et al. 2000;
Quintavalla and Vicini 2002; Suppakul et al. 2003;Cha and Chinnan 2004; Ozdemir
and Floros 2004).

In active packaging technologies, the final coated film should fulfill three main
requirements (Gomez-Estaca et al. 2014): (i) the active coating should adhere well
to the film substrate and should be suitable for direct contact with the food; (ii) the
active agent release should be adjusted so as to produce efficient antioxidant activ-
ity; and (iii) the final active coated structure should fulfill the food product func-
tional packaging requirements, which are basically the same as the functional
packaging requirements of conventional passive packaging.

Active packaging with antimicrobial and antioxidant action has been the most
often applied because lipid oxidation and microbial growth are the main factors
underlying food degradation and hence food sensorial and nutritional quality loss
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Fig. 7.7 Mass transfer process by active compound migration to the food and the barrier protec-
tion formed by the presence of the active compound

(Goémez-Estaca et al. 2010; Pereira Jr et al. 2015). Active compound migration to
food is slow, which allows for incorporation of a lower content of preservatives into
the food product.

Mass transfer; i.e., diffusion, governs the release of active compounds within the
food and the film or coating used as packaging (Han and Scanlon 2014). Through
diffusion, bioactive compounds included in the polymer matrix can be transferred to
the product or headspace, where they exert a protective action (antioxidants, antimi-
crobials, etc.) (Fig. 7.7).

When the active material acts as an antioxidant/antimicrobial-releasing system,
active agent release is controlled by combined mass transport processes involving
the active agent partition equilibrium at the interphases and kinetic processes in the
food, headspace, coating, and substrate phases (Lopez-Carballo et al. 2012).
Gomez-Estaca et al. (2014) explained that active substances are partitioned in all
phases constituting the food/package/environment system as observed in Fig. 7.8.

In the case of non-volatile active agents and at equilibrium, concentration ratios
at the interphases are given by the partition coefficients describing equilibrium
between the film substrate (FS) and the film coating (FC), and between the FC and
the food product (F):

c
Kpp ==t K, = (7.27)
% CFS % CF

To obtain high active agent release into the food, the coating matrix should have low
Krer The package must be designed with a substrate material that has low affinity
for the active agent, so that Krcrs is high. This should prevent the substrate from
retaining the active agent. In the case of volatile active agents, the package
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Fig. 7.8 Diagram of the mass transport parameters (partition K, solubility S, and diffusion coef-
ficients D) involved in the various parts of a food stored in a bag consisting of a coated substrate:
substrate (FS), edible film or coating (FC), food (F), and headspace (HS)

headspace (HS) also participates in the mass transport process, and the active agent
concentration in the HS is related to its concentration in the food (F) and coating
(FC), obtained by the corresponding partition coefficients

K, = Cre, K, = G (7.28)

HS Cus HS Cus

or by the solubility coefficients as described by Henry’s law, which expresses the
amount of agent in the HS as partial pressure (pys):

Low solubility coefficients should provide high active agent concentration in the
vapor phase, whereas low Sicys and high Sgys coefficients ensure high active com-
pound concentration on the food surface.

C C
Spe = re . S - =—£ (7.29)
HS Pys HS Pys

Active agent diffusion in the coating is commonly the slowest process, which means
that Dgc (edible film or coating diffusion coefficient) controls active agent mass
transport. The above-mentioned partition and solubility coefficients characterize the
extent of the mass transport process and denote the final active agent concentration
throughout the various phases that constitute the food packaging system, assuming
that equilibrium is achieved. However, the pace at which the system advances
towards equilibrium depends on the active agent diffusion kinetics in the various
system phases. According to Fick’s laws, substance (J) flow in a phase is propor-
tional to the established concentration gradient (d¢/0x):
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¢
X

J=-Doa—; a=FC,FS,F,HS (7.30)

Active packaging could also modify the product (dyes, peptides, vitamins, etc.)
organoleptic and nutritional characteristics. Diffusion of these components—ini-
tially present in the film or coating—should not pose toxicity risks or alter the prop-
erties of the resulting polymeric materials (Salgado et al. 2015).

Salgado et al. (2015) pointed out that the active compound transfer rate depends
on the polymeric material chemical nature and crosslinking degree, on the active
compound concentration, on the active compound affinity for the polymer matrix
and food, and on environmental conditions such as relative humidity, temperature,
and contact time. Therefore, knowing how these variables affect active packaging
effectiveness is essential.

Although edible films and coatings are promising systems for use as active ingre-
dient carriers, application of these materials as food packaging must be evaluated.
Knowledge of food deterioration mechanisms, of package mode of action, and of
their relations is crucial. Studies in real, pragmatic, everyday systems are important
to prove that the developed package is truly effective. Sometimes, the in vitro prop-
erties of a material are not evident in food systems, which is often due to difficult
active compound release or active compound inactivation during processing (Silva-
Weiss et al. 2013).

The concentration of a given active compound added to biopolymer films should
be analyzed because high concentrations of this active agent could generate undesir-
able odors, turbidity, and/or compound precipitation in the films and even affect
their structure, which could consequently impact their functionality (Wambura et al.
2011). According to Cosgrove (2008), the active compound dose needs to be rela-
tively low; in general, the filmstrip can include 30% of active ingredient. The nature
of the interaction between biopolymers and additives for preservation depends on
the nature, chemical characteristics, concentration, and transport mechanism of the
compounds and on the pH of both the biopolymer and additives as well as on the
structural parameters of the active compounds (stereochemistry, conformational
flexibility, and molecular weight).

7.5.1 Films with Antimicrobial Activity

Antimicrobial packaging is one of the most promising active packaging systems.
Because antimicrobial packaging contains antimicrobial agents, it can effectively
kill pathogenic microorganisms or at least inhibit food product spoilage by micro-
organisms that contaminate food (Salleh et al. 2007; Dutta et al. 2009). This type of
packaging prevents microbial growth on the food surface by direct contact of the
packaging material with said surface. Controlled bacteriocin release from packag-
ing film toward the food surface is advantageous over food dipping into bacteriocins
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or food spraying with bacteriocins: in the latter situations, antimicrobial activity
may be lost or reduced due to bacteriocin inactivation by food components or to
considerable bacteriocin dilution below active concentration after they migrate into
the food product(Malhotra et al. 2015). Application of antimicrobial packaging sys-
tems is currently limited by lack of suitable antimicrobials, scarcity of new polymer
materials, regulatory concerns, and need for appropriate testing methods (Jin and
Zhang 2008).

Although antimicrobial mechanisms are still not fully understood, active com-
pounds are thought to exert their effect during the lag phase (Valero and Salmeron
2003; Valero and Ginger 2006), which last several hours for bacteria. Materials have
different antimicrobial activities probably due to distinct antimicrobial compound
diffusion through the polymer matrix. The diffusion coefficient of organic species
in polymers is mainly a function of the organic species molecular weight and poly-
mer type (Reynier et al. 2002). Because the molecular weight range covered by
active compounds is not very large, their diffusion coefficients are quite similar.
Consequently, effective diffusion depends mainly on polymer type and specifically
on polymeric material polarity (Hernandez-Muioz et al. 2002).

Finding an efficient method to deliver antimicrobials within food packaging
materials is necessary. The Food and Drug Administration (FDA) regulates direct
addition of antimicrobials to food formulation and food wrapping films and speci-
fies safety levels for antimicrobial substances in food. Instant addition of antimicro-
bials to food packaging film formulations often results in instant inhibition of
undesired microorganisms (Table 7.3). However, the surviving population will con-
tinue to grow as soon as the added antimicrobial is depleted. Antimicrobials are
primarily depleted due to complex interactions with the food matrix and to their
natural degradation along time, which decreases shelf life (Kester and Fennema
1986; Ouattara et al. 2000; Chi-Zhang et al. 2004).

Chitosan is a natural food preservative, but its antimicrobial mechanism has not
been elucidated yet (Gutiérrez 2017b). Positively charged chitosan molecules are
believed to interact with negatively charged microbial cell membranes, to modify
microbial cell permeability and consequent leakage of cell constituents (No et al.
2007). Chitosan films or coatings have been satisfactorily used on fruits and vegeta-
bles; antimicrobial activity against Bacillus cereus, Brochothrix thermosphact,
Lactobacillus curvatus, Lactobacillus sakey, Listeria monocytogenes, Pediococcus
acidilactici, Photobacterium phosphoreum, Pseudomona fluorescens, Candida
lambica, Cryptococcus humiculus, and Botrytis cinerea has been detected
(Devlieghere et al. 2004; Romanazzi et al. 2002).

Benzoates, proprionates, sorbates, parabens, acidifying agents (e.g., acetic and
lactic acids), curing agents (e.g., sodium chloride and sodium nitrite), bacteriocins,
and natural preservatives (e.g., natural oils, lysozyme, and liquid smoke) are some
of the preservatives and antimicrobials that are more commonly used in edible films
and coatings (Cagri et al. 2004). Antifungal compounds, organic acids, potassium
sorbate, and the bacteriocin nisin reduce foodborne microorganism levels more
effectively when they are immobilized on or incorporated into edible gels (i.e.,
starch, carrageenan, waxes, cellulose ethers, or alginate) and applied to meat sur-
faces as compared to these agents alone (Cutter and Sumner 2002; Ustunol 2009).
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Table 7.3 Active films with antimicrobial activity
Antimicrobial
Biopolymers compounds Effect of active compounds References
Gelatin and chitosan Clove, fennel cypress, | Clove essential oil showed the | Gomez-
lavender, thyme, highest inhibitory effect, Estaca et al.
herb-of-the-cross, pine, |followed by rosemary and (2010)
and rosemary essential | lavender essential oils
oils Clove-containing films
inhibited the microorganisms
Pseudomonas fluorescens,
Shewanella putrefaciens,
Photobacterium
phosphoreum, Listeria
innocua, Escherichia coli, and
Lactobacillus acidophilus
Soy protein 1,2,3,4,and 5% E. coli and S. aureus were Emiroglu
oregano (OR) or thyme | significantly inhibited by et al. (2010)
(TH) essential oils antimicrobial films. L.
plantarum and P. aeruginosa
were the most resistant
bacteria
Essential oil in soy protein
films reduced coliform and
Pseudomonas spp. counts in
beef patties
Carragen Satureja hortensis Films containing SEO Shojaee-
essential oil (SEO) inhibited selected bacteria Aliabadi
(Staphylococcus aureus ATCC | et al. (2013)
25923, Bacillus cereus PTCC
1154, Escherichia coli ATCC
25922, Pseudomonas
aeruginosa ATCC 27853, and
Salmonella typhimurium
ATCC 14028)
Chitosan Thymus moroderi and | In chitosan films, Thymus Ruiz-
Thymus piperella piperella essential oil was Navajas

essential oils

more effective against
Serratia marcenscens and
Listeria innocua than Thymus
moroderi essential oil

et al. (2013)

Sweetpotato starch
(SPSF)

Origanum essential oil

(0G)

Antimicrobial activity of
SPSF films containing OG
increased with increasing OG
concentration. SPSF/OG films
exhibited greater inhibitory
effects against gram-negative
bacteria such as S. enteritidis
and E. coli O157:H7 than
against the gram-positive L.
monocytogenes

Ehivet et al.
(2011)

(continued)
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Antimicrobial
Biopolymers compounds Effect of active compounds References
Cassava starch Cinnamon essential oil | Effective antimicrobial Souza et al.
activity against the fungi P. (2013)
commune and E. amstelodami
Chitosan Microemulsions formed | Micro emulsions create micro | Guo et al.
from Corn-bio-fiber pores (100 to 300 nm) and (2008)
gum (C-BFG) as micro channels that hold
emulsifier additive with | antimicrobials effectively and
allyl isothiocyanate facilitate antimicrobial release
(AIT) and lauric from the center to the surface
arginate ester (LAE) as | of films or coatings, thus
antimicrobials enhancing their antimicrobial
efficacy. Films with 1% AIT
reduced Listeria innocua
populations in ready-to-eat
meat and strawberries. Films
with 1% LAE reduced
Escherichia coli and
Salmonella spp. populations
in strawberries
Carboxymethylcellulose | Potassium sorbate Pistachios were coated with | Sayanjali

this edible antimicrobial film
containing 1, 0.5, or 0.25 g of
sorbate/100 mL of film
solution. Potassium sorbate
inhibited Aspergillus flavus
and Aspergillus Parasiticus
growth

etal. (2011)

Corn starch

Silver nanoparticles
(ag-NPs)

Films presented antimicrobial
activity against
Staphylococcus aureus,
Escherichia coli, and Candida
albicans without significant
differences between ag-NPs
concentrations. Migration of
components from
nanostructured starch films,
assessed by food contact tests,
was minor and under the legal
limits

Abreu et al.
(2015)

Chitosan

Propionic acid

Propionic acid incorporation
into chitosan films inhibited
Candida spp and Penicillium
spp growth and extended food
shelf life by maintaining
microbial growth in the
latency period

Rivero et al.
(2013)
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The most common test used to determine film antimicrobial activity is based on
inhibition zone evaluation in the disc diffusion method (Barry and Meyer 1979).
This method consists in using Petri dishes containing the medium with inoculated
microorganisms. Circular film pieces with diameter of approximately 1.5 cm are
placed on the surface of previously inoculated culture medium. The Petri dishes are
stored at 32-37 °C inside a circulation oven overnight to allow bacteria to grow.
Inhibition zones are directly measured on the dishes on the basis of the clear zone
average diameter.

7.5.2  Films with Antioxidant Activity

Oxygen underlies many degradation processes in foods such as lipid oxidation,
microorganism growth, enzymatic browning, and vitamin loss (Ayranci and Tunc
2003). Fat oxidation results in altered flavor and color and nutrient loss (Hong and
Krochta 2006). Oxidative processes cause degradation of meat proteins, pigments,
and lipids, which reduces the food product shelf life (Liu et al. 2010). Although
some oxygen availability is necessary for living tissue respiration, this process
accelerates consumption of sugars and other compounds, thus increasing ethylene
production and eliciting senescence in fruits and vegetables (Oms-Oliu et al. 2008;
Rojas-Graii et al. 2007).

The antioxidant effect of stand-alone edible films is strongly linked to their oxy-
gen permeability (OP), which can be directly measured by the oxygen permeation
tests shown in item 3.2. Application of antioxidant and anti-browning agents, such
as ascorbic and citric acids, can delay deleterious oxygen effects on food.

Nowadays, researchers have tended to include strongly flavored antioxidants (e.g.
essential oils, N-acetylcysteine, and glutathione) in edible films and coatings to
reduce strong aroma. Table 7.4 summarizes some films added with antioxidant
agents like protocatechuic acid, hydroxybenzoic acids, epigallocatechin gallate
nanocapsules, mango kernel extracts, polysorbate-thymol micelles, free lycopene
and lycopene nanocapsules, rosemary extracts, husk powder, montmorillonite, murta
leaves extract, and clove essential oil. Recent studies have also dealt with renewable
sources that already contain active compounds associated with macromolecules and
which can be used as active packaging for food. This natural system of renewable
sources makes phase separation between the bioactive substance and the polymer
matrix like babassu, turmeric, and red rice more difficult (Mufoz-Bonilla and
Fernandez-Garcia 2012). The addition of vitamin E has been also evaluated in whey
protein isolate edible coatings (Lee et al. 2002). Duan et al. (2010) observed that
chitosan—fish oil coating increased total lipid and omega-3 fatty acid contents in fish
by about threefold, reduced TBARS (thiobarbituric reactive substances) values in
both fresh and frozen samples, and decreased drip loss of frozen samples by 14.1-
27.6%. The chitosan antioxidant property is attributed to its ability to chelate free
iron released by myoglobin degradation during meat storage (Kamil et al. 2002).
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Table 7.4 Edible films with antioxidant activity
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Biopolymer Active compound Effect of active compounds References

Chitosan Protocatechuic acid Chitosan/PA composite films Liu et al.
(PA) presented more total phenolic | (2017a)

content and antioxidant activity
than chitosan films.

Chitosan Hydroxybenzoic acids: | Antioxidant activity assays Liu et al.
Gallic acid (GLA), showed that chitosan films with | (2017b)
gentisic acid (GTA), hydroxybenzoic acid had
protocatechuic acid higher DPPH scavenging
(PA), syringic acid activity than films consisting of
(SA), and vanillic acid | chitosan only. Gallic acid
(VA) provided higher antioxidant

activity.

Chitosan/zein Epigallocatechin Film DPPH scavenging activity | Liang et al.
gallate nanocapsules increased as the nanocapsule (2017)
(EGCG) suspension concentration

increased.
Soy protein isolate (SPI)  Mango kernel extracts | Antioxidant activity increased | Adilah

and fish gelatin (FG)

(MKE) from 1 to 5%

at high MKE concentration in
both films, with more impact in
the case of SPI films. DPPH
analysis of SPI films revealed
that these films had the greatest
antioxidant activity (89%) upon
inclusion of 5% MKE extract.

etal. (2018)

Potato starch

Polysorbate-thymol
micelle

Starch/polysorbate/thymol
exhibited ABTS and DPPH
radical scavenging activity,
which was lower than
polysorbate/thymol. Thymol
micelle incorporation into
starch significantly decreased
thymol antioxidant capacity.
This reduced antioxidant
activity might be attributed to
thymol encapsulation in the
starch chain as confirmed by
atomic microscope analysis.

Davoodi
et al. (2017)

Cassava starch

Free lycopene and
lycopene nanocapsules

Lycopene nanocapsules
provided greater protection to
sunflower oil stored under
accelerated oxidation
conditions, which attested to
their potential application as
antioxidant packaging to
prevent high-fat food oxidation.

Assis et al.
(2017)

(continued)
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Table 7.4 (continued)
Biopolymer Active compound Effect of active compounds References
Babassu flour and starch | — Films produced from babassu | Maniglia

flour or starch showed
antioxidant activity as
evaluated by the DPPH
method.

et al. (2017)

Turmeric flour

Films produced from turmeric
flour showed antioxidant
activity as evaluated by the
DPPH method

Maniglia
et al. (2015)

Cassava starch

Rosemary extracts

Rosemary extracts provided
cassava starch films with
antioxidant activity (DPPH
method). Polyphenols migrated
from edible films to food
simulants after 7 days of film
exposure.

Pifieros-
Hernandez
etal. (2017)

Brazilian pine seed
(Araucaria angustifolia)
flour

Husk powder

The highest antioxidant activity
(as measured by the DPPH
method) of Brazilian pine seed
husk powder films was due to
the presence of high amounts
of flavonoids, mainly quercetin
and apigenin, and tanins,
mainly catechin and
epicatechin, in A. angustifolia
husk

Daudt et al.
(2017)

Red rice flour and starch

Red rice flour and starch
displayed antioxidant activity
due to the presence of
antioxidant compounds such as
phenolic compounds and
procyanidins in red rice. These
compounds should exert a
protective action against lipid
oxidation in sunflower oil.

Vargas et al.
(2017)

Carboxymethylcellulose
(CMC)

Montmorillonite(MMT)
activated with murta
(Ugni molinae Turcz)
leaf extract

The antioxidant capacity
(ABTS method) of films added
with murta extract increased
over 18-fold as compared to the
CMC control film due to the
presence of gallic acid,
myricetin, and quercetin in the
murta extract. MMT addition to
the CMC—-murta extract
formulations significantly
increased the antioxidant
activity.

Gutiérrez
etal. (2012)

(continued)



178 D. R. Tapia-Blicido et al.

Table 7.4 (continued)

Biopolymer Active compound Effect of active compounds References
Carboxymethylcellulose | Clove essential oil CMC films had lower Dashipour
(CMCO) (CEO) antioxidant activity (0.32%) et al. (2014)

than CMC/CEO films. Addition
of 3% CEO yielded films with
high antioxidant activity
(71.76%).

7.6 Case Study: Application of Turmeric Coating Produced
from Turmeric Dye Residue for Post-harvest Banana
Preservation

Coatings produced from renewable sources increase food product durability, pre-
serve foodstuff texture and nutritional value, decrease water loss or gain, and allow
greater flexibility during fruit and vegetable handling and trade along post-harvest
storage (Vargas et al. 2008; Baldwin et al. 2011).

Curcuma longa L. is a plant native to India. It is cultivated throughout the tropi-
cal world for medical uses and flour production. Recently, Maniglia et al. (2014,
2015) evaluated the residue from the pigment extracted from turmeric rhizomes as
raw material for biodegradable film processing, which will be referred to as tur-
meric residue. This residue contains starch, proteins, fibers, and lipids and has a
residual content of curcuminoids, such as curcumin, demethoxycurcumin, and bis-
demethoxycurcumin. These phenolic compounds have antioxidant (Maniglia et al.
2014,2015), anti-inflammatory (Menon and Sudheer 2007), antimicrobial (Arutselvi
et al. 2012), and anticarcinogenic activities(Jiang et al. 2012). Curcumin is consid-
ered to be the main bioactive compound in this residue (Paramasivam et al. 2009).
The great advantage of preparing coatings with turmeric residue is its intrinsic anti-
oxidant activity, which dismisses the need to incorporate additional active sub-
stances in the polymer matrix.

In this part of the Chapter, we will show results concerning bananas coated with
treated turmeric residue. This research was developed in the Chemistry Department
of the University of Sdo Paulo (USP) campus located in the city of Ribeirao Preto.

We failed to obtain films from turmeric residue (Maniglia et al. 2014, 2015): its
closely packed structure retained starch granules and prevented water access for
film formation. For this reason, we submitted the turmeric residue to mechanical
and chemical treatments. Mechanical treatment reduced the turmeric residue parti-
cle diameter, to increase the superficial area of this material for future chemical
treatment. Particle size reduction increased surface area by significantly raising the
number of surface atoms as compared to the total particle volume, thus altering
chemical reactivity (Martinez and Alves 2013). Mechanical treatment was per-
formed by ball milling at 5 Hz for 24 h. To evaluate the mechanical treatment effect,
we determined the Dy, diameter (the maximum diameter of 80% of the particles).
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The mechanically treated turmeric residue (TRM) had lower Dg, diameter
(0.265 + 0.007) than the initial material (0.685 + 0.007).

We carried out chemical treatment to break the fibers in the turmeric residue, to
solubilize the protein, to remove ashes and lipids, and to release starch without
damaging the granules. Chemical treatment comprised two stages: alkaline treat-
ment and bleaching. For the alkaline treatment, the ground sample (20 g) was dis-
persed in 2.5% sodium hydroxide solution (400 mL) with subsequent shaking at
ambient temperature for 4 h in a shaker (SL222, Solab, Brazil). Subsequently, the
suspension was centrifuged in Quimis centrifuge (Q222RM, Brazil) at 1500 rpm
and 10 °C for 10 min. The material was washed and centrifuged under the same
conditions, until pH 7 was achieved, and dispersed in a solution containing 3.3%
sodium chlorite and 0.7% acetic acid (350 mL). This procedure was performed in a
jacketed beaker at room temperature for 4 h; a magnetic stirrer was used. The sus-
pension was centrifuged in Quimis centrifuge (Q222RM, Brazil) at 1500 rpm and
10 °C for 10 min. The material was washed and centrifuged under the same condi-
tions, until pH 7 was reached. The chemically treated turmeric residue (TRC) was
dried in an oven at 40 °C (Q314M, CHEMIS).

Table 7.5 shows that the turmeric residue, the mechanically treated turmeric resi-
due (TRM), and the chemically treated turmeric residue (TRC) consisted mainly of
starch and contained significant fiber content, low humidity, and small fractions of
proteins and lipids. Mechanical treatment only significantly affected the moisture and
ash contents. Chemical treatment reduced the lipid, protein, ash, hemicellulose, and
lignin contents. The cellulose content was higher in TRM and TRC probably because
cellulose resisted to chemical hydrolysis because it contained fewer amorphous
regions susceptible to attack by chemical reagents (Behera et al. 2014). The starch
content was also higher in TRM and TRC, but the amylose content was lower in the
treated residues (turmeric residue: 53.18% and treated turmeric residues: 37.17%).

Because turmeric residue is advantageous not only for its high starch content, but
also for the presence of curcuminoids, we determined the antioxidant activity and
the contents of curcuminoids and total phenolic compounds in the treated turmeric
residues (Table 7.6). The treated residues still presented antioxidant activity and
significant content of curcuminoids. TRC could be an interesting food coating, so
we applied it to coat bananas as an attempt to extend the fruit (Musa acuminata)
shelf life. The coating solution was prepared by following the same methodology
used to obtain turmeric films (Maniglia et al. 2014). The turmeric coating formula-
tion consisted of 6 g of TRC/100 g of solution and of 25 g of glycerol/100 g of TRC
and was applied to the fruit by immersion. The bananas were dipped into the tur-
meric coating formulation for 1 min, and the excess gel was allowed to drain away.
The samples were then hung inside an oven with forced circulation (MA Q314M,
Quimis, Brazil) and stored at 25 °C and 65% RH for 12 days. The way the turmeric
coating affected banana weight loss, firmness, pH, titratable acidity, contents of
soluble solids and reducing sugars, and peel color was evaluated along 12 days of
storage. Analyses were performed on days 0, 2, 4, 6, 8, 10, and 12 after the turmeric
coating was applied. To analyze soluble solids, pH, titratable acidity, and reducing
sugars, bananas were peeled, and pulps were removed and centrifuged at 10,000 rpm
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and 10 °C for 15 min (MA Q222RM, Quimis, Brazil). The supernatant was ana-
lyzed. Weight loss was determined as the average of individual sample weights
measured with a digital balance (Sartorius BL210S, New Jersey, USA). Results are
expressed as the percentage loss of initial weight (day 0). pH was measured in 6 g
of centrifuged solution diluted in 50 mL of water. Reading was performed in a pH
meter (MA522, Marconi, Brazil) with automatic correction values, as a function of
temperature. Titratable acidity was expressed as mg of malic acid per 100 g of sam-
ple because malic acid is the prevalent organic acid in banana fruit (Cano et al.
1997). Banana pulp firmness was determined with a texture analyzer TA TX Plus
(TA Instrument, England). Soluble solids were directly measured with a digital
refractometer (HI 96801, Hanna, Brazil); results are expressed as degree Brix
(°Brix). Reducing sugars were determined by the DNS (3,5-dinitrosalicylate)
method according to Miller (1959). Skin color was visually scored by adopting the
standard banana color chart, which ranged from 1 to 8, where 1 = green; 2 = green
with yellow stains; 3 = more green than yellow; 4 = more yellow than green; 5 = yel-
low with green tinge; 6 = completely yellow; 7 = yellow slightly mottled brown; and
8 = yellow samples with big brown areas(Alves 1999).

Figure 7.9 shows the firmness and weight loss evolution of uncoated and coated
bananas cv. ‘Magd’ stored at 25 °C for 12 days. Weight loss variation was similar
for uncoated and coated bananas. It was possible to adjust the data to a simple linear
regression model “y = a + bx”. The coefficients of determination (R?) were higher
than 0.9, which confirmed the excellent fit and indicated that mass loss followed the
same mechanism in both samples. However, uncoated bananas had higher weight
loss than coated bananas along storage for 12 days, approximately 28% and 23% of
the initial mass, respectively.

Both samples showed intensive firmness decay from day 2. In general, the
turmeric coating delayed softening only slightly. At the end of the storage period,
coated bananas showed higher firmness (1.20 N) than uncoated samples (0.98 N),
which represented an overall decrease of 91% and 93%, respectively.
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Fig. 7.9 Weight loss and firmness evolution for uncoated and coated bananas stored at 25 °C for
12 days. Each data point is the mean of three replicate samples
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Fig. 7.10 pH and titratable acidity of uncoated and coated bananas stored at 25 °C for 12 days.
Each data point is the mean of three replicate samples

Figure 7.10 depicts the pH and titratable acidity of uncoated and coated bananas
cv. ‘Mag@’ stored at 25 °C for 12 days.

The pH value varied slightly along storage: from 5.7 (day 0) to 5.5 (day 12) and
from 5.7 (day 0) to 5.4 (day 12) for uncoated and coated bananas, respectively.
Higher decay occurred on day 6 for both uncoated and coated bananas (pH ~4.6),
which indicated that this was the fruit climacteric peak. Figure 7.10 also shows
variations in pulp titratable acidities. The turmeric coating effectively reduced acid-
ity along all the studied period as compared to uncoated bananas. The percentage of
titratable acidity increased simultaneously for both uncoated and coated samples up
to day 6, with maximum values of 0.64 and 0.59%, respectively. After this period,
titratable acidity decreased for both samples (0.45% for uncoated and 0.37% for
coated samples).

Figure 7.11 reveals that both uncoated and coated samples had significantly
higher content of soluble solids after day 2. Values stabilized at 24.9% and 23.4%
for uncoated and coated bananas, respectively. The peak value of soluble solids was
on 6 day. On the other hand, coated bananas presented lower content of reducing
sugars than uncoated samples along all the storage. This difference was more evi-
dent from day 6. At the end of the storage period, the contents of reducing sugars
were 29.3 and 21.5 g/L for uncoated and coated bananas, respectively. These con-
tents suggested that the turmeric coating delayed maturation—the presence of
reducing sugars indicated that starch hydrolysis and inversion of sucrose into glu-
cose plus fructose occurred, which is directly related to fruit ripening (Kays 1997).

Figure 7.12 illustrates the color and the visual aspect of uncoated and coated
bananas during storage determined by visual inspection. Banana skin color varies
according to the degree of maturation. During ripening, chlorophyll is degraded, to
expose carotenoids, which are the main pigments accounting for the yellow color of
banana skin (Prill et al. 2012). Banana peel also contains phenolic compounds,
which can be oxidized by polyphenoloxidase, to produce quinine. This raises the
levels of macromolecules, to intensify brown pigmentation (Siriphanich 2006).
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Fig.7.11 Contents of soluble solids and reducing sugars in coated and uncoated bananas stored at
25 °C for 12 days. Each data point is the mean of three replicate samples

Sal 5 Day 0 Day 2 Day 4 Dy 6 Day 8 Day 10 Day 12

Unicoated

Skin color
| (level 1-8)

Coated

Skin color
(level 1-8)

Fig. 7.12 Visual aspect and skin color of uncoated and coated banana peels stored at 25 °C for
12 days

Figure 7.12 shows a significant difference in the colors of uncoated and coated
fruits along storage. Distinctions were noted on day 2 for both samples. In the final
storage period (days 8 and 12), uncoated fruits exhibited brown areas, which con-
trasted with the coated banana color. Development of darker shades and loss of
yellow tones could indicate banana over-ripeness and quality loss (Yap et al. 2017).
Coated bananas maintained their color up to day 10, whilst uncoated bananas had
shelf life of around 6 days in the storage conditions adopted herein. The turmeric
coating delayed banana peel color deterioration because it increased CO, concen-
tration and decreased O, concentration, thereby reducing metabolic rates and induc-
ing slow chlorophyll degradation in the peel. Hence, the turmeric coating created a
modified atmosphere around the fruit, to reduce fruit respiration by restricting O,
access to the tissue and consequently diminishing the enzymatic browning rate



184 D. R. Tapia-Blicido et al.

(Jiang and Li 2001). In addition, curcuminoids and phenolic compounds in the tur-
meric coating acted as enzymatic inhibitors because they contained aromatic acids
such as carboxylic, benzoic, and cinnamic acids, which are competitive inhibitors
of polyphenoloxidase due to their structural similarity with phenolic substrates.

7.7 Conclusions

Edible films and coatings can are effective barriers for gases, water vapor, and/or
aromatic substances, and can act as an active packaging for foodstuff preventing the
oxidative and microbial degradation, which consequently extends food product
shelf life. Knowledge of transport phenomena within a specific edible film or coat-
ing is important when choosing the best packaging for each food type. For this, the
physicochemical and structural characteristics of polymer matrixes must be consid-
ered in order to use mathematical modeling that accounts for the mass transfer pro-
cesses that take place in this system. This modeling is necessary for deeper
understanding and optimization of edible packaging. Studies in real food cases,
pragmatic, everyday systems are essential and should be performed to prove whether
a developed package is truly effective. In this chapter was demonstrated that the
turmeric residue coating effectively extended the coated banana (Musa acuminata)
shelf life by 4 days as compared to uncoated bananas. This coating can be consid-
ered as an active packaging due to its antioxidant activity.
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Chapter 8

Antimicrobial Films and Coatings
Incorporated with Food Preservatives
of Microbial Origin

Alex Lopez-Cérdoba

Abstract Food quality and safety constitute main issues for the food industry.
However, in spite of several efforts that have been carried out, food preservation is
still challenging. Synthetic substances have been widely applied in the food indus-
try as preservatives, however some of them have been associated with harmful
effects to human health. This fact has prompted the quest of new methods for food
preservation using natural and safer agents. Biopreservatives such as lactic acid
bacteria and their bacteriocins have been widely recognized as potent natural com-
pounds able to inhibit or prevent the growth of spoilage and pathogenic microorgan-
isms in food systems. Therefore, the incorporation of these biopreservatives into
polymeric films and coatings constitutes a promising strategy to develop new anti-
microbial packaging materials to ensure food safety and extend the food shelf-life.
This chapter presents the main developments regarding active packaging intended
for food biopreservation. Different strategies for the incorporation of biopreserva-
tives into food packaging materials are analyzed. Finally, the challenges against the
large-scale production and successful commercialization of these materials contain-
ing biopreservatives are also addressed.

Keywords Antimicrobial food packaging - Bacteriocin - Biopreservation - Lactic
acid bacteria

8.1 Introduction

Global initiatives on food loss and waste reduction have gained growing attention in
the last years. According to Food and Agriculture Organization of the United
Nations (FAO), roughly one third of the food produced in the world for human con-
sumption every year (i.e., approximately 1.3 billion tonnes) gets lost or wasted
(FAO 2011). Food losses and waste amounts to roughly US$ 680 billion in industri-
alized countries and US$ 310 billion in developing countries (FAO 2011). In
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addition, food losses represent a waste of resources used in production such as land,
water, energy and inputs. Producing food that will not be consumed leads to unnec-
essary CO, emissions in addition to loss of economic value of the food produced.

Active packaging’s constitute an actual choice for reducing food waste along the
value chain (FAO 2014). Food packaging can be termed active when it performs a
certain desirable role other than providing an inert barrier to external conditions
(Anu Bhushani and Anandharamakrishnan 2014). Active packaging systems could
include antioxidants, antimicrobial agents or oxygen scavengers (Chang-Bravo
et al. 2014; Lépez-Cordoba et al. 2017; Pifleros-Hernandez et al. 2017; Gutiérrez
2017, 2018). Other than these, moisture absorbing, flavor or odor absorbing active
packaging systems are also being developed for food applications (Anu Bhushani
and Anandharamakrishnan 2014). In particular, the fabrication of antimicrobial
packaging’s has received increasing importance in the past years because they offer
slow and continuous migration of antimicrobial agents from packaging material to
food surfaces, increasing their shelf-life (Blanco Massani et al. 2014a, b; Garcia
et al. 2012; Woraprayote et al. 2018). Packaging’s containing antimicrobial agents
from natural sources are preferred, instead synthetic additives, since the latest alter-
natives have been associated with harmful effects on human health (Gutiérrez and
Alvarez 2016, 2018a). In this context, lactic acid bacteria (LAB) have been pro-
posed as natural preservatives to inhibit or prevent the growth of spoilage and patho-
genic microorganisms in food systems and, consequently, to enhance their safety
and prolong their shelf life (Aloui and Khwaldia 2016). LAB have ability to pro-
duce various types of antimicrobial compounds, the most important being bacterio-
cins. Bacteriocins and bacteriocin-producing cultures have the potential to increase
the shelf-life of foods and contribute towards decreasing the incidence of food-
borne diseases.

This chapter provides an overview of the current applications of lactic acid bac-
teria and their bacteriocins in food packaging (film and coatings) and highlight use-
ful applications for these materials to extend shelf life of different food products
such as meat, fish, dairy fruit, vegetables or other food products.

8.2 Lactic Acid Bacteria and Their Bacteriocins as Food
Biopreservatives

Lactic acid bacteria (LAB) comprise a group of Gram-positive bacteria, non-
sporulating, cocci or rods, and catalase-negative organisms with high tolerance for
low pH (Calo-Mata et al. 2008). LAB are characterized by the production of lactic
acid as the major end product during the fermentation of carbohydrates, lowering
the pH of the food and also directly inhibiting the growth of many
microorganisms.

LAB are categorized into homofermentative and heterofermentative microorgan-
isms, based on the products of the fermented carbohydrates. Homofermentative
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LAB degrade hexoses to lactate, whereas heterofermentative LAB degrade hexoses
to lactate and additional products such as acetate, ethanol, CO,, formate, or succi-
nate (Calo-Mata et al. 2008). LAB are widely used as starter cultures in the food
industry for the production of fermented foods, including dairy (e.g. yogurt and
cheese), meat (e.g. sausages), fish, cereals (e.g. bread and beverages such as beer),
fruit (malolactic fermentation processes in wine production), and vegetables (e.g.
sauerkraut, kimchi and silage) (Chelule et al. 2010). Most LAB are considered
GRAS (generally recognized as safe) by the US Food and Drug Administration. As
probiotics, LAB are increasingly being used owing to their contribution to the
healthy microflora of human mucosal surfaces (Mokoena and Paul 2017; Porto et al.
2017).

The LAB group is currently classified in the phylum Firmicutes, class Bacilli,
and order Lactobacillales, Families Aerococcaceae, Carnobacteriaceae,
Enterococcaceae, Lactobacillaceae, Leuconostocaceae, and Streptococcaceae.
LAB are classified based on cellular morphology, mode of glucose fermentation,
range of growth temperature, and sugar utilization patterns. LAB genera include
Lactobacillus, Lactococcus, Leuconostoc, Pediococcus, Streptococcus, Aerococcus,
Alloiococcus, Carnobacterium, Dolosigranulum, Enterococcus, Oenococcus,
Tetragenococcus, Vagococcus and Weissella (Mokoena and Paul 2017). Among
LAB, Lactobacillus is the genus including a high number of GRAS species and
many strains are among the most important bacteria in food microbiology and
human nutrition, due to their contribution to fermented food production or their use
as probiotics (Salvetti et al. 2012).

Biopreservation refers to the use of natural or controlled microbiota or its anti-
bacterial metabolites to extend the shelf life and enhance the safety of foods (Hugas
1998; Stiles 1996). This strategy can help to reduce the addition of synthetic preser-
vatives as well as the intensity of heat treatments, resulting in foods which are more
naturally preserved and richer in organoleptic and nutritional properties (Galvez
et al. 2007; Garcia et al. 2010).

LAB have widely recognized as biopreservatives because can protect foods from
microbial spoilage by the lowering their pH, by competitive growth against spoilage
and pathogenic bacteria and by the production of antagonistic metabolic products
such as organic acids (e.g., lactic acid), diacetyl, fatty acids, CO,, peroxide, and
bacteriocins (Calo-Mata et al. 2008).

Bacteriocins are ribosomally-synthesized peptides or proteins with antimicrobial
activity, produced by many Gram-positive and Gram-negative microorganisms
(Abbasiliasi et al. 2017; Woraprayote et al. 2016). However, bacteriocins produced
by Gram-positive microorganisms such as LAB are more frequently used in the
food industry (Cotter et al. 2005; Galvez et al. 2007; Garcia et al. 2010).

The bacteriocins produced by LAB offer several desirable properties that make
them suitable for food preservation: (i) are generally recognized as safe substances
(GRAS), (ii) are not active and nontoxic on eukaryotic cells, (iii) become inacti-
vated by digestive proteases, having little influence on the gut microbiota, (iv) are
usually pH and heat-tolerant, (v) they have a relatively broad antimicrobial spec-
trum, against many food-borne pathogenic and spoilage bacteria, (vi) they show a
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Class | Properties Producer strains Examples

1 Small peptides (<5 kDa) that possess the Lactobacillus Nisin, mersacidin,
eponymous lanthionine or lactis; lacticin 481; lacticin
B-methyllanthionine residues Streptococcus 3147; cytolysin

mutans

ITa Small (<10 kDa) heat-stable peptides, which | Lactobacillus Pediocin PA1,
do not undergo extensive posttranslational sakei; enterococcus | leucocin A
modification faecium

IIb | Consist of two different individual peptide Lactobacillus Lactacin F,
molecules that require equal peptide ratio of | plantarum; lactococcin G
each peptide to exert its optimal Lactococcus lactis
antimicrobial activity

IIc | Circular LAB bacteriocins consist of Enterococcus Enteriocin AS48,
N-to-C-terminally linked antimicrobial faecalis; reuterin 6
peptides, produced by gram-positive bacteria | enterococcus
of the phylum Firmicutes faecium

11d Include the remaining well-characterized Lactococcus lactis | Lactococcin A,
bacteriocins, combined as miscellaneous, divergecin A
which are now including nonpediocin like
single linear peptides

Adapted from Cotter et al. (2005) and Woraprayote et al. (2016)

bactericidal mode of action, usually acting on the bacterial cytoplasmic membrane:
no cross resistance with antibiotics, and (vii) their genetic determinants are usually
plasmid-encoded, facilitating genetic manipulation (Cotter et al. 2005; Galvez et al.
2007; Woraprayote et al. 2016).

Bacteriocins are classified according to their chemical structure, molecular mass,
enzymatic susceptibility, genetics, mechanism of microbial destruction, thermosta-
bility, producing strains, antimicrobial activities and the presence of post-
translational modified amino acid residues (Kaskoniené et al. 2017; Mokoena and
Paul 2017). Therefore, one only classification is not currently available and some
authors distinguish two, three or four classes with subclasses/subcategories (Cotter
et al. 2005; Kaskoniené et al. 2017; Mokoena and Paul 2017; Woraprayote et al.
2016). Between them, the classification proposed by Cotter et al. (2005) seems bet-
ter for LAB bacteriocins at this moment. Accordingly, LAB bacteriocins can be
classified into two major classes: class I lantibiotics (lanthionine-containing antibi-
otics) and class II which can further be grouped into four subclasses: Ila, IIb, Ilc,
and IId, respectively (Table 8.1). Bacteriocins from class I and Ila (pediocin-like
bacteriocins) are among the best biochemically and genetically characterized anti-
microbial peptides and the most likely to be used in food applications due to their
target specificity. Among hundreds of bacteriocins, nisin is the most popular and
extensively investigated bacteriocin, probably because it is approved for use as
additive (code E234) in food products and is now available commercially
(Woraprayote et al. 2016). Nisin is produced by many strains of Lactococcus lactis,
a species widely used for cheese manufacture. It has a broad antimicrobial spectrum
againsta wide range of Gram-positive genera, including Staphylococci, Streptococci,
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Fig. 8.1 Nisin molecular structure showing key regions responsible for its antimicrobial activity:
binding region to the cell, hinge region to create cage and inhibit cell wall synthesis, and insertion
region into the pore. Reprinted with permission from Han et al. (2017)

Listeria spp., Bacilli, and Enterococci, with a minimal inhibitory concentration in
the nanomolar range (Woraprayote et al. 2016). To date, eight types of natural nisin
were discovered: nisins A, Z, F and Q produced by Lactococci and nisins U, U2, P
and H by some Streptococcus strains (Kaskoniené et al. 2017; O’Connor et al. 2015;
Woraprayote et al. 2016).

Nisin acts on target bacteria by two major steps: (1) passage through the cell
wall; (2) interaction with lipid II (e.g. binding to lipid II, pore formation on cell
membrane), which is essential for the biosynthesis on the cell wall. Nisin’s mecha-
nism of action (see Fig. 8.1) involves first binding of the N-terminus to the lipid II
complex and forming a pyrophosphate cage that inhibits cell wall synthesis. The C
terminal is then responsible for pore-formation. A three amino acid hinge region
exists between the N and C domains and allows conformational changes to occur
upon contacting a microbe (Han et al. 2017).

Pediocins are another widely studied biopreservatives which are produced by
Pediococcus spp. These class Ila bacteriocins are recognized because present a
broad spectrum of antimicrobial activity against Gram-positive bacteria, with high-
lights efficient bactericidal effects against pathogenic bacteria, such as Listeria
monocytogenes (Porto et al. 2017; Rios Colombo et al. 2017; Rodriguez et al. 2002).
It has been demonstrated that class Ila bacteriocins act on the cytoplasmic mem-
brane of Gram-positive cells dissipating the transmembrane electrical potential,
which results in an intracellular ATP depletion. These peptides induce the exit of
ions, amino acids and other essential molecules by forming hydrophilic pores in the
target (Rios Colombo et al. 2017).

Among the pediocins isolated from different strains, only pediocin PA1 (P. aci-
dilactici PAC 1.0) and pediocin AcH (P. acidilactici LB42-923) have been well
characterized. Despite that pediocins have been widely studied, they have no official
approved use in foods (Woraprayote et al. 2016).

In addition to nisin and pediocin, many other LAB bacteriocins have character-
istics that make them ideal candidates for the preservation of food products includ-
ing Lactococcin G, lactacin F, lactocin 705, enteriocin AS-48, lacticin Q and others.
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More detailed information about LAB bacteriocins can be found in the recently
published works by Garsa et al. (2014), KaSkonien¢ et al. (2017) and Mokoena and
Paul (2017).

8.3 Incorporation of Lactic Acid Bacteria and Their
Bacteriocins into Films and Coatings

Lactic acid bacteria and their bacteriocins have been applied in food products using
mainly two different strategies: (i) direct inoculation of bacteriocin producting LAB
culture into food products (in sifu production) and (ii) direct application of purified
or semi-purified bacteriocin as a food additive (ex situ production) (Castro et al.
2017). Ex situ preparations are obtained by growing the producer strain at industrial
scale and then concentration and purification processes are needed to obtain a pure
form of the bacteriocin. Both in sifu and ex situ strategies have been reported to have
limitations associated with interactions of biopreservatives with other food compo-
nents (e.g., lipids and proteins) and to the loss of activity due to enzymatic degrada-
tion (Aloui and Khwaldia 2016). In order to overcome these disadvantages,
biopreservatives-containing films and coatings has been evaluated obtaining feasi-
ble results. This strategy allows to combine the preservative function of antimicrobi-
als with the protective function of packaging. For this purpose, a wide range of
non-edible polypropylene- and polyethylene-based packaging materials and several
biodegradable protein- and polysaccharide-based edible films have been used
(Garcia et al. 2012; Muriel-Galet et al. 2015; Woraprayote et al. 2018).

Antimicrobial packaging offers slow and continuous migration of antimicrobial
agent from packaging material to food surfaces which enables antimicrobial agents
to maintain at high concentration over a long period. Antimicrobial coatings can be
obtained by incorporation of the antimicrobials into an edible polymer blend that is
then applied by dipping, brushing or spraying onto the food (Guo et al. 2014).
Compared to direct application, edible coatings containing LAB and/or their bacte-
riocins may impart a highly localized functional effect without affecting the food
organoleptic properties (Campos and others 2011). Moreover, edible coatings may
act as a semipermeable barrier providing an additional protection for foods against
moisture loss, solute migration, gas exchange, respiration, and oxidative reactions
(Aloui and Khwaldia 2016).

Biopreservatives containing polymer films have been also used as antimicrobial
packaging. Several film-forming methods have been evaluated, including casting
and heat-pressing. It has been found that bacteriocin activity of cast film (solvent
compounding) retained three times greater than that of heat-pressed films (Dawson
et al. 2003).

In this context, several studies have investigated the application of films and
coatings incorporating LAB and their bacteriocins as antimicrobial packagings to



8 Antimicrobial Films and Coatings Incorporated with Food Preservatives... 199

extend the shelf life of different food systems, including meat, fish, dairy fruit, veg-
etables or other food products.

8.4 Antimicrobial Films and Coatings for Meat and Meat
Products

Meat and meat products are consumed extensively throughout the world because
they are an important source of nutrients including fats, proteins, vitamin B12, zinc
and iron. However, these products are perishable and susceptible to microbial con-
tamination, leading to an increased health risk to consumers as well as to the eco-
nomic loss in the meat industry (Woraprayote et al. 2016). Microorganisms
commonly involved in spoilage of meat and meat products include Pseudomonas
(P. fragi, P. uorescens, P. putida and P. lundensis), Shewanella putrefaciens,
Photobacterium  phosphereum, Brochothrix  thermosphacta, cold-tolerant
Enterobacteriaceae (e.g., Hafnia alvei, Serratia liquefaciens and Enterobacter
agglomerans), Acinetobacter spp., Alcaligenes spp., Moraxella spp., Flavobacterium
spp., Staphylococcus spp., Micrococcus spp., coryneforms, fecal streptococci, lactic
acid bacteria (LAB), among others (Sofos 2014). In addition, meat and meat prod-
ucts are also susceptible to contamination by pathogenic microorganisms such as
Salmonella spp., thermophilic ~Campylobacter jejuni, enterohemorrhagic
Escherichia coli O157:H7, Clostridium perfringens, anaerobic Clostridium botuli-
num, Listeria monocytogenes, Staphylococcus aureus, Bacillus cereus, and Yesinia
enterocolitica. Among the meat-borne pathogens, Listeria monocytogenes consider
one of the main causes of food borne illness and has been associated with cooked,
ready-to-eat (RTE) meat and poultry product (Buchanan et al. 2017; Guo et al.
2014).

The application of LAB and their bacteriocins in meat and meat products has
received a considerable attention in the last years. As above mentioned, several
LAB produce microbial antagonists, such as bacteriocins, which are active against
pathogens microorganism, including Listeria monocytogenes. The most-studied
bacteriocins in meat and meat products are nisin, enterocin AS-48, enterocins A and
B, sakacin, leucocin A and especially pediocin PA-I/AcH. These biopreservatives
have been used alone or in combination with other hurdle treatments such as modi-
fied atmosphere packaging, high hydrostatic pressure (HHP), heat and chemical
food preservatives (Castro et al. 2017; Cleveland et al. 2001; Delves-Broughton
et al. 1996; Paul Ross et al. 2002).

The incorporation of LAB and/or their bacteriocins in food packaging’s have
been proposed as a useful strategy to prevent their degradation and achieved their
controlled release towards the food products. Woraprayote et al. (Woraprayote et al.
2013) developed a poly(lactic acid) (PLA)/sawdust particle biocomposite film with
anti-listeria activity by incorporation of pediocin PA-1/AcH. The addition of saw-
dust particle promoted the embedding of pediocin into the hydrophobic PLA film.
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Fig. 8.2 Lactocin 705 (a) and AL705 (b) antimicrobial activity on wheat gluten films doped with
bacteriocin crude extract (0.01%, 0.1% and 1%) against L. plantarum CRL691 and L. innocua 7.
Control film had no antimicrobials in its formulation. Reprinted with permission from Blanco
Massani et al. (2014a, b).

The films significantly reduced the listerial population by about 1.5-2 log cycles
from 1 to 14 days. This effect was enhanced when a film pre-conditioned by dry-
heat treatment was carried out. Blanco Massani et al. (2014a, b) developed antimi-
crobial wheat gluten film containing Lactobacillus curvatus CRL705 bacteriocins
(lactocin 705 and lactocin AL705). In order to determine the antimicrobial mini-
mum inhibitory concentration, different bacteriocin crude extract concentrations
were added to the film-forming solution (0.01%, 0.1% and 1% v/v) and the obtained
films were assayed for antimicrobial activity by the agar well diffusion method
(Fig. 8.2). Lactobacillus plantarum CRL691 and Listeria innocua 7 were used as
indicators of lactocin 705 and lactocin AL705, respectively. It was found that wheat
gluten films containing a bacteriocin crude extract concentration above 0.1% were
active against both L. innocua 7 and L. plantarum CRL691 bacteria (Fig. 8.2).

In other work, Blanco Massaniet al. (2014a, b) assayed the antimicrobial effec-
tiveness of gluten film using Wieners inoculated with Lactobacillus plantarum
CRL691 and Listeria innocua 7 (10* CFU/g) stored at 5 °C during 45 days. The
wieners were separately inoculated under sterile conditions by immersion (30 s) in
a solution containing L. innocua 7 (10* CFU/g) and L. plantarum CRL691
(10* CFU/g). After drying, three Wieners (42 g) were placed into each active and
control packagings previously prepared. In parallel, control (without bacteriocins)
uninoculated Wieners packages were included. Typical growth of both inoculated
microorganisms was observed in control packages which reached 10°~10” CFU/g at
the end of storage period. In the active packages, L.innocua 7 was effectively inhib-
ited (2.5 log cycles reduction at day 45), while L. plantarum CRL691 was only
slightly inhibited (0.5 log cycles) up to the second week of storage, then counts
around 10°-107 CFU/g were reached. More recently, Correa et al. 2017 worked on
the development of polyhydroxybutyrate/polycaprolactone (PHB/PCL) nisin acti-
vated films with and without the addition of organo-clays (Cloisitel 30 B and 10A).
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Organo-clays were able to act as a filler, increasing the thermal stability and the
barrier and mechanical properties of the nanocomposites. PHB/PCL nisin activated
films were effective against L. plantarum CRL691 (used as processed meat spoilage
bacterium model) inoculated on sliced ham. Lag phase was extended from 7.03 to
22.39 days due to the nisin effect in the active packages, avoiding LAB counts to
reach more than 6 log units, thus extending the ham shelf life up to 28 days at 5 °C.

Several authors have suggested promising ways to enhance antimicrobial effec-
tiveness of bacteriocin in meat products by the combination with another hurdle
technology. For example, Guo et al. 2014 suggesting edible antimicrobial coating
solutions incorporating chitosan, lauric arginate ester and nisin to reduce foodborne
pathogen contamination on ready-to-eat (RTE) meats. Two different approaches
were evaluated: RTE deli meat samples were directly coated with the solutions, or
treated with a solution-coated polylactic acid (PLA) films. The antimicrobial effi-
cacy of the coatings and films against Listeria innocua inoculated onto the surface
of RTE meat samples was investigated. It was found that the addition of nisin to
chitosan coating solutions significantly reduced more Listeria than the chitosan
coating solutions without nisin. However, chitosan coatings with nisin exhibited
less anti-listerial activity than lauric arginate ester and the combination of nisin with
this agent did not contribute to a synergistic or additional anti-listerial effect (Guo
et al. 2014).

Hugq et al. (2015) evaluated the synergistic effect of gamma (y)-irradiation and
microencapsulated antimicrobials (nisin and oregano and cinnamon essential oils),
alone or in combination, against Listeria monocytogenes on ready-to-eat (RTE)
ham. Microencapsulation of essential oils and nisin showed a synergistic anti-
listerial effect with y-irradiation on RTE meat products. These combinations led to
a lag phase of bacterial growth and provoked a reduction in the bacterial growth rate
of 32%, compared to microencapsulated combined antimicrobials without
irradiation.

8.5 Antimicrobial Films and Coatings for Fish and Fish
Products

Fishery products have a high economic importance and they are one of the most
important protein sources in human nutrition. However, these products are perish-
able and, if left unpreserved, spoil rapidly (Calo-Mata et al. 2008). Main spoilage
causes of fishery products include enzymatic, microbial and chemical action.
Films and coatings incorporating LAB and/or their bacteriocins have been used
to extend the shelf life and to maintain the quality of fresh and processed fish.
Recently, Woraprayote et al. (2018) developed an antimicrobial biodegradable food
packaging for control of pathogens in pangasius fish fillets. Bacteriocin 7293, a new
found antimicrobial peptide produced by W. hellenica BCC 7293, was chosen as a
biopreservative because its broad antimicrobial spectrum against both Gram-positive
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Table 8.2 Application of bacteriocin and bacteriogenic strains in dairy products

Bacteriocin-
Bacteriocin | producing culture | Application Pathogen Product
Lacticin 3147 | Lc. lactis DPC Spray-dried powder | L. Cottage cheese
3147 monocytogenes
Pediocin P. acidilactici Dry powder L. Cottage cheese
PAC1.0 monocytogenes | and yogurt
Piscicolin C. piscicola JG 126 | Concentrated L. Camembert
126 supernatant monocytogenes | cheese
Enterocin E. faecium CRL 35 | Concentrated L. Goat milk cheese
CRL35 supernatant monocytogenes
Nisin Lc. lactis CNRZ Starter culture L. Camembert
150 monocytogenes | cheese
Nisin Lc. lactis TAB 50 | Starter culture L. Semihard cheese
monocytogenes
Lacticin 481 | Lc. lactis TAB 24 | Starter culture L. Semihard cheese
monocytogenes
Lacticin 3147 | Lc. lactis DPC Starter culture L. Cottage cheese
4275 monocytogenes
Enterocin E. faecalis TAB 28 | Starter culture L. Semihard cheese
AS-48 monocytogenes
Enterocin E. faecalis INIA 4 | Starter or adjunct L. Manchego cheese
AS-48 culture monocytogenes
Pediocin Le. lactis MM 217 | Starter culture L. Cheddar cheese
monocytogenes
Pediocin Lb. plantarum Surface sprayed cell | L. Munster cheese
WHW 92 suspension monocytogenes
Pediocin Lc. lactis CL1 Adjunct culture L. Semihard cheese
monocytogenes
Pediocin Le. lactis CL1 Adjunct culture S. aureus Semihard cheese
Nisin Lc. lactis ESI 515 | Adjunct culture S. aureus Semihard cheese

Reprinted from Arqués et al. (2015)

and Gram-negative bacteria (Woraprayote et al. 2015). The antimicrobial effective-
ness of the produced PLA/sawdust particle films impregnated with Bac7293 on raw
pangasius fish fillet was evaluated and it was found that these films effectively
inhibited both Gram-positive (Listeria monocytogenes and Staphylococcus aureus)
and Gram-negative bacteria (Pseudomonas aeruginosa, Aeromonas hydrophila,
Escherichia coli and Salmonella Typhimurium) which have been considered as a
reason for the rejection of pangasius fish fillets in worldwide markets.
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8.6 Antimicrobial Films and Coatings for Dairy Products

Milk and dairy products have been an important part of the human diet for some
8000 years and are part of the official nutritional recommendations in many coun-
tries worldwide. However, it is well known, that these products provide a potential
growth medium for the development of spoilage and pathogen microorganisms such
as Listeria monocytogenes, Salmonella spp., Staphylococcus aureus, and patho-
genic Escherichia coli. Several bacteriocin and bactioricin-producing strain have
been used in dairy foods (Table 8.2). Moreover, different strategies of incorporation
of biopreservatives into dairy foods have been considered in order to prevent the
loss of antimicrobial activity of these agents.

LAB and their bacteriocins have been included in polymers for the production of
active packaging for dairy foods. Recently, Marques et al. (2017) evaluated the
effectiveness of a biodegradable film, with antimicrobial metabolites produced by
Lactobacillus curvatus P99 incorporated, targeting the control of Listeria monocy-
togenes in sliced “Prato” cheese. Lactobacillus curvatus is part of the microbiota of
many fermented products and stands out for its bacteriocinogenic activity, due to the
production of different antimicrobial metabolites, especially bacteriocins, known as
curvacins and sakacins and characterized by their antilisterial activity (de Souza
Barbosa et al. 2015). Starch films incorporating cell-free supernatant containing
bacteriocins from Lactobacillus curvatus P99 were prepared by casting. Films with
added minimum bactericidal concentration (62.5 pL/mL) showed activity against
different indicator microorganisms and were able to control L. monocytogenes Scott
A when used in sliced “Prato” cheese. During 10 days of storage at 4 °C, the target
microorganism count remained below the limit of detection (2.7 Log CFU/g).

Oll€ Resa et al. (2016) proposed an innovative approach to prevent the contami-
nation of an Argentinian Port Salut cheese with mixed cultures (bacteria, molds and
yeast). Nisin was used as an antibacterial agent while natamycin was employed to
prevent yeasts and moulds contamination. Both active compounds were incorpo-
rated together within tapioca starch edible films and the effectiveness of the active
films was evaluated, at 7 + 1 °C, in relation to the improvement of the microbiologi-
cal stability of Argentinian Port Salut cheese. The films inhibited the growth of
yeasts and moulds and controlled the growth of psychrotrophic bacteria originally
present in the Port Salut cheese stored at refrigeration temperature. It also inhibited
the development of a mixed culture (Saccharomyces cerevisiae and Listeria innocua)
present in the cheese due to a superficial contamination, along a storage of 8 days at
7+x1C.
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8.7 Antimicrobial Films and Coatings for Fruits
and Vegetables

The promotion of greater consumption of fruits and vegetables constitutes a world-
wide challenge. This is due to that the low fruit and vegetable intake is estimated to
cause some 5.2 million deaths each year, and was among the top 10 risk factors
contributing to mortality (FAO 2017). Fruits and vegetables can be consumed either
fresh or processed. Production and consumption of minimally processed foods,
such as fresh-cut fruits and vegetables, is gaining popularity due to consumer pref-
erences towards healthier foods. However, challenge for fresh-cut industry is to
maintain fresh like characteristics of fresh-cut produce for a prolonged storage time.
Fresh-cut products have much larger cut surface and consequently much shorter
shelf-life. Loss of quality parameters such as color, firmness, juiciness, flavor and
excessive moisture loss results in limited shelf-life and increased chances of rejec-
tion of the produce by the consumers (Yousuf et al. 2018).

Different approaches have been used to preserve the quality of fresh-cut fruits
and vegetables (Barbosa et al. 2017; Yousuf et al. 2018). Between them, the applica-
tion of antimicrobial packaging’s containing plant extracts, antimicrobial polymers
(e.g. chitosan), enzymes (e.g. lysozyme) and other agents has been proposed as a
useful strategy to extend the shelf life of these products (Alvarez et al. 2018;
Gutiérrez et al. 2018b). However, despite that LAB and their bacteriocins have been
extensively studied to preserve foods of animal origin, little information is available
for their use in vegetable products, especially in minimally processed ready-to-eat
fruits (Barbosa et al. 2017). Some studies deal with the application of bacteriocins
to extend the shelf life of pineapple pulps, apple juice and minimally processed
fruits and vegetables (e.g., sliced apples and lamb’s lettuce) have been reported
(Leite et al. 2016; Pei et al. 2017; Siroli et al. 2015). Antimicrobial packagings con-
taining LAB and/or their bacteriocins also have been developed. Narsaiah et al.
(2015) developed pediocin-containing calcium alginate coating for preservation of
minimally processed papaya fruit. Fruit quality parameters such as firmness, weight
loss, color, head space gas composition, acidity, total soluble solids and microbial
load were evaluated for 21 days of refrigerated storage. It was found that the
pediocin-containing alginate coating prolonged the shelf-life of minimally pro-
cessed papaya by maintaining physicochemical properties and microbial safety
along 21 days of refrigerated storage.

Barbosa et al. (2013) studied the effects of nisin-incorporated films on the micro-
biological and physicochemical quality of minimally processed mangoes. Films
were produced using a blend of cellulose acetate and nisin by the casting method
and the antimicrobial activity of the films was tested against S. aureus ATCC 8095,
B. cereus ATCC 4504, A. acidoterrestris DSMZ 2498 and L. monocytogenes ATCC
7644 using the diffusion method. In addition, the antimicrobial activity of the films
on S. aureus or L. monocytogenes inoculated mango slices was evaluated.
Antimicrobial tests using the diffusion method showed that the antimicrobial film
inhibited S. aureus, L. monocytogenes, B. cereus and A. acidoterrestris strains in
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Fig. 8.3 Effects of nisin
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vitro. Moreover, cellulose films incorporated with nisin were efficient in eliminating
S. aureus and L. monocytogenes contamination from minimally processed mango
slices (Fig. 8.3), without interfering in the organoleptic characteristics of mangoes.

8.8 Conclusion

Lactic acid bacteria and their bacteriocins constitute an actual choice to decrease the
use of synthetic additives in foods and also the application of thermal treatments,
allowing to obtain more healthier foods. Despite that, these biopreservatives can be
direct incorporated in foods, some disadvantages have reported regarding its loss of
antimicrobial activity due to the interaction with food components and to its enzy-
matic degradation.

The incorporation of LAB and/or their bacteriocins in polymeric packaging
(films or coatings) constitute a useful strategy to overcome these difficulties,
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improving the effectiveness of the biopreservatives. Moreover, these delivery sys-
tems allow to increase the shelf-life of foods and contribute towards decreasing the
incidence of food-borne diseases, as it has been substantiated by the diversity of
researches described in the current chapter.

The application of bacteriocinogenic LAB strains or their bacteriocins combined
with other hurdle methods such as chemical compounds or physical processes can
make use of synergies to increase microbial inactivation, without altering nutri-
tional value and organoleptic properties of food.

Prior to successful commercialization of any of the effective films and coatings
containing biopreservatives described in this study, large scale-production assays,
shelf-life studies and, quality and sensory analyses will be needed. Moreover, close
linkages between the scientific community and the industrial sector are highly
required.
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Chapter 9

Postharvest Application

of Biopolymer-Based Edible Coatings
to Improve the Quality of Fresh
Horticultural Produce

Bahareh Saberi and John B. Golding

Abstract Fresh fruit and vegetables are essential part of the human diet and with
increasing growth in the world population and globalization of the supply chain,
there is high consumer demand for fresh high quality fruit and vegetables with sat-
isfactory shelf-life. Fruit and vegetables are living perishable commodities and
maintaining their eating quality requires delaying and slowing the loss of quality
and microbial spoilage in the supply chain. To actively manage produce quality, it is
essential to understand the physiology and pathology associated with the storage
and handling of fresh fruit and vegetables, for example changes in internal gas and
volatiles composition within the produce affect the respiration and senescence rates
of stored produce and hence final eating quality. Biopolymers including polysac-
charides, proteins and lipids used alone or in combination, have been widely studied
as edible coatings for fresh produce due to their widespread availability, ability to
control gaseous exchange and to delay senescence, as well as their capability as a
medium to carry various additives which can assist with the maintenance of produce
quality. This chapter describes and discusses on selected biopolymer based edible
coatings and their various applications on fresh fruit and vegetables to extend their
shelf life and to improve final eating and nutritional quality through the supply
chain.
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9.1 Introduction

Moisture loss from horticultural produce is mainly due to the gradient of water pres-
sure (vapor pressure deficit) between the less saturated ambient atmosphere and the
fruit and can be one of the major losses in quality and quantity of fresh fruit and
vegetables. Moisture loss after harvest has detrimental impact on the quality of fruit
and vegetables and results in commercial losses as the price of produce depends on
its weight (Tesfay and Magwaza 2017). The preliminary signs of moisture loss from
fresh fruit are shriveling of the peel/skin and can affect fruit shine (glossiness), firm-
ness and apparent ‘freshness’ (Tesfay and Magwaza 2017). The extension of fruit
shelf life and eating quality is optimized by reducing and managing water loss,
ripening and senescence, and development of decay (Vanoli et al. 2015). Many post-
harvest techniques such as maintaining the optimum storage temperatures and
atmosphere during storage and other postharvest treatments including some
approved chemical treatments are commonly applied in many horticulture supply
chains.

However due to increasing consumer demands for improved health and fruit
quality, along with the industry desire to use ecologically friendly coatings for fresh
horticultural products, a substantial increase in awareness has been grown among
researchers and technologists to develop natural, edible, biodegradable and food
safe coatings for fruit and vegetables. Edible coatings have been used for a long
time as a method with pronounced capability to increase safety of fresh produces by
reducing the effect of external environmental factors and increasing the shelf life
(Carneiro-da-Cunha et al. 2009; Cerqueira et al. 2011; Alvarez et al. 2017).
Application of a thin layer of edible coatings to the surface of the fresh produce cre-
ates a semi-permeable barrier to respiratory gases and water vapor between the
surrounding atmosphere and the fruit and also develops a modified atmosphere
around the product, decelerating respiration, senescence, and enzymatic processes
(Vanoli et al. 2015). Edible coatings need to be water-resistant, stable, and semi-
permeable to water vapor during storage. Moreover, they should not excessively
reduce oxygen (O,) or accumulate carbon dioxide (CO,), and should not cause off-
flavors or reduce glossiness, aroma, texture, taste and appearance in order to effi-
ciently preserve food quality. Edible coatings also must have low viscosity, be
transparent and cost-effective (Dhall 2013; Mahajan et al. 2014). It has been shown
that the incorporation of functional components including antibrowning, antimicro-
bial agents, nutraceuticals, volatile precursors, and colors can also improve the
characteristics of the coatings (Olivas and Barbosa-Céanovas 2005; Gutiérrez 2017a).
Besides the microbial stability, appearance, and texture of coated products can be
improved by addition of other constituents, such as preservatives, antioxidants, and
firming agents (Bai and Plotto 2012; Cerqueira et al. 2009; Gutiérrez 2018).
Nevertheless, it is crucial to select appropriate components in order to enhance the
effectiveness and stability of edible coatings. An extensive range of different com-
ponents involving polysaccharides, proteins, lipids or resins, alone or more
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commonly in combination have been used to produce edible coatings (Flores-Lopez
et al. 2016).

Natural biopolymers have excellent potential to improve the safety, quality and
functionality of fresh and fresh-cut fruit and vegetables. While many researches
have been conducted and reviewed on application of edible coatings for fresh and
fresh-cut products, this chapter summarizes and highlights the application of bio-
polymer based edible coatings on fresh horticultural produce for the past 5 years.

9.2 Polysaccharide-Based Coatings

The application of polysaccharides edible coatings to fresh and fresh-cut fruit and
vegetables has been of increasing interest over the last few years due to the wide
availability, low cost, and nontoxicity of polysaccharides, where they can be applied
as film-forming solution to improve and control the texture, flavor, and shelf-life of
produce (Williams and Phillips 2000). Water-soluble polysaccharides are long-
chain polymers that give a thickening or viscosity-building effect by dissolving or
dispersing in water (Nussinovitch 1997). These compounds are commercially avail-
able for use in food and non-food industries such as adhesive, mouth feeling, stabi-
lizing, thickening and gelling agents, crystallization inhibiting, and encapsulating
agents (Whistler and Daniel 1990; Izydorczyk et al. 2005; Gutiérrez and Alvarez
2017). They can also act as emulsifier because their stabilizing function on emul-
sions originates from an increase in viscosity of the aqueous phase of the edible
coating (Nussinovitch 1997), therefore the kinetic motion of the oil droplets is
decreased, leading to a lower rate of flocculation and coalescence in the coating
(Nisperos-Carriedo 1994). Polysaccharides consist of many monosaccharide resi-
dues that are linked one to the other by O-glycosidic linkages. The physical attri-
butes of polysaccharides including solubility, flow behavior, gelling potential, and/
or surface and interfacial characteristics are dictated by their great diversity of struc-
tural features deriving from variations in the monosaccharide composition, linkage
types and patterns, chain shapes, and degree of polymerization (Izydorczyk et al.
2005).

Polysaccharide based coatings usually have less moisture barriers in comparison
with those of commercial ones. They also have reasonably low oxygen permeability
but have selective permeability to O, and CO, (Lacroix and Le Tien 2005).
Consequently, polysaccharide based coatings have been applied to, either fresh or
minimally processed fruit and vegetables to protect from dehydration, decrease
their respiration rate by producing modified atmosphere conditions inside the prod-
uct, provide a moderate barrier to moisture, improve mechanical handling charac-
teristics, and to deliver additives along with contributing to the preservation and
even the creation of volatile compounds (Olivas and Barbosa-Cdnovas 2005).
Polysaccharide coatings can act as a sacrificial moisture barrier to the atmosphere
by reducing moisture loss of the coated produce (Kester and Fennema 1986). The
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major advantage of application of polysaccharides is, acting a gas barrier rather than
postponing water loss due to their hydrophilic nature (Lin and Zhao 2007).

Polysaccharides based edible coatings made of starch and non-starch polysac-
charides (hydrocolloids or gums), which can be made from a variety of sources
including cellulose derivatives (carboxymethylcellulose (CMC), methylcellulose
(MC), hydroxypropyl cellulose (HPC), hydroxypropyl methyl cellulose (HPMC),
microcrystalline cellulose), seaweed extracts (agar, alginates, carrageenans), vari-
ous plant and microbial gums (arabic, ghatti, tragacanth, guar, locust bean, xanthan,
gellan, pullulan), connective tissue extracts of crustaceans (chitosan) (Gutiérrez
2017b), and some mucilage compounds (Lacroix and Le Tien 2005), which have
been extensively investigated by means of prolonging the shelf life of fresh and
minimally processed fruit and vegetables.

9.2.1 Starch—Based Coatings

Starch is widely found in nature and has been extensively used as an alternative for
producing edible coatings as it is abundant, inexpensive, biodegradable and edible
(Gutiérrez et al. 2015; Cazon et al. 2017). Starch granules constitute two main poly-
saccharides: amylose and amylopectin. Amylose is a linear chain polymer of a-1,4
anhydroglucose units with a molecular size varying from 20 to 800 kg/mol and
constitutes about 20-25% of the granular starches (Cazén et al. 2017). Amylopectin
is a branched polymer of short a-1,4 chains connected by a-1,6 glycosidic branch-
ing points which occurs every 25-30 glucose units and normally has a very high
molecular weight (5000-30,000 kg/mol) (Peressini et al. 2003; Jiménez et al. 2012).
The changes of structure and molecular weight between amylose and amylopectin
result in various molecular properties, which can be utilized to develop coatings
(Cazon et al. 2017). The starch based coatings characterized by forming hydrogen
bonds between hydroxyl groups during drying of a gelatinized dispersion (Jiménez
et al. 2012). Starch-based coatings are often very fragile and have poor mechanical
characteristics due to amorphous regions shaped by amylose causing extensive
intermolecular forces which consequently impart brittleness of starch coatings
(Peressini et al. 2003). It is therefore essential to add a plasticizer or combine starch
with other compounds or chemically modify the starch to manage this problem
(Bertuzzi et al. 2007; Xiong et al. 2008).

A key benefit with the use of these coatings on fresh fruit and vegetables is to
lessen the fruit’s natural high respiration and senescence rate, however it is critical
that the coating allows some gas exchange for the fruit to continue to respire. Starch
coatings have good oxygen barrier properties due to the high-ordered hydrogen-
bonded configuration in which the amylose and amylopectin establish crystalline
and non-crystalline districts in irregular layers (Lin and Zhao 2007). Starch based
coatings can reduce the fruit deterioration rate by reduction of respiratory metabo-
lism and retardation of some enzymatic reactions related to ripening, and accordingly
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preserve the appearance, texture and nutritional composition of coated fruit (Franco
et al. 2017; Alvarez et al. 2018).

Nawab et al. (2017) showed that coatings made of mango kernel starch were
effective at maintaining overall postharvest quality of tomato during storage at
25 °C and 60% RH for 20 days. The strawberry fruit coated with oxidized and
acetylated cassava starch had lower weight loss, better texture, lighter and brighter
appearance, lower soluble solids and higher total acidity compared with native cas-
sava starch coated fruit, indicating that the modifications in the starch coating pos-
sibly improved its function in retarding some enzymatic reactions related to ripening
(Franco et al. 2017).

Starch based coatings have also been used as a medium for carrying additives for
preservation fresh and minimally processed (fresh-cut) fruit and vegetables. Ojeda
et al. (2014) found that cassava starch coatings with ascorbic acid reduced brown-
ing, changes in hue and the activity of the polyphenol oxidase, phenylalanine
ammonia lyase and polyphenol oxidase in minimally processed sweet potato. Whilst
Pajak et al. (2017) showed that potato starch with white and green tea extracts pre-
vented weight loss, darkening, and reduction in antioxidant activity and total pheno-
lic content in apple slices during storage at 5 °C and 84% RH for 6 days.

9.2.2 Non-Starch Polysaccharide-Based Coatings

The application of non-starch polysaccharides edible coatings on fresh and fresh-
cut fruit and vegetables, has been significant interest in recent years due to their low
cost and nontoxicity (Williams and Phillips 2000).

Water-soluble non-starch polysaccharides are heterogeneous groups of long
chain polymers categorized by their capability of developing viscous dispersions
and/or gels when dispersed in water (Saha and Bhattacharya 2010). These com-
pounds are commercially used in the food industry as agents for improving mouth
feel, stability, thickening and gelling inhibiting crystalization, and encapsulating
agents (Stephen et al. 2006; Izydorczyk et al. 2005). Non-starch polysaccharides
can also act as emulsifiers due to their stabilizing functions, which increase the vis-
cosity of the aqueous phase of the edible coating (Nussinovitch 1997). This reduces
the kinetic motion of the oil droplets, leading to a low rate of flocculation and
coalescence in the coating (Nisperos-Carriedo 1994).

Typically, non-starch polysaccharide coatings have poor moisture barriers, but
low oxygen permeability with selective permeability to O, and CO, (Lacroix and Le
Tien 2005). Consequently, non-starch polysaccharide based coatings have been
examined on fresh and minimally processed fresh fruit and vegetables, to reduce
water loss, decrease the respiration rates by modifying the atmospheric conditions
inside the product, improve mechanical handling characteristics, deliver additives,
and to maintain and improve volatile profiles (Olivas and Barbosa-Céanovas 2005).
Table 9.1 summarizes several studies on application of various non-starch polysac-
charides edible coatings and gums in extending shelf life of fruit and vegetables.
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Table 9.1 Several recent studies on application of non-starch polysaccharide-based coatings on

fresh and fresh-cut fruit and vegetables

Coatings

Additional compounds

Fruit/
vegetable

Results

References

Cellulose

Honeydew
winter melon

Coating reduced internal
0O, levels, leading to a
considerable increase in
ethane, acetaldehyde,
ethanol, and ethyl acetate
amounts. The cellulose
coating caused anaerobic
respiration in fruit

Vanoli et al.
(2015)

CMC

Garlic essential oil

Strawberry

Coatings had a positive
effect on the WL, DR,
TSS, TA, and AAC, and
on maintaining higher
concentrations of TPC
and anthocyanins of
strawberries

Dong and
Wang (2017)

Moringa leaf extract

Avocado

The combination of CMC
(1%) and 2% moringa
reduced WL, electrical
conductivity, and RR and
had higher values for F
and phytochemical
characteristics

Tesfay and
Magwaza
(2017)

Nano-ZnO

Fresh cut
pomegranate
aril

Coatings reduced total
yeast + mold during

12 days of storage while
total mesophilic bacteria
were decreased during

6 days of storage.
Coatings decreased WL,
suppressed TSS and TPC
changes and also the
greatest juice percent was
in coated arils. Total
anthocyanin, AAC, and
antioxidant capacity were
higher in coated arils

Saba and
Amini (2017)

Extract of Impatiens
balsamina L. stems

Tangerine
and navel
orange

Coatings had an
inhibitory influence on
mold growth, decreased
DR and WL, maintained
commercial quality and
enhanced the activities of
antioxidant and
defense-related enzymes

Zeng et al.
(2013) and
Chen et al.
(2017)

(continued)
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Coatings

Additional compounds

Fruit/
vegetable

Results

References

CMC

Calcium chloride and
ascorbic acid

Fresh-cut
apple

Coatings suppressed
browning, retained F,
AAC and antioxidant
capacity and decreased
PPO and POX activity,
TSS, TA and pH changes
of the slices

Saba and
Sogvar
(2016)

HPMC

Oregano and bergamot
essential oils

Plum

Coatings decreased RR,
EP, WL, TMC, C change,
and fruit softening

Choi et al.
(2016)

MC

Strawberry

Coating did not affect
TA, anthocyanin and
antioxidant activity of
coated strawberry
compared to the control
one

Nadim et al.
(2015)

Pectin

Ascorbic acid, citric
acid and sodium
chlorite

Fresh-cut
apple

Coatings reduced
microbial spoilage while
did not significantly
influence sensory and
nutritional qualities. The
anti-browning agents
further enhanced this
ability

Guerreiro
etal. (2017)

Orange peel essential
oil

Fresh-cut
orange

Coatings reduced the
quality loss and improved
the sensory scores during
storage. The
nanoemulsion pectin-
based coatings containing
1% essential oil were the
most effective in bacterial
and fungal inactivation

Radi et al.
(2017)

Blueberry

Coating increased the F
and the blue hue color
and decreased the growth
kinetics of yeasts and
mesophilic aerobic
bacteria

Mannozzi
etal. (2017)

(continued)
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Coatings

Additional compounds

Fruit/
vegetable

Results

References

Pectin

Citral and eugenol

Raspberry

Coatings were not
cytotoxic and did not
considerably change the
general physicochemical
and nutritional
characteristics of
raspberries. Their impact
was mainly on decreasing
food spoilage
microorganisms and
accordingly extending
shelf-life

Guerreiro
et al. (2016)

Oregano essential oil
(OEO)

Tomato

Coatings with OEO
exhibited antifungal
influence on inoculated
tomatoes, and increased
TPC and antioxidant
activity. The sensorial
acceptability of the
coated tomatoes was well
accepted by panelists

Rodriguez-
Garcia et al.
(2016)

Alginate

Lemon essential oil or
orange essential oil

Red
raspberry

The less red color
verified in coated samples
was coincident with the
lower concentration of
anthocyanins as well as
the lower capacity for
scavenging ABTS free
radicals or quenching
singlet oxygen. The
coatings with the
essential oil of orange
were very efficient for
controlling yeast and
mold growth after

15 days of storage

Gomes et al.
(2017)

Olive oil

Ber fruit

Coatings decreased DR,
WL, TSS and total sugars
and increased the level of
antioxidants. The delayed
activity of PG, PL and
PME was noticed in
coated fruit representing
the reduced softening and
ripening process

Rao et al.
(2016)

(continued)
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Coatings

Additional compounds

Fruit/
vegetable

Results

References

Alginate

Tea polyphenols

Chinese
winter jujube

Coatings decreased red
indices, TCC, RR,
electrolyte leakage and
malonaldehyde content
and maintained the AAC,
TPC and the activities of
antioxidant enzymes
while had no significant
effect on F

Zhang et al.
(2016)

Ficus hirta fruit extract

Nanfeng
mandarin

The DR, WL, RR and
MDA content were much
lower in the coated
samples. The coating
treatment enhanced the
activities of antioxidant
and defense-related
enzymes such as SOD,
CAT, POD, CHI, GLU
and PAL and the
accumulation of phenolic
compounds

Chen et al.
(2016)

Bacteriocin

Minimally
processed
papaya

The alginate coating
performed as a barrier to
WVT and gas exchange,
which delayed changes in
TSS values, F, WL and
ripening in coated
samples. Coating
preserved minimally
processed papaya for

3 weeks without reducing
physico-chemical
qualities or microbial
safety

Narsaiah
etal. (2015)

Grapefruit seed extract
(GSE) or grapefruit
essential oil (GEO)

Table grape

Coatings reduced WL,
maintained F during
storage, preserved the
antioxidant activity of
treated grapes and
decreased DR in
inoculated fruit

Aloui et al.
(2014)

(continued)
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Fruit/
Coatings Additional compounds | vegetable Results References
Xanthan B-Carotene Fresh-cut The minor changes Zambrano-
nanocapsules melon observed in the whiteness | Zaragoza
index and etal. (2017)
F. Incorporating of
f-carotene nanocapsules
into xanthan gum
increased fruit shelf life
a-Tocopherol Fresh-cut Firmness changes were | Zambrano-
nanocapsules apple reduced and the quality | Zaragoza
of fresh-cut apples was et al. (2014a)
maintained by coating
Candeuba® wax Guava Coated fruit showed the | Zambrano-
nanoparticles lowest range of WL. High | Zaragoza
contents of nanoparticles | et al. (2013)
caused physiological
damage and also delayed
the fruit maturation
Cinnamic acid Fresh-cut Coating caused Sharma and
pear significant retardation of | Rao (2015)
the oxidative browning,
decline of AAC,
degradation of TPC and
reduction in antioxidant
capacity
Pullulan Caraway essential oil | Fresh baby | Coatings were active Gniewosz
carrot against all tested etal. (2013)
microorganisms and
maintained better visual
acceptability in
comparison with control
Sweet basil extract Apple Coating showed low Synowiec

antibacterial activity
against mesophilic
bacteria and good
antifungal protection
against Rhizopus arrhizus
on apple surfaces

They also contributed to
a reduction in WL and
lower changes in the C
and TSS of apples.
Coated fruit presented
better overall preference
parameters

etal. (2014)

(continued)
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Coatings

Additional compounds

Fruit/
vegetable

Results

References

Pullulan

Sodium benzoate and
potassium sorbate

Strawberry

Coating decreased WL,
fruit softening and
microbial growth and
delayed changes of C and
TSS content. In contrast,
pH and TA were not
affected. Sensory quality
(color, flavor, texture, and
acceptance) improved
and DR decreased in
coated strawberries

Trevino-
Garza et al.
(2015)

n-Octenyl succinic
anhydride

Sapota
(Manilkara
zapota)

Coating reduced flesh F
loss and WL and delayed
the ripening and
senescence

Shah et al.
(2016a)

Jujube

Coating treatment
inhibited fruit softening,
increase in redness index
scores, WL rates, and
reduced the loss of AA
and freshness. Defensive
enzymes and antioxidant
activity and antioxidant
compounds increased in
coating-treated fruit

Kou et al.
(2017)

Gum Arabic

Oregano and rosemary
essential oils

Plum

Coatings delayed the
occurrence of soft rot and
decreased the rotted
plums at the end of
storage. Coated fruit
exhibited greater F,
decreased WL and lower
decrease of sugars and
phenolics at the end of
storage

Andrade et al.
(2017)

Ginger oil and ginger
extract

Papaya

Coating delayed the
ripening and showed
antifungal activity.
Quality of papaya fruit in
terms of F, C, TSS and
TA was maintained

Ali et al.
(2016)

(continued)
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Coatings

Additional compounds

Fruit/
vegetable

Results

References

Gum Arabic

Calcium chloride

Mango

Coating reduced chilling
injury, MDA content and
electrolyte leakage. This
treatment increased
antioxidant activity and
effectively inhibited the
loss of TPC and AA. The
treated fruit maintained
cell membrane integrity

Khaliq et al.
(2016)

Tomato

Coatings delayed the
ripening process by
slowing down RR and EP
and also m